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1 Introduction

1.1 Heating: the fundamental building service
Climates vary significantly around the world. Some regions experience sharp
swings from summer to winter, whereas others are more temperate and have
less severe variations. In many regions of the world buildings will require
space heating systems to make them habitable. This is true even of buildings
in which the predominant need, year-round, is for space cooling. A heating
system is therefore the fundamental element of any building services strategy
for providing thermal comfort. Whatever other facilities are required for a
building to be occupied, none of these are much use if the heating system
fails at low ambient temperature. Furthermore, beyond space heating itself,
few of us would nowadays be willing to accept working in an environment
in which hot water was not more-or-less readily available for sanitary and
domestic use. This water must be heated, by one means or another, whether
this be the same that is used to heat the spaces within the building or by 
independent means.

1.2 Low-pressure hot water
While a variety of means may be employed to provide the space and water
heating that buildings typically need, none have so far proved quite as flexi-
ble and effective as systems based on the use of low-pressure hot water
(LPHW), generated by a heating plant comprising one or more boilers. This
is not, of course, to suggest that all LPHW heating systems are uniquely flex-
ible and effective in every application. In such an arrangement the LPHW is
used as a heat transfer medium, and is typically generated by the combustion
of natural gas or fuel oil in the boilers. While medium-pressure hot water
(MPHW), high-pressure hot water (HPHW) and steam have also been
employed as heat transfer media, the cost, complexity and health and safety
issues associated with their use will typically mean that they will only be con-
sidered in the rare commercial heating applications in which the sheer size of
the heating loads make it either economically advantageous or technically
essential. They will be more commonly found in industrial process heating
applications where high temperatures must be attained and the health and
safety issues may be more effectively accommodated.

Therefore, if heating is the fundamental element of building services HVAC
systems, boiler-based LPHW systems represent the most fundamental form
of heating employed in a wide range of commercial, public, institutional, 
educational, healthcare, retail and residential buildings, hotels and leisure
facilities.

The fundamental element of any heating system is a means of generating
heat, and in the case of LPHW heating systems this invariably, though not
exclusively, takes the form of a boiler plant comprising one or more indi-
vidual boilers. While very many buildings can operate quite satisfactorily
without refrigeration or air handling plant, in practice few can work effec-
tively without a boiler plant of some kind.

Once the heat has been generated, it must then be distributed around the



building to the heat emitters. The heat emitters are the interface between the
heating system and the occupants and determine the thermal comfort of the
latter. ‘Radiators’ are, of course, the most common form of emitter in use for
many building types (other than industrial), having a good reputation for
thermal comfort, and their massive production has resulted in low cost.
However, changes in building construction standards and the increased rental
value of floor space in commercial buildings may make other forms of emitter
preferable.

Achieving thermal comfort also requires a controllable heat output rate.
This involves the design of a control and distribution system which can
respond quickly and effectively to changes in heating demand. The second
part of this book is concerned with the analysis of heat emission, distribu-
tion and control. This book is aimed particularly at non-domestic heating
and hot water systems. However, many of the principles discussed will relate
to domestic systems. Simple domestic systems are often a good starting point
to explain the fundamental operation of more complex systems.

1.3 The need for efficient heating systems
Creating the levels of thermal comfort that we have come to expect of our
public and private built environments consumes a prodigious amount of
energy, virtually all in the form of fossil fuels. Currently natural gas is the
favoured boiler fuel for new installations, or LPG where this is not available,
although fuel oil continues to be used as well. Apart from any consideration
of the economic cost of all of this gas and oil, their use contributes massively
to the emission of carbon dioxide into the atmosphere. Indeed, in the UK and
Northern Europe, heating systems are the single largest contributor, higher
than transport or industry.

Even where good practice is employed in the design of efficient and effec-
tive space and water heating systems, a modern office building may annually
consume some 100kWh of fossil fuel per m2 of treated floor area1. As each
kWh of natural gas burnt in a boiler produces typically 0.19kg of carbon
dioxide, (0.052kg carbon equivalent), this results in 19kg of carbon dioxide
per m2 being emitted into the atmosphere each year, (or 5.2kg carbon equiv-
alent). This level of emission will be increased by some 35–40% if the boiler
is fired on fuel oil.

Add to this that quantities of oxides of nitrogen (NOx) are also emitted for
each kWh of boiler fuel burnt. These too are greenhouse gases, with nitrous
oxide being some 310 times more powerful in its global warming effect than
carbon dioxide. There is increasing concern that NOx emissions are also detri-
mental to health, with possible links to childhood asthma. At even the low
level of emission of 70mg NOx kWh-1 for natural gas burnt in a modern
boiler, 100kWh releases 7g of NOx, equivalent to nearly another 2.2kg of
carbon dioxide. (Some boilers may emit two to three times this level of NOx.)
Studies in the early-to-mid 1990s put the UK stock of private-sector office
space alone at some 275000 buildings totalling over 72.5 million m2, with
public-sector offices and industrial buildings increasing this substantially to
c.90 million m2, and retail space alone more than doubling this total2,3. This
pales into insignificance, of course, with the floor area of some 20 million
dwellings.

The building services industry is therefore responsible for a large environ-
mental liability, and has a duty to ensure the lowest environmental impact
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from systems that it installs. However, perhaps the most sobering thought for
readers of this book as building services engineers is that the figures for energy
consumption considered above represent the good practice cases. It may (or
may not always!) be reasonable to assume that these performance levels are
now routinely achieved in new buildings. Yet the ‘typical’ cases that repre-
sent much of the existing building stock may contribute twice as much 
emission of carbon dioxide and NOx per m2 floor area.

Viewed in this light the importance of ensuring that new buildings do
indeed possess efficient and effective heating systems is clear, and that wher-
ever possible the standard of existing installations is brought up to current
standards of good practice when significant modification or refurbishment
works are carried out. As in many disciplines, one of the keys to achieving
improved performance of heating systems is a thorough understanding of
both the theoretical and the practical issues involved in their design, 
installation, operation and control. The aim of this book is to provide that
understanding.

1.4 Scope of the book
This book examines the key components of building heating systems, with
an emphasis on how to select plant and design distribution circuits and con-
trols to provide good indoor comfort conditions while minimising energy
consumption. There are a number of texts that deal with the design and sizing
of heating systems. These often focus on the procedures for heat loss calcu-
lations and pipe sizing, an essential part of design, yet they rarely explore the
bewildering range of equipment available today, nor the operational impli-
cations for various design decisions, nor do they look at the complex dynam-
ics of systems in use.

This book attempts to fill this gap, and is aimed at both experienced prac-
titioners and students of building services engineering alike. It assumes a basic
knowledge of heating systems design – steady state heat loss, pipe and pump
sizing, the principles of control – and builds on this to facilitate a deeper
understanding of how systems work in practice.

Much of what we understand about heating systems is based on common
sense and day-to-day familiarity with heated buildings; however, there are
many elusive questions that standard theory and practices cannot answer:
what is the best boiler for a particular application, what is the relationship
between energy and boiler firing patterns, what is the best emitter control
strategy? The answers are not straightforward, but with a bit of practi-
cal analysis it is possible to select plant and controls that will best suit a 
particular application, and minimise the risk of failure or sub-standard 
performance.

1.5 Content of the book: an overview
The book is divided into two parts. Part A deals with the heat generating
components of the central plant – boilers and flues, as well as various alter-
natives; part B deals with system design and control – emitters, system and
central plant arrangements, efficient operation and energy performance.
These areas have not been brought together before so comprehensively, and
in order to deal with them in depth some of the fundamentals have been left
out of the book where they are adequately dealt with in existing publications.
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The reader is encouraged to refer to these where necessary. A brief outline of
the chapters in this book is given below.

Part A deals with the heat generating equipment. Chapter 2 looks at low-
pressure hot water (LPHW) boilers and burners from a generic perspective.
The chapter opens with a brief consideration of how a boiler may be defined,
and then sets out principal functional elements of gas-fired and oil-fired
boilers, with particular regard to function, characteristics and general design.
The function of the boiler block is explained, with a discussion of how heat
transfer is maximised. Issues such as temperature rise across a boiler and the
implications for low water content boilers are also dealt with. Burner func-
tion, combustion processes and fuel types are introduced, and specific atten-
tion is given to atmospheric and forced-draught natural gas burners 
and atomizing fuel oil burners. The control of boilers is introduced here in
preparation for more detailed coverage in Chapter 10.

Chapter 3 looks at the types of LPHW boiler that may be encountered in
modern commercial building services space and water heating applications.
Types of boiler, and the materials used in their construction, are reviewed,
with explanations of why typical boiler types are used in specific applications.
This is extended to the appropriate use of single, multiple and modular
boilers. The chapter also examines the principles, benefits and requirements
of condensing operation and the design of condensing boilers. Boiler effi-
ciency is defined, in terms of both gross and net calorific value, and the 
concepts of carbon intensity and carbon performance rating as future per-
formance parameters are introduced. All of the operational needs of the boiler
installation are analysed with regard to water flow rate, temperature and pres-
sure, water quality, supply of the common boiler fuels and ventilation require-
ments. The chapter concludes by discussing the range of standards and
recommendations that are potentially applicable to the design of LPHW
boiler installations.

Chapter 4 looks at alternatives to the gas and oil-fired boilers of Chapter
3, suitable for LPHW heating applications. Combined heat and power (CHP)
is an increasingly popular choice, with its potential economic and environ-
mental advantages over conventional boilers. The relatively high capital cost
means that CHP is rarely sized to meet peak heating demand, being used
instead in conjunction with conventional boilers. This leads to difficulties in
selecting the most appropriate size of CHP and it is hoped that this chapter
will shed some light on that, together with how it should be integrated within
the heating system. Another increasingly popular system is the heat pump,
again offering potential economic and environmental advantages with higher
capital costs. The principles of the heat pump cycle are briefly explained, with
how it may be used as a source of LPHW and a discussion on the environ-
mental and economic advantages. However, CHP and heat pumps are both
large subjects and cannot be dealt with fully here. Finally, alternatives to fossil
fuel are discussed. Sustainability is a buzz-word in building services but is yet
to make much impact on heating systems. Nevertheless, it is felt that a dis-
cussion of the various renewable fuels suitable for LPHW generation should
be included in preparation for the changes that are bound to take place in
the near future.

Chapter 5 deals with the flueing of boilers. Types of boiler flue are defined,
and the nature of flue draught is explained. Each type of boiler flue or flue
system is then reviewed in turn, including natural-draught and mechanical-
draught flues, balanced flues and flue dilution systems. Sizing of a flue or
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chimney is considered, together with the typical features of its general design
and construction. The specific needs of condensing boilers are reviewed, and
the chapter closes by noting some acoustic implications for flue design.

Part B looks at the way LPHW systems are designed and operated in order
to distribute the heat around the building effectively and efficiently. Chapters
6 to 8 cover emitters, system layout and domestic hot water systems. Chapter
6 deals with room heat emitters including natural and fan convectors, 
radiators and radiant panels and heated floors. It begins with a review of the
types of heat emitter and their construction, giving typical heat output rates.
Standard empirical relationships between mean water temperature and heat
output are presented, allowing for corrections to manufacturers’ data for non-
standard conditions. The ratio of radiant to convective heat produced by the
emitter has an effect on both thermal comfort and running costs, depending
on the thermal properties of the room. This is discussed in detail with exam-
ples provided for two very different buildings: a modern office and a factory.
The control of emitters is then discussed, looking at variable water flow rate
and flow temperature compensation and how they can be usefully combined.
The chapter concludes with a discussion of the special case of heated floors
which differs substantially from other heat emitters due to the low surface
temperature and high thermal mass. Much of the specialist theory used to
carry out the analysis, where this is not readily available elsewhere, has been
placed in appendices at the end of the chapter to aid fluency of the discus-
sions. Readers may wish to skip some or all of these on a first reading.

Chapter 7 deals with heating circuit design. It begins with a discussion of
the importance in choosing appropriate flow and return water temperatures
and how this affects many aspects of design. A method of determining the
economic thickness of pipework insulation is developed, demonstrating that
there may be advantages in exceeding currently recommended thicknesses for
environmental reasons at little or no extra cost. Pipework circuit layouts are
discussed including variable flow and variable temperature. This leads on to
a discussion of pumping methods, particularly using variable speed drives for
improved control and reduced running costs. Control valve selection and their
performance is covered. Means of allowing for pipework expansion is then
examined, together with methods of support and anchoring the forces acting
on the pipe. Appendices at the end of the chapter contain the theory used in
the analysis of insulation thicknesses, control valves and pumping.

Chapter 8 is dedicated to hot water services. The merits of instantaneous
and storage systems are discussed, with methods of determining hot water
consumption, instantaneous loads, storage volume and boiler power. The key
design aspects of storage systems and hot water generators are discussed.
Solar panels, slowly increasing in popularity, are described, together with how
the efficiency and output varies with design and weather conditions. (A
thermal analysis of a solar panel is provided in an appendix at the end of the
chapter.) Finally, the legionella issue, as it applies to the design of heating
systems, is discussed.

Chapters 9 to 11 are also analytical in approach and present some (rela-
tively simple) mathematical models to assist in analysing and understanding
design decisions. Chapter 9 deals with issues surrounding the installed output
capacity of the central boiler plant. It shows the relationship between boiler
size and energy consumption in intermittently heated buildings, and uses this
to develop a rational method for sizing the central plant. The emphasis is on
the designer making decisions based on fundamental principles rather than
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relying on rules of thumb or tables for which the source of the original data
is often uncertain. The principles of intermittent operation are used to explain
the operation of optimum start control for switching on the plant, and the
chapter concludes by examining the difference between ideal and practical
optimum start algorithms.

Chapter 10 looks at the way central boiler plant should be configured and
controlled to achieve stable and energy efficient operation. In order to do this
it looks at how the configuration of the system can impact on the central
plant, in particular how the use of compensator circuits affects temperatures
and flow rates around the system. This in turn has ramifications for the way
central plant is configured, and the control of boilers will often be dictated
by this mix of factors. The importance of temperature sensor location is
explained, and boiler modelling is used to show the dynamic effects of dif-
ferent control settings. Guidance is given on how to set up the controls, and
mention is made of add-on control devices designed to save energy.

Chapter 11 concentrates on the overall energy performance of a heating
system. It presents a modified degree-day approach to energy estimation, and
shows how degree-days may be used to monitor a building’s energy con-
sumption. The chapter also discusses benchmarking and normalisation of
energy use, and discusses ways in which, operationally, a building can be
maintained to give maximum performance from the heating system.

Taken as a whole the book should give the reader a deeper understanding
of a building services system often taken for granted. Heating installations
are so ubiquitous in temperate climates that it is easy to design systems on
the basis of what has gone before. This book should explode any myth (if
one truly exists) that there is such a thing as a standard heating system, and
should strengthen the need for sound design practices. Given that so much
of the carbon dioxide emission in Northern Europe comes from heating
systems, it is of paramount importance that they are designed and installed
to the highest standards that can deliver good indoor environmental quality
with the greatest energy efficiency.
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PART A
HEAT GENERATION





2 Boilers and Burners

2.1 Definition of a boiler
What is a boiler? Despite the name, the one thing that the boilers serving the
vast majority of building heating, ventilation and air conditioning (HVAC)
systems are rarely called upon to do these days is to boil water. Indeed this
is typically the one thing that they must not be allowed to do. The tenth
edition of The Concise Oxford Dictionary defines a boiler as ‘a fuel-burning
apparatus for heating water, especially a device providing a domestic hot
water supply or serving a central heating system; a tank for generating steam
in a steam engine’. This is a basic definition but one that is nonetheless accu-
rate and comprehensive, and the latter part naturally displays the origins of
boilers as components of the early steam engines. The definition of a boiler
given by the American Society of Heating, Refrigeration and Air Condition-
ing Engineers (ASHRAE)1 is, as one would expect, more detailed and tech-
nically specific: ‘a cast-iron, steel or copper pressure vessel heat exchanger,
designed with and for fuel-burning devices and other equipment to (1) burn
fossil fuels (or use electric current) and (2) transfer the released heat to water
(in water boilers) or to water and steam (in steam boilers)’.

What then are the essential distinguishing features that enable a ‘fuel-
burning apparatus for heating water’ to function as a practical heating boiler,
and to be the kind of heating plant that most HVAC engineers would see as
implicit within the ASHRAE definition? First and foremost, it should be
capable of heating a continuous supply of water. Second, it should be capable
of burning fuel cleanly and efficiently, and in a stable and controlled manner
that automatically maintains a specified water temperature within close limits
under all operating conditions. This requires a burner and an automatic
control system. Finally, the products of the combustion process must be con-
tinuously removed and safely dispersed into the general atmosphere, irre-
spective of the vagaries of wind and weather. This requires the boiler to be
associated with a flue or chimney. These defining characteristics of a boiler
are illustrated diagrammatically in Figure 2.1. In the following sections of
this chapter we will consider boilers in terms of the functional elements that
they need to possess in order to achieve the first two of these defining char-
acteristics. The flue or chimney that is necessary to achieve the third is the
subject of Chapter 5.

2.2 Principal functional elements of a boiler
2.2.1 Gas-fired boilers

A typical conventional (non-condensing) gas-fired low-pressure hot water
(LPHW) heating boiler comprises five principal functional elements:

(1) the boiler ‘block’
(2) the burner
(3) the burner gas line
(4) the control system
(5) the boiler casing.



These are illustrated schematically in Figure 2.2. Each is an assembly of indi-
vidual components that is more or less complex according to its function.
The functions of each of these components, and of the functional elements
themselves, are closely linked, and their design and operation must be care-
fully and thoroughly matched to ensure the safe and efficient performance of
the boiler as a whole. Each of the functional elements of Figure 2.2 is con-
sidered in more detail in the following sections of this chapter. The point of
reference for much of this will inevitably be the conventional cast-iron sec-
tional boiler that remains numerically predominant in typical commercial
building services heating applications. However, the characteristics of other
types of boiler will be considered wherever these differ in principle from this
point of reference.

It will make little difference whether the gas on which the boiler in Figure
2.2 is fired is natural gas, manufactured gas (town gas) or liquified petroleum
gas (LPG), although within the UK as a whole the choice is effectively between
the first and last of these. A complete installation for boilers fired on LPG
will differ significantly from one intended for natural gas in its provision of
on-site fuel storage.

2.2.2 Oil-fired boilers
In terms of its functional elements a typical oil-fired heating boiler differs
little from its gas-fired counterpart. Principally it is more appropriate to con-
sider the burner oil line as part of the fuel supply installation. A complete
installation for an oil-fired boiler will again differ significantly from one
intended for natural gas in its provision of on-site fuel storage.

10 Heating Systems, Plant and Control

Figure 2.1 Defining characteristics of a boiler.
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2.2.3 Solid fuel boilers
Within the UK the use of boilers fired on the ‘fossil’ solid fuels, in particular
coal and its related fuel ‘family’, is now restricted to the large-scale genera-
tion of electrical power or to niche domestic applications where alternative
fuel sources are unavailable, or simply where it is the visual attributes of a
fire that are desired. Furthermore, the simple logistics of storing and handling
solid fuels make it unlikely that, even should (or when) existing supplies of
gas and oil finally run out, there would be a return to widespread coal-firing
for commercial or industrial building services applications. Hence for today’s
HVAC engineers, coal-fired boilers are effectively extinct, and their specific
functional requirements and operational and performance characteristics will
not be considered in this book.

There is another class of solid fuels for boilers, on which environmental
considerations have refocused positive, albeit limited, attention. These are 
the renewable solid fuels, both conventional and new. The former category
includes wood derived from forestry operations, the waste products of 
furniture manufacturing and other woodworking industries, and disposable
pallets or other wooden packaging materials. The latter category includes 
the so-called ‘energy crops’, of which the most promising appear to be short-
rotation willow coppice and miscanthus.

While a building services engineer practising in the UK today may indeed
encounter wood-burning in rather specific commercial and industrial heating
applications, its scale and technology typically owe more to the stove tradi-
tion than to modern boilers. Current thinking regarding energy crops (since
there is, as yet, no widespread practice) is directed towards electrical power
generation, rather than towards space, air or domestic hot water heating in
buildings. Hence boilers or other heating plant capable of firing on the renew-
able solid fuels will not be considered in this book.

2.3 The boiler block
2.3.1 Function of the boiler block

The boiler ‘block’ is the primary component of any boiler. It is here that com-
bustion of fuel takes place, and where the high-temperature products of this
combustion are brought into sufficient proximity with water from the heating
system to allow the transfer of heat from the combustion gases to the water
in a controlled manner.

2.3.2 Configuration and design
In order to carry out its function the boiler block contains an area where the
combustion process itself may take place. In a cast-iron sectional boiler this
typically takes the form of a cylindrical chamber, the combustion chamber,
which is located either along a horizontal axis in the lower part of the block
(Figure 2.3) or along its central axis. In order to transfer the heat generated
by the combustion process to water, the boiler block must also contain a
network of passages that will allow the hot combustion gases and cooler
boiler water to be brought into close proximity, separated only by a relatively
thin division formed by the metal of the block itself. These gas and water
passages extend throughout the length and depth of the block beyond the
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combustion chamber. Those passages that carry boiler water are commonly
referred to as the waterways of the boiler, while those that carry the com-
bustion gases are sometimes referred to as flueways. An arrangement of the
kind that may be found in many cast-iron sectional boilers is illustrated in
Figure 2.3, although the detailed configuration of a boiler block will natu-
rally tend to reflect the specific requirements and characteristics of a par-
ticular boiler design. The ways in which types of boiler other than cast-
iron sectional differ from the layout shown in Figure 2.3 are outlined in
Chapter 3.

The arrangement of vertical waterways shown in Figure 2.3 provides a
number of parallel paths for water to flow through the boiler block. It is
important therefore that the design of the block ensures that the flow rate of
water through each of these parallel paths is matched to the rate of heat input
in that part of the block, so that excessive local water or metal temperatures
are avoided. The existence of local hot spots, which may result if there are
any areas of low water flow rate in the block, can result in local boiling of
the water and thermal overstress of the metal of the block. Such localised
boiling of water in the block is sometimes referred to as ‘kettling’, since its
occurrence is accompanied by a noise similar to that made by a domestic
kettle at the onset of boiling. Achievement of the correct water distribution
throughout the boiler, and the avoidance of short-circuiting close to the boiler
flow and return connections, relies on natural balance through attention to
the resistance to flow of the various elements that make up the network of
waterways. Conversely it is equally important that there should be no areas
in the boiler block that are subject to temperatures low enough to cause con-
densation of the water vapour in the combustion gases. The risk here is that
any such ‘cold spots’ will be the site of heavy corrosion that will ultimately
lead to failure of the boiler.

The nature of the heat transfer process occurring within the boiler differs
between the combustion chamber and the gas passages or flueways. In the
former the high temperature of the flame, in which the chemical reactions of
the combustion process itself are occurring, generates both radiant and con-
vective heat transfer into the combustion chamber wall that is the primary
heating surface of the boiler. The reacting gases themselves generate a low-
intensity radiation that is discernible by a faint blue colour. Where particles
of unburnt carbon are present suspended in the flame, either as an interme-
diate stage in the combustion process or as a result of incomplete combus-
tion, they radiate as tiny ‘black bodies’, and their incandescence gives the
flame a yellow colour. A flame that is rich in suspended particles of carbon
is luminous, and radiates intensely. A flame that is relatively poor in sus-
pended carbon particles is non-luminous, although it may be appreciably
hotter than a luminous one. Natural gas typically burns with a non-luminous
‘bluish’ flame, while fuel oil burns with a luminous flame. In the combustion
gas passages or flueways there is no flame, and heat transfer from the com-
bustion gases into the waterways is predominantly convective. The nature of
this process involves the operation of complex convective effects on both the
gas and water sides of the metal of the boiler block. On the gas side, common
practice with heat exchanger design generally employs extended surface areas
outside the combustion chamber, and sometimes even within it. In modern
boilers these extended heat transfer surfaces are typically achieved by the 
use of fins (inset to Figure 2.3), although thimble-shaped projections or ‘pips’
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have also been used. These extended surface areas may also be used to opti-
mise levels of turbulence within the flow of combustion gases, for improved
heat transfer performance. On the water side of the boiler metal the transfer
of heat depends on the velocity of water flow over the heat transfer surface,
which is (as far as the water is concerned) the circumference or perimeter of
the waterways. For a given temperature rise of the boiler water higher heat
transfer rates typically require higher water velocities. In all modern com-
mercial building services applications water will flow though the boiler as a
result of a pumped circulation. However, the velocity of water flow over the
heat transfer surfaces of the boiler block will result not only from the effect
of the external pumped circulation but also from local convective and ‘ther-
mosyphonic’ effects within the waterways themselves. Setting up these local
convective effects is naturally favoured by a more generous dimensioning of
the waterways.

The water content of the boiler, i.e. the volume of water that is contained
within the boiler block at any instant of time, is naturally a function of the
total volume of the waterways within the block. Water content is independ-
ent of the volume flow rate at which water enters and leaves the boiler via
the flow and return connections to the heating system. A low water content
produces a more rapid response to changes in the rate of heat input to the
boiler, including the important case when firing of the burner commences and
heat input changes from zero to the thermal output of the burner. Where the
size and/or number of the waterways are greater, the water content of the
boiler will be increased. The overall size and cost of the boiler are also likely
to be greater. The trend in modern boiler design is towards the achievement
of high heat transfer rates in compact designs with low water content, which
can provide both a high overall efficiency of conversion between the heat
input to the boiler (as fuel) and the heat output from it to water, and rapid
response to changes in the rate of heat input. The implications of this for
boiler control are considered in Chapter 10.

In order to fulfil its function the boiler block must include two other pro-
visions. First, it must include flow and return pipe connections, so that a con-
tinuous supply of water may be received from the building heating system,
heated and returned to it. Second, it must collect the ‘spent’ combustion gases
and provide an outlet for them to be discharged into a boiler flue, which will
ultimately disperse them safely to atmosphere.

2.3.3 The multi-pass principle
Water circulated around the circumference of the combustion chamber pro-
vides the first, and primary, stage of heat transfer within the boiler. It is clear
that a major aim of boiler design will be to achieve the maximum possible
transfer of heat from combustion gases to heating system water for any given
rate of combustion of fuel. Since the combustion gases must ultimately be
discharged from the boiler and rejected safely to atmosphere, any heat that
is not transferred will be wastefully rejected with them. It is also clear that,
with plant room space typically at a premium in modern buildings, it is desir-
able to achieve the maximum heat transfer within a boiler of compact physi-
cal dimensions. Modern boilers do not, therefore, rely solely on heat transfer
from the combustion chamber. Secondary heat transfer is introduced outside
the combustion chamber through the technique of multiple passing of the
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boiler (Figure 2.3). On reaching the end of the combustion chamber, in their
first pass along the length of the boiler, the hot gases are typically directed
back along the length of the boiler in a second pass that takes them through
passages that either surround, or are surrounded by, water from the heating
system, to achieve additional heat transfer. In the quest for high heat trans-
fer efficiencies, modern boilers have typically introduced further sets of pas-
sages that pass the combustion gases back and forth along the length of the
boiler a third and even fourth time before discharging them to atmosphere
via the boiler flue. Figure 2.3 illustrates a three-pass boiler. The configuration
of the boiler ‘passes’, and their relationship to the waterways that distribute
water from the heating system through the boiler, is a characteristic of the
type and particular design of boiler. At the end of their final pass of the boiler
the combustion gases are collected in a manifold or smoke box (smoke hood),
from which they are discharged into a boiler flue. The use of multiple passes
produces a complex relationship between the flow of combustion gases and
water within the boiler.

The boiler block is thermally insulated to reduce heat loss to its sur-
roundings by convection and radiation from its outer surface. Since the shape
of the outer surface of the boiler block may be complex, thermal insulation
is typically applied in the form of a flexible blanket. In order to minimise
what is, after all, a wasteful loss of some of the energy released by the com-
bustion process, up to 125mm thickness of thermal insulation may be applied
in this way.

2.3.4 Water content and temperature differential
In the UK hydronic (‘wet’) systems for space and air heating typically employ
Low-Pressure Hot Water (LPHW). Boilers are therefore designed with this in
mind. The design temperature differential (or rise) of a boiler is the temper-
ature difference through which water from the heating system is raised while
passing through the boiler block, with the burner firing at its maximum
thermal output. This is a function of both boiler and heating system design
considerations. The system design considerations, which relate to the choice
of heating system flow and return temperatures, will be examined in Part B
of this book. For present purposes it will be sufficient to note that UK prac-
tice is typically based on a ‘standard’ design temperature differential of 11K
across the boiler block, and that this is traditionally assumed to be between
nominal flow and return temperatures of 82°C and 71°C respectively. These
flow and return temperatures are simple metric conversions from earlier impe-
rial values of 180°F and 160°F respectively (giving a design temperature 
differential of 20°F). These had been in traditional use in the UK for many
years, and there seems little reason to consider that they represent any kind
of optimum operating parameters in the context of either modern boiler or
heating system design.

In any event the boiler design temperature differential defines the design
flow rate of water from the heating system through the boiler block. For a
given heat output to water from the boiler block the water flow rate and tem-
perature differential are, naturally, inversely proportional – halve the former,
double the latter. For a conventional (non-condensing) boiler this may be
shown by the equation:

(2.1)˙ ˙Q m cw p F R= -( )q q
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where = heat output rate to water (kW); w = water mass flow rate (kgs-1);
cp = specific heat of water (kJkg-1 K-1); qF = flow water temperature from the
boiler (°C); qR = return water temperature to the boiler (°C).

With regard to the temperature range encountered in building services
LPHW space and water heating systems and their boilers, it is typically
acceptable to regard the density of water as ‘fixed’ at 1000kgm-3 (1kg l-1),
so that mass flow rate and volume flow rate are numerically the same.

The minimum water flow rate that will transfer away from the boiler block,
under firing conditions, sufficient heat to avoid thermally overstressing it, 
is typically defined as that resulting in a temperature differential of 20K,
although this may be reduced to as low as 14–15K for some designs of high-
efficiency modular boilers. In the former case the minimum flow rate of water
to be maintained through the boiler block under firing conditions would be
55% of that at the design temperature differential of 11K. In the latter case
it would be 70–75%. We have already noted that the volume (and therefore
mass) of water contained within the boiler at any instant of time is inde-
pendent of the rate at which it enters and leaves (and therefore flows through)
the boiler. Hence a given mass flow rate in equation 2.1 may be associated
with either a high or low water content of the boiler block. Since it is the
flow of water through the boiler that carries away or dissipates heat from the
boiler block, for a given boiler design temperature differential a high heat
output to water inevitably requires a high volume flow rate of water through
the block.

Within the boiler, however, we may for simplicity represent the overall heat
transfer process by an equation in the form

(2.2)

where = total heat transfer rate to water (kW); U = an overall heat trans-
fer coefficient for the design of the boiler (kWm-2 K-1); A = surface area 
available for heat transfer (m2); Dq = a characteristic temperature difference
(K).

Under steady-state conditions, the heat transfer rate in equation 2.2 and
the heat output rate to water in equation 2.1 are the same. The characteris-
tic temperature difference in equation 2.2 will typically not be the simple dif-
ference between boiler flow and return temperatures in equation 2.1, but is
more likely to be a log mean temperature difference (LMTD) based on water
and gas-side temperatures. However, neither this nor the origin of the overall
heat transfer coefficient need concern us here. What is important is to note
two things. First, the water content of the boiler block is a function of the
value of term A in equation 2.2. This depends on the number and size (typ-
ically diameter) of the waterways. The water content of the boiler depends
on the volume of these same waterways. Second, for a given heat transfer
rate and characteristic temperature difference the value of A in equation 2.2
is inversely proportional to that of U. Therefore, with a high value of U the
value of A may be reduced for a given heat output to water, and with it the
water content of the boiler. When we talk of achieving a high heat transfer
rate in a boiler of compact design we are implying that the rate of heat trans-
fer per unit area of heat exchange surface (U) is high, and it is this trend in
boiler design that has lead to the typically low water content of many modern
boilers. While this is only one aspect of boiler development, it nevertheless
has significant implications for the design and control of boiler installations.

Q̇

Q̇ UA= Dq

ṁQ̇
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2.3.5 Wet-base and dry-base types
In boiler designs where downward heat flow from the combustion chamber
is not transferred into waterways, an insulating base will be required to
protect the builder’s work base or other non-combustible surface on which
the boiler is mounted. Designs in which the combustion chamber is sur-
rounded by waterways are defined as ‘wet-base’ types, those in which the
combustion chamber is below the waterways are ‘dry-base’ types, and those
in which waterways wrap around its top and sides (but not below it) are ‘wet-
leg’ types. All three types are illustrated in Figure 2.4.

2.4 The burner
2.4.1 Function of the burner

At the burner the boiler fuel is mixed with combustion air and ignited to
produce the flame in which the combustion process takes place. In its sim-
plest form the function of the burner is to safely initiate, maintain and finally
terminate the combustion process in response to the requirements of the
boiler control system. In the quest for higher seasonal boiler efficiency
through improved load matching, the burner may be required not only to
maintain the combustion process, but to vary it in a controlled manner
according to the demand of the boiler control system.

2.4.2 Boiler fuels and the combustion process
As far as modern boilers are concerned, the common boiler fuels are either
gaseous or liquid hydrocarbons. As far as almost all of mainland UK is con-
cerned, the former category typically comprises natural gas or liquified petro-
leum gas (LPG), while the latter comprises various grades of fuel oil. The
‘lightest’ grades of fuel oil, ‘C’ (kerosene) and ‘D’ (‘gas oil’), are those most
likely to be employed in modern commercial building services applications.
Chemically natural gas and LPG have relatively simple molecular structures.
The natural gas supplied for public use in the UK is principally (in excess of
90%) methane (CH4), while the two main types of LPG that are commer-
cially available are propane (C3H8) and butane (C4H10). The chemical struc-
ture of the fuel oils is more complex and may contain various levels of
impurities, sulphur typically being that of particular concern in building serv-
ices applications. In any event complete combustion of the fuel input to the
burner is necessary both to obtain the maximum release of energy and to
prevent the production of carbon monoxide, which is the poisonous product
of the partial combustion of hydrocarbon fuels.

The choice of fuel will be made on the basis of availability, the cost of the
fuel itself, the impact of its adoption on the capital cost of the boiler instal-
lation and its environmental impact (emission of carbon and pollutants such
as oxides of nitrogen and sulphur dioxide). The cost per kWh of heat input
to a boiler is broadly comparable for natural gas and the light grades of fuel
oil, although absolute costs are typically influenced by annual consumption
(consumer purchasing power). On a similar basis the cost of LPG is typically
two to three times that of natural gas, which will make it broadly compara-
ble with the cost of ‘off-peak’ electricity. While for identical heat outputs the
capital cost of oil-fired commercial space and water heating boilers is 
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typically lower than that of natural gas boilers, oil firing incurs the additional
cost of a fuel storage installation. The use of LPG also incurs the cost of fuel
storage. Carbon emission per kWh of delivered fuel is significantly lower for
natural gas and LPG than for fuel oil (c.0.052kgC per delivered kWh for
natural gas, which is approximately 73% of the value for fuel oil, c.0.071
kgC per delivered kWh). Furthermore, the gaseous boiler fuels have a negli-
gible sulphur content and are therefore effectively ‘free’ from emissions of
sulphur dioxide. As far as the production of the other significant pollutants,
oxides of nitrogen, are concerned, there is likely to be a greater variation in
performance between different boiler designs for a given fuel than between
fuels. However, natural gas is typically considered to be the lesser polluter or
‘cleaner’ fuel of the two in this respect. Where a supply is available, natural
gas will typically be the preferred choice for the fuel input to the burner. The
use of alternative boiler fuels is considered in Chapter 4. However, one addi-
tional fuel that may ultimately come into the reckoning for use in boilers is
the so-called ‘bio-diesel’, which is a liquid (diesel) fuel derived from certain
energy crops (rapeseed being an example).

At this point it will be worth briefly considering what our ‘wish-list’ would
be for the ideal combustion process to occur within an LPHW boiler. Most
fundamentally we should ideally like the fuel input to a boiler to take the form
of a pure hydrocarbon, comprising only carbon and hydrogen without any
undesirable impurities, so that its complete combustion results only in the for-
mation of carbon dioxide (CO2) and water vapour (H2O). In this respect it is
interesting to note that we typically think of the use of ‘fossil’ fuels as being
based on the combustion of carbon itself. However, for a pure hydrocarbon a
substantial proportion of the energy released derives from the combustion of
hydrogen to form water vapour. The energy released from this process is only
approximately 60% of that from the combustion of carbon to form carbon
dioxide, or approximately 75% if all of the water vapour formed may be con-
densed. However, all of the common boiler fuels have more hydrogen atoms
than carbon atoms in each molecule. In the case of methane, which we have
seen is the principal constituent of natural gas, the ratio of hydrogen atoms to
carbon atoms is at its greatest (4), and over 50% of the energy released derives
from the combustion of the hydrogen content of the fuel. The combustion of
hydrogen to water vapour has the nice point that, unlike that of carbon, it
cannot be incomplete (you either get water vapour or you do not get any-
thing). Our ideal fuel would also be a single pure hydrocarbon, since this
makes the qualitative and quantitative analysis of the chemical reactions of its
combustion simpler. Moving on one stage, with pure hydrocarbon fuel in the
burner we should ideally like to mix it (perfectly, of course) with pure oxygen
and then to burn the thoroughly homogeneous mixture. The energy released
by the combustion process arises only as a result of the combination of the
carbon atoms and hydrogen molecules with oxygen, and the presence of any-
thing else is, at least in simple combustion terms, superfluous. Therefore when
a fuel is completely burnt in pure oxygen the combustion gases will achieve
the highest possible temperature.

The natural gas supplied for public use in the UK makes a reasonably good
approximation to a pure hydrocarbon. Despite the predominance of methane
as a constituent, its typical combustible content is, strictly-speaking, a mixture
of hydrocarbons (including a few percent by volume of ethane and traces 
of propane, butane and benzene). These are typically supplemented by a few
percent of non-combustibles, principally nitrogen with a trace of carbon
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dioxide, to make up the overall mixture that is referred to as ‘natural gas’.
So in practice we have a pretty good boiler fuel. However, it is certainly not
practical to supply the burner with only pure oxygen. We have to make do
using air as a source of the oxygen required. Since only approximately 21%
of air by volume is oxygen, with more-or-less the whole of the remainder
being nitrogen, we naturally have to supply quite a lot of air to provide the
oxygen necessary for combustion – in fact approximately 4.76m3 of air for
every m3 of oxygen required. The gravimetric analysis of air gives it as
approximately 23.3% oxygen by mass, so that approximately 4.29kg of air
are required to provide 1kg of oxygen. Apart from the undesirable forma-
tion of small quantities of some of its oxides, the 3.76m3 of nitrogen sup-
plied with every m3 of oxygen necessary for ‘just-complete’ combustion of
the fuel is merely present throughout the combustion process. While not con-
tributing usefully to the energy released by this, it is heated by it. Since this
heat would otherwise have gone into raising the temperature of the products
of combustion (the CO2 and H2O) alone, a lower final temperature is attained
now that the combustion gases comprise a mixture of these with the ‘spare’
nitrogen. Heat transfer rate from the combustion gases to the boiler water is
reduced in consequence. For a given temperature at outlet to the boiler flue,
the combustion gases also carry more heat wastefully away from the boiler,
so the boiler’s efficiency is reduced.

The amount of air that must be supplied to provide sufficient oxygen to
permit the complete combustion of a given quantity of boiler fuel is expressed
in terms of an air-to-fuel ratio. In principle this may be the ratio of kg of air
per kg of fuel or m3 of air per m3 of fuel. For natural gas and LPG, the air-
to-fuel ratio is expressed in terms of m3 of air per m3 of gas (with LPG being
in the gaseous state, ready for the burner). However, in the case of fuel oil
the ratio may be expressed in terms of m3 per kg or per litre of fuel, in which
case the units of each quantity must be defined. For methane, which is the
principal constituent of natural gas, the approximate theoretical or stoichio-
metric air-to-fuel ratios are 9.5 (in volumetric terms) or 17.2 (in gravimetric
terms, i.e. kg of air per kg of methane). Since natural gas contains minor
quantities of other more complex hydrocarbons, the stoichiometric air-to-fuel
ratio is actually slightly in excess of the value for pure methane (c.9.7 in vol-
umetric terms, a value of 10 being adequate for most approximate calcula-
tions). In practice it is not enough simply to supply air for combustion
according to the stoichiometric air-to-fuel ratio, since in a practical boiler and
burner combination inaccuracies in the metering of both the fuel and air sup-
plies and imperfect mixing of the fuel and air (i.e. combustion of a non-
homogeneous fuel/air mixture) will result in incomplete combustion and the
formation of poisonous carbon monoxide (CO) in addition to the carbon
dioxide and water vapour. Hence an air-to-fuel ratio is actually used that 
is higher than the stoichiometric value. This provides a sufficient excess of
air to ensure that, effectively, complete combustion takes place. How much
excess air is required will naturally depend on the design of the burner and
the efficiency with which it mixes the fuel and combustion air, but it may be
of the order of 15–20%. In this respect modern boiler and burner combina-
tions exhibit improved performance over earlier designs. The extent of the
excess air that is supplied to a burner is reflected by the volumetric content
of CO2 in the combustion gases leaving the boiler, with values of the order
of 9–10% typically being sought for a natural gas boiler, and somewhat
higher than this for oil-fired boilers (c.12–13% for grade ‘D’ gas oil).
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Excess air does not contribute usefully to the energy released by the com-
bustion process, but is again heated by it. The final temperature of the com-
bustion gases is therefore further reduced, again resulting in a reduction in
heat transfer rate to the boiler water. For a given temperature at outlet to the
boiler flue, even more heat is carried wastefully away from the boiler by the
combustion gases. The greater the air-to-fuel ratio is above the stoichiomet-
ric value, the greater will be the temperature dilution due to the presence of
excess air in the combustion gases.

We can represent the general combustion of a pure hydrocarbon boiler fuel
in excess air by the chemical formula:

(2.3)

where x = the number of carbon atoms in a molecule of the fuel (e.g. 1 for
methane, CH4); y = the number of hydrogen atoms in a molecule of the fuel
(e.g. 4 for methane); E = actual air-to-fuel ratio ∏ stoichiometric air-to-fuel
ratio, so that E - 1 is the excess air for combustion expressed as a decimal
fraction of the stoichiometric air quantity (or % excess air ∏ 100).

The factor 3.29 in equation 2.3 is the gravimetric or mass ratio of nitro-
gen to oxygen in the combustion air, i.e. the number of kg of nitrogen that
accompany each kg of oxygen in the combustion air. Equation 2.3 may be
used to analyse the combustion process in terms of the masses of the fuel and
air input to the burner, and of the contents of the combustion gases. It may
also be used to consider volumes of the substances if it is remembered that
the mass of a gaseous substance that is equal to its molecular weight in kg
(1kmol) occupies 22.41m3 at 1.01325 bar and 0°C (273K), and appropri-
ate Charles’ Law corrections are made for the temperatures of the substances.
For a fuller description of the combustion process the interested reader is
referred to standard thermodynamics texts, such as that by Rogers and
Mayhew2.

One further aspect of the combustion process affected by the burner must
be considered, and this is the production of pollutants. These are uninten-
tional and undesired by-products of the combustion process that typically
arise either from the use of air as the source of oxygen for combustion or
from the combustion of impurities present in the fuel. In some instances the
chemical reactions that generate pollutants may be net ‘consumers’ of energy.
As far as the use of air as a source of oxygen for combustion is concerned,
we have already seen that the largest constituent of the air supplied to the
burner is nitrogen. As far as the air that we breathe (and burn things in) is
concerned, its nitrogen content is typically considered to be chemically ‘inert’.
However, at high temperatures nitrogen combines with the oxygen in air to
form oxides of nitrogen. These are atmospheric pollutants and greenhouse
gases (nitrous oxide has a global warming potential (GWP) of over 300 times
that of carbon dioxide, taken over a timescale of 100 years), and the tem-
peratures necessary for their production are encountered in the combustion
zone produced by the burner in a boiler. While chemically there are several
different oxides of nitrogen, it is typically the practice concerning boiler emis-
sions to cover them by the ‘umbrella’ term NOx. Burner design is crucial in
minimising the level of NOx emissions from boilers. With regard to emissions
resulting from impurities in boiler fuels, of principal concern is the produc-
tion of sulphur dioxide (SO2) from sulphur present in fuel oils.
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While the popularity of natural gas as the ‘first-choice’ boiler fuel has led
to a reduction in the significance of SO2 production from commercial space
and water heating boilers, at least as far as new boiler installations are con-
cerned, modern burner design places a considerable emphasis on the reduc-
tion of NOx emissions.

2.4.3 Burner design
The aim of burner design is to achieve an intimate and completely homoge-
neous mixing of the fuel with the combustion air, and its complete com-
bustion to release the maximum energy with the minimum production of
unwanted emissions.

Burner design is dependent on the type of fuel, whether natural gas, LPG,
fuel oil or ‘dual-fuel’. Dual-fuel burners are able to burn either natural gas
or fuel oil. Wherever proximity to a mains supply of adequate capacity
permits, or the establishment of such a supply is economically viable, natural
gas will inevitably be preferred over LPG. The economic basis for this has
already been noted. Hence the discussion of gas burners that follows will be
based primarily on burners designed to fire on natural gas.

Burners designed to fire on natural gas may be atmospheric, fan-assisted,
forced-draught or premix type. Burners designed to fire on fuel oil may be
vaporising, mechanical atomizing, rotary or twin-fluid atomizing type. In
vaporising oil burners, as the name suggests, the fuel oil is heated to produce
a vapour. Use of this type of oil burner, together with its variants and deriva-
tives, has typically been confined to domestic boilers, and it will not be con-
sidered further here.

The position of the burner in relation to the boiler block depends on the
type of burner. Fan-assisted and forced-draught natural gas and oil burners
typically fire horizontally (‘inshot’, Figure 2.5a). A cutout is provided in the
front of the boiler to accommodate a penetration necessary for the burner.
This may be carried out at the boiler manufacturer’s works or on site. The
burner itself is fitted to the front of the boiler via a mounting plate or flange.
It is vital that a gas-tight seal is established between the burner mounting
plate or flange and the boiler. If this cannot be achieved with the basic cast
or machined finishes of the components, an additional ‘soft’ or gasket-type
seal will be required. This part of the boiler block is typically also hinged to
provide an access door for cleaning of the combustion chamber, flue gas
passes and waterways. Hence the positioning of boilers on site must allow
adequate clearance for the opening swing of this access section with the
burner in place. On large boilers, where the burner assembly is too bulky for
convenient manual handling, traversing arms or mounting trolleys may be
provided to allow mechanical retraction and reseating of the assembly.
Atmospheric gas burners typically fire upwards (‘upshot’, Figure 2.5b), and
are therefore mounted at low level in a boiler block or beneath a gas-to-water
heat exchanger. Access to the burner is typically from the front of the boiler.

The boiler manufacturer matches the performance and physical character-
istics of the burner to those of the boiler. A vital part of this process, and of
the installation and commissioning of the burner, is to ensure that firing of
the burner takes place along the central axis of the combustion chamber, and
that the combustion flame is contained (or ‘burns out’) within its length. 
It is essential to ensure that impingement of the burner flame on the metal
surfaces of the combustion chamber does not occur. The overheating of the
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Figure 2.5 Position of the burner.



metal surfaces that flame impingement causes leads to thermal overstressing
and may result in crack development and (ultimately) premature boiler
failure. In cast-iron boilers prolonged overheating may even produce local
modification of the structure of the metal that impairs its physical properties
and strength. The availability of a viewport that allows the characteristics
and appearance of the burner flame to be observed may prove helpful not
only in ensuring correct installation, alignment and commissioning of the
burner, but also in investigating any subsequent firing problems or (in extreme
cases) instances of boiler failure. Deviations from the idealised shape and
colouration of the burner flame may be symptomatic of incomplete combus-
tion or flame impingement.

2.4.4 Atmospheric natural gas burners
The ‘atmospheric’ type of natural gas burner was the first to be developed
following the introduction of natural gas as a fuel for space and water heating
boilers. It utilises the static pressure of the natural gas itself to deliver gas
from the supply connection (gas meter) to the boiler, and thence to the burner
heads (or ‘ports’), where it entrains and mixes with combustion air and 
is finally burnt. Air for combustion is typically drawn from the boiler 
plant room into the combustion chamber via openings positioned at low 
level around the base of the boiler. The burner relies on the natural draught
of the boiler flue to generate a slightly negative pressure in the combustion
chamber, which is required to achieve the necessary induction of combustion
air.

Atmospheric gas burners are typically manufactured from stainless steel
and generally comprise a number of horizontal burner ‘bars’ that are held
together in a burner assembly or ‘basket’ that is fed with natural gas by a
common injection manifold (Figure 2.6). Since atmospheric gas burners are
typically positioned at low level in the boiler block, the base on which the
boiler is mounted may need to be protected against downward radiant heat
from the combustion zone and burner assembly. Where the combustion
chamber is not surrounded by waterways, the provision of plate heat shields
or ceramic insulation may be required. An alternative approach places the
burner bars above a system of baffles that reflect downward radiant heat from
the combustion zone and burner bars back up into the combustion chamber.
The result is a reduction in the temperature that would otherwise exist below
the boiler, and a reduction in heat loss from the boiler. Such baffles will typi-
cally also preheat the combustion air that is drawn through them. This helps
the combustion process and will typically result in some increase in boiler
efficiency.

In order to perform its function of initiating combustion when required to
do so by the boiler control system, the burner must be provided with a means
of igniting the gas fed to it. This may be achieved by a ‘pilot’ burner. A small
supply of natural gas is continuously fed to this in order to maintain a per-
manent flame that will ignite gas supplied to the main burner. The pilot burner
itself is initially lit by an ignition spark. A safety device is essential to ensure
that the gas supply to the pilot burner is immediately shut off in the event of
failure of the pilot flame. A permanent-pilot ignition system of this kind is
relatively simple but continues to consume gas, albeit at a low rate, even when
the boiler is not firing. Spark ignition systems ignite gas supplied to the burner
directly by means of a spark generated by passing a high voltage between
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Figure 2.6 Configuration of a typical atmospheric natural gas burner.

suitable electrodes. This voltage (of the order of 10kV or higher) is gener-
ated by an internal transformer that is fed from the mains electrical supply
to the boiler. Since the need is for brief repetitive operation, rather than con-
tinuous-load service, the transformer is of the intermittently-rated type. As
an alternative to spark ignition systems, the gas supplied to the burner may
be ignited directly by means of an element that is heated electrically to a suf-
ficiently high temperature. This technique is claimed both to have lower main-
tenance requirements than spark ignition systems and to remove the risk to
control systems of radio frequency interference and electrical ‘spikes’ that
may be associated with the former. Whichever burner ignition technique is



employed, in the event that combustion is not established within a critical
safety period the demand for the burner to fire must be overridden and the
gas supply to the burner cut off. The techniques used to achieve this safety
function are discussed later in this chapter.

It is the static pressure of the natural gas that generates flow through the
gas line (or gas ‘train’) to the burner and through it, and atmospheric gas
burners therefore need to operate within a fairly narrow range of gas pres-
sure. Under conditions of maximum burner output a static pressure of the
order of 20 mbar (2kPa) gauge will typically be required at the upstream
connection to the gas line, in order to give a static pressure in the range 9–
13 mbar (0.9–1.3kPa) gauge at the burner itself, depending on the particu-
lar design. Atmospheric gas burners should generally not be exposed to static
pressures significantly greater than 25 mbar (2.5kPa) gauge at the upstream
connection to the gas line. Therefore care should be taken during testing of
gas pipework to ensure that the burner and its gas line are adequately 
isolated from pressure that might damage them.

For a given draught the boiler flue, burner assembly and gas line operate
at constant volume flow rates, and not at constant mass flow rates. If the
density of the gas supplied reduces, as for example in installations at altitude,
its thermal content, in MJm-3 of gas supplied, will be reduced. For a given
heat output to water, a greater volume flow rate of gas will therefore need to
be supplied to the burner. For a given pipe or valve diameter the associated
pressure losses will also be increased. Hence, unless either the design of the
burner and gas line can take this into consideration or specific design modi-
fications are possible (both of which are unlikely in equipment from a stan-
dard product range), the entire assembly ought to be subject to a derating
factor when operated in locations that are significantly above sea level.
ASHRAE3 quotes a recommended derating factor of 4% per 300m of 
altitude.

In the UK, low-pressure supplies of natural gas typically provide a static
pressure of 21 mbar (2.1kPa) gauge at the outlet from the supply utility’s
meter. If a pressure of 20 mbar (2kPa) gauge is required at the connection to
the gas line, 1 mbar (100Pa) is available for all pressure losses due to the
flow of gas in the pipework between the meter outlet and the gas line of the
furthest boiler. If the boiler plant can only be located physically remote from
the supply utility’s meter, such that the available gas pressure remains inad-
equate, even with generous sizing of the pipework, the supply pressure may
be increased or ‘boosted’ by means of a gas booster. Gas boosters are con-
sidered in Chapter 3. The common practice of locating boiler plant in a roof-
level plant room may effectively place it as far away from the gas meter as
possible, and also introduces an ‘altitude effect’. The nature of this effect is
different according to the gas used. In the case of natural gas, which is less
dense than air, altitude results in an increase in the gauge pressure of the gas.
In the case of LPG, which is denser than air, altitude results in a reduction
in the gauge pressure that is equivalent to an additional pressure loss in the
pipework.

Atmospheric gas burners are, relatively-speaking, both mechanically simple
and quiet in operation. However, they are sensitive to flue performance and
need adequate and stable natural draught for satisfactory combustion per-
formance. Any reduction of the draught, or the existence of down-draught
conditions within the flue, will lead to incomplete combustion and the for-
mation of poisonous carbon monoxide gas (CO). Flue gases may be trapped
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within the boiler, and boiler performance will naturally suffer. Since it is so
essential both to prevent down-draughts within the flue from reaching the
boiler, and to regularise the natural draught, atmospheric gas boilers are fitted
with draught diverters. While the detailed design of these devices varies from
boiler to boiler, the principle of their operation is illustrated in Figure 2.7.
This shows an arrangement in which the boiler is supplied complete with a
short primary flue that terminates in the draught diverter itself. The shape of
this is designed to spill any down-draught outside the primary flue before it
can adversely influence the boiler. The draught diverter also provides a low-
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Figure 2.7 Principle of operation of a draught diverter.



resistance path for air from the boiler room to bypass the combustion air
path through the boiler and enter directly into the flue. Hence any tendency
for draught to increase will result in an induction of boiler room air via the
draught diverter in a corrective manner that will tend to stabilise draught
conditions. However, this induction of boiler room air into the flue, and its
resultant mixing with the combustion gases from the boiler, will inevitably
lower the flue gas temperature and may result in condensation within the flue.
Furthermore the air path into the flue via the draught diverter is permanently
open, so that some induction of boiler room air will also occur under normal
operating conditions. Mounting the draught diverter in a primary flue natu-
rally adds to the height of the installation. Hence some atmospheric gas
boilers provide the draught diverter function within the boiler flue hood. The
latter is located above the boiler block to collect the spent combustion gases
and channel them into the boiler flue. Protection against down-draught con-
ditions may also be provided by a down-draught thermostat mounted within
the flue. This is arranged to shut down the boiler on sensing a suitable low
flue gas temperature that would give a clear indication of the existence of
down-draught conditions. One manufacturer recommends a fixed set-point
of 70°C.

Under correct firing conditions atmospheric gas burners typically exhibit a
blue flame without yellowing of the flame tip. This normal flame presents a
well-defined inner core and there is no ‘lifting’ of the flame away from the
burner bars. Yellowing of the flame tip or body typically suggests a shortage
of primary combustion air and incomplete combustion. This may be a result
of blockages in the combustion air path or improper installation of the burner.
Flames may lift away from the burner bars as a result of overfiring of the
burner, due to excess gas pressure. Yellowing and lifting of the burner flames
are both signs of improper burner operation that should be corrected without
delay.

2.4.5 Fan-assisted and forced-draught natural gas burners
In fan-assisted (or ‘blown’) natural gas burners all the air required for com-
bustion is supplied by a fan driven by an electric motor. The fan is sized to
overcome the air-side pressure drop associated with the burner. Its use allows
the designer of the burner to define both the manner in which combustion
air is supplied (number, position and type of supply point) and the rate at
which it is supplied. This allows a more thorough, uniform and closely con-
trolled mixing of the gas and combustion air across the burner head than 
is possible in an atmospheric gas burner, and combustion performance is
improved. Stable fan characteristics are essential for good combustion.

The general layout of a typical fan-assisted natural gas burner is shown in
Figure 2.8. The motor of the combustion air fan may be located either within
the combustion air stream itself or outside it. In the latter case a motor cooling
fan will be required. Fan-assisted gas burners are noisier than atmospheric
types, and the combustion air fan and its motor cooling fan (where applica-
ble) are obvious sources of noise that contribute to this. An air intake silencer
may be fitted to the burner, and in low-noise applications the burner assem-
bly itself may be contained within an acoustic shroud.

Where the heat output or firing rate of the burner is staged (high/low/off)
or modulated, the flow rates of both gas and combustion air to the burner
are also staged or modulated according to the demands of the boiler control
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Figure 2.8 Configuration of a typical fan-assisted / forced-draught natural gas burner.



system for heat output. Burner ignition is by high-voltage spark generated 
by an internal transformer, which is rated for intermittent operation and fed
either from the mains electrical supply to the boiler (typically single-phase)
or from the burner’s own dedicated power supply, as the case may be. As is
the case for atmospheric gas burners, if combustion is not established within
a critical safety period, or should the process fail for any reason once estab-
lished, the gas supply to the burner must be overridden to full shut-off. Addi-
tionally, since the burner is completely dependent on the fan for its supply of
combustion air, fan failure must also result in a complete shut-off of the gas
supply to the burner.

The fan-assisted gas burner still depends on the natural draught developed
by the boiler flue to draw the products of combustion from the combustion
chamber through the boiler. In order to enable a proper combustion process
to occur, the fan-assisted type of burner will typically expect to work with a
pressure at the boiler flue connection that is between atmospheric (zero gauge)
and a slight suction (i.e. a slightly negative gauge pressure). The minimum
value of this suction is typically of the order of -0.3 mbar (-30Pa) gauge,
although the exact value may vary from boiler to boiler, and the manufac-
turer’s recommendations for a particular boiler/burner combination should
always be observed. Where the flue can generate excessive suction pressures
at the boiler connection, or stable draught conditions cannot be reasonably
assured, a draught stabilizer may be fitted to the flue. This acts to stabilize
draught conditions by the induction of boiler room air into the flue, in a
manner that is analogous to the operation of the draught diverter in an atmos-
pheric gas boiler. Where used with fan-assisted or forced-draught gas burners,
a draught stabiliser is, however, a component part of the flue, rather than 
of the boiler. Again any induction of cooler boiler room air into the flue 
will lower the flue gas temperature and may result in condensation 
occurring within the flue. The role of draught stabilisers is considered further
in Chapter 5.

The burner provides the only path for air into the boiler. When the boiler
control system no longer demands a heat output, the gas supply to the burner
is shut off and the boiler block begins to cool down. Even though the com-
bustion air fan is also shut down, there will still be a tendency for air from
the boiler room to be drawn through the boiler by residual draught in the
flue. This air readily picks up residual heat stored in the boiler block and
carries it into the flue. The heated air develops a natural draught within the
flue in the same way that the hot combustion gases do when the burner is
firing, although naturally to a lesser extent. The air is thus drawn through
the flue and dispersed to atmosphere, the heat it carries being lost from the
boiler. This process will continue as long as heat can be picked up from the
boiler block or sufficient draught is available from other boilers firing into a
common flue system. While the relatively high resistance to air flow through
the burner will typically mean that the flow generated by the available natural
draught in the flue will be much less than the combustion air supplied by the
fan, nevertheless heat lost to this air is potentially a major component of the
heat loss from a non-firing boiler – the so-called ‘standing’ (heat) losses. If
the fan-assisted burner is equipped with an air damper or valve that can be
driven to full closure (shut-off) when the burner is not firing, air will not 
be drawn through the boiler, and this source of standing heat losses will be
removed. A similar function can be performed by a flue damper, and this type
of device is considered further in Chapter 5. For our present purposes it will
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be useful to bear in mind that the heat losses resulting from allowing air to
be drawn unchecked through a non-firing boiler may represent several percent
of its annual fuel consumption. Preventing this air flow on the burner side of
the boiler, rather than on the flue side, puts the closure device in a more benign
operating environment. This potential source of boiler standing losses is 
naturally also active in the case of atmospheric gas boilers, and here it is
evident that shut-off on the flue side of the boiler is the only option.

Fan assistance gives burner designers some degree of control over the phys-
ical size and shape of the combustion flame, and may allow boiler manufac-
turers to adopt more compact combustion chambers. In forced-draught
natural gas burners the combustion air fan is sized to overcome not only the
air-side pressure drop associated with the burner itself, but also the pressure
drop associated with the flow of combustion gases through the boiler block.
This means that the combustion chamber operates at a positive pressure, and
the pressure at the boiler outlet connection to the flue may be ‘balanced’ (i.e.
zero draught) or positive. In the latter case part of the flue will also be under
positive pressure, and the implications of this are again considered in Chapter
5. Any positive pressure available at the boiler outlet connection may be 
used in the design of the flue. With standard burner types positive pressures
between 25 and approximately 90Pa may be achieved at the boiler outlet
connection to the flue, depending on boiler output.

The design of modern forced-draught natural gas burners is increasingly
concerned with minimising the production of NOx. In this respect a typical
aim is to achieve as thorough a mixing as possible of the gas and excess com-
bustion air at the burner head, in order to avoid zones where high local 
combustion temperatures may exist which favour the production of NOx.
However, other techniques have also been proposed to achieve the desired
low-NOx operation. One such technique is the recirculation of some of the
combustion gases through the burner. This may be achieved by external recir-
culation, employing a duct that links the flue gas manifold or collector at the
rear of the boiler to the burner. This flue gas return duct is located outside
the boiler block but within the casing, and a mechanical recirculation of flue
gas is achieved using a fan that is mounted above the burner at the front of
the boiler. The pressure drop associated with the flow of combustion gases
through the ‘passes’ of the boiler block is increased by this form of recircu-
lation. The recirculation of some of the combustion gases to the burner may
also be achieved internally within the combustion chamber, via openings 
in the burner ‘blast tube’. Both methods of combustion gas recirculation 
are illustrated schematically in Figure 2.9. Low-NOx operation with forced-
draught burners generally may be associated with an increase in combustion
noise, and values of 8–12dBA are sometimes quoted for the level of this
increase. Burner acoustic shrouds and flue gas silencers may, of course, be
applied in appropriate circumstances.

2.4.6 Premix natural gas burners
In a premix natural gas burner gas and excess air are mixed in the correct pro-
portions before being delivered to the burner for combustion. ‘Premixing’
ensures that the excess air required for combustion is evenly distributed
throughout the fuel/air mixture, and a more even combustion temperature is
achieved. This will typically result in a low emission of NOx, (<70mgkWh-1

of natural gas delivered to site), and may achieve a very low or ultra-low 
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Figure 2.9 Recirculation of combustion gases to a forced-draught natural gas burner.



emission (down to <20mgkWh-1). Noise level is also reduced. Premix burners
may be of fan-assisted or forced-draught type.

Premix burners take a variety of forms. In the so-called ‘sectional’ approach
to boiler design a common combustion air fan supplies separate burners in
each individual section of the boiler, with the gas supply to each being injected
into the combustion air upstream of the burner. In the so-called ‘modular’
approach to boiler design premixing of the gas and excess air is achieved by
injecting gas into the inlet of a fan (the premix fan) serving the premix burner
in an individual boiler heat exchange module. This is illustrated in Figure
2.10, which shows the cylindrical heat exchanger of an individual module of
a modular boiler. In this arrangement the premix burner typically takes the
form of a perforated stainless steel tube or cylinder that is positioned con-
centrically within the heat exchanger. The gas/air mixture flows radially out-
wards through the perforations of the burner tube, where it is ignited. The
gas/air mixture burns around the whole circumference of the burner tube,
and the hot combustion gases flow radially across the extended surface of the
cylindrical heat exchanger into the insulated boiler casing. Some form of dis-
tribution device is typically required within the burner tube to ensure an even
distribution of the gas/air mixture along its length. Gas is injected into the
inlet of the premix fan via a suitable distribution plate or orifice arrangement.
The gas supply to the burner must be immediately and completely shut off
in the event of failure of the premix fan. In some designs this may be achieved
by feedback of the fan differential pressure to a suitable diaphragm-type gas
valve. Such an arrangement can also allow the gas supply to be adjusted to
maintain a constant air-to-fuel ratio in the face of variations in flue draught
that might otherwise affect burner performance. In a similar way, sensing 
of a pressure drop associated with the volume flow of the gas/air mixture
through the burner can allow shut-off of the gas supply in the event of a
blockage occurring either in the flue or in the burner itself. This type of burner
typically employs spark ignition, and flame failure (or failure to establish) is
sensed by an ionisation probe. Prior to firing, the combustion chamber is 
typically ‘purged’ with air (only) from the premix fan, to remove any traces
of gas/air mixture from the previous firing cycle that may linger within 
the chamber.

2.4.7 Other natural gas burners
In some countries pulse combustion technology is available for some com-
mercial heating equipment. ‘Pulse’ combustion systems do not burn natural
gas in a steady flame, but rather a gas/air mixture is ignited at a frequency
of typically 60–80Hz. It is claimed that improved heat transfer results from
the oscillating flow, together with a reduction in NOx emissions.

2.4.8 Burners for other gases
In principle any of the types of gas burners described above can be designed
or configured to fire on gaseous fuels other than natural gas. In the UK the
alternatives are effectively limited to Liquified Petroleum Gas (LPG) or 
manufactured gas (town gas). In general, however, use of either of these
would only be considered where it is the only gas-firing option.

Since calorific value of the fuel will differ from that of natural gas, the rate
of supply to the burner will vary for a given heat output to water from the
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Figure 2.10 Configuration of a typical premix burner in a modular boiler.



boiler. Alternatively, boiler ratings may be effected for the same rate of gas
supply to the burner. LPG has a substantially higher calorific value than
natural gas. For propane and butane, the two principal types of commercial
LPG, the respective values are approximately 2.5 and 3.17 times that for
natural gas. Hence, for boilers of identical rated heat output to water and
efficiency, the required flow rates of these gases will be approximately 40%
and 32%, respectively, of that for natural gas. Similarly combustion air
requirements will differ from those for natural gas. There are thus implica-
tions for the sizing of ‘pilot’ and main burner gas orifices, the available pres-
sure of the gas supply, the sizing of combustion air fans in fan-assisted or
forced-draught burners, and the availability of adequate flue draught with
atmospheric gas burners. While permanent conversion from natural gas to
LPG may be possible (and vice versa), mere substitution of one gas for
another will never be acceptable. In any event, whenever it is proposed to fire
a boiler on other than natural gas, the advice and recommendations of the
boiler and burner manufacturers should always be sought.

2.4.9 Pressure-jet oil burners
The burners employed in commercial and industrial oil-fired boilers typically
operate on the principle of atomization, to which there are two elements:

(1) A supply of fuel oil is delivered into the combustion chamber as a conical
spray or ‘mist’ of finely-divided (‘atomized’) droplets

(2) A swirling motion is imparted to a suitable supply of combustion air,
which is then directed into the cone of finely-divided oil droplets to
achieve an intimate mixing of the oil and air prior to ignition of the
mixture.

Pressure-jet burners are probably the type of atomizing oil burner most likely
to be encountered in modern boiler plant serving building HVAC applica-
tions. They operate on the principle of mechanical atomization and are the
simplest of the atomizing burners. The configuration and principal elements
of a typical pressure-jet oil burner are shown in Figure 2.11. The burner
essentially consists of an air tube or air director (also referred to as a ‘blast
tube’) with a specially-designed nozzle mounted coaxially within it at the
combustion chamber end. Oil is pumped through this nozzle at a relatively
high pressure in the range 0.45–1.5MPa (gauge). The nozzle is so designed
that the oil forced through it is given a high rotational velocity. The shear
forces associated with this imparted motion break the oil up, so that it leaves
the nozzle as a conical spray or mist of finely-divided oil droplets. The apex
of this conical spray is at the nozzle or ‘atomizer’. Multiple nozzles may be
employed and are claimed to improve atomization of the oil.

Combustion air is blown along the burner air tube by a low-pressure cen-
trifugal fan and exits through ports that surround the oil nozzle. This achieves
an intimate (turbulent) mixing with the atomized fuel leaving the nozzle, and
the fuel/air mixture then enters the combustion chamber. As in the case of 
fan-assisted and forced-draught gas burners, it is essential for good combus-
tion that the combustion air fan exhibits stable performance characteristics. A
common electric motor typically drives both combustion air fan and oil
pump, the latter via a suitable gearing arrangement. Ignition of the fuel/air
mixture is achieved by a high-voltage spark generated by a pair of electrodes
mounted adjacent to the nozzle. Once established, combustion is 
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Figure 2.11 Configuration of a typical pressure-jet oil burner.



self-supporting and the electrical ignition system may be switched off. In the
event that the burner fails to ignite, the flow of oil to the burner must of
course be shut down. The design of the air tube and combustion air ports is
vital in ensuring complete mixing of combustion air with the atomized oil.
Due to the conical shape of the oil spray from the nozzle, it is also vital in 
providing the desired flame shape within the combustion chamber. Designs
are available to suit various configurations of combustion chamber and heat
transfer surface.

Pressure-jet burners are typically available in almost any size, burning
between a few litres per hour, for nominal heat outputs to water of a few
tens of kilowatts, to hundreds of litres per hour and multi-megawatt outputs.
Burner heat output may be varied by changing the pressure (and hence flow
rate) of the oil at the nozzle. The volume flow rate of combustion air is simul-
taneously varied to suit this by means of an air damper. The variation in
burner output is limited by the possible variation in pressure available at 
the nozzle. For a simple pressure-jet burner a maximum turndown ratio in
the range 1.6–2 :1 is typically available over the range of nozzle pressures
between a minimum of 450kPa and a maximum of 1500–2000kPa.

Where fuel oils are used that exhibit high viscosity at normal storage tem-
peratures, the oil must be heated to attain a temperature at which it is prac-
tical to achieve atomization. Pressure jet burners designed to fire on these
grades of ‘medium’ and ‘heavy’ fuel oil may be fitted with an oil pre-heater
and/or a heated nozzle head, with burner operation enabled thermostatically
on achieving the correct oil temperature. Evenly-heated oil assists the estab-
lishment of combustion. Overheating is to be avoided, since this may lead to
carbonisation of the oil.

As in the case of fan-assisted and forced-draught natural gas burners, full
closure of the combustion air damper will again remove a potentially signif-
icant source of boiler ‘standing’ heat losses. Optimum burner and combustion
performance again requires a relatively constant draught to be maintained at
the boiler connection to the flue. This may be a balanced condition or slight
suction in natural-draught applications, or a positive pressure where the
burner is designed for forced-draught application. Since oil has a potential
for fouling and clogging that is largely absent from the gaseous fuels,
optimum performance will typically only be achieved if all components of
the burner are maintained in a clean condition.

Atomization of the oil and the turbulent oil/air mixing process are an
obvious source of burner noise, as is the combustion air fan itself. While this
may be reduced by careful attention to the aerodynamic design of the com-
ponents, and by full static and dynamic balancing of all rotating components,
most burner manufacturers offer models that either incorporate acoustic
absorbers/materials in critical parts of the burner or are fitted with acousti-
cally-treated ‘shrouds’ for noise-sensitive applications.

2.4.10 Other atomizing oil burners
Other types of atomizing oil burner do exist. The list, which does not claim
to be exhaustive, includes the following:

• Rotary or rotary cup burners
• Twin-fluid oil burners
• Return-flow pressure jet or pressure atomizing burners
• Mechanical atomizing oil burners
• Return-flow mechanical atomizing oil burners.
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Since all of these burner types are more likely to be encountered in industrial
or marine applications, or in ‘heavy’ electrical power generation, than in the
typical building services applications with which this book is concerned, none
of them will be considered further here.

2.4.11 Dual-fuel burners
If the same burner may fire alternatively on either natural gas or fuel oil, it
is termed a dual-fuel burner. Dual-fuel burners are of fan-assisted or forced-
draught type and must incorporate the features of both natural gas and oil
burners necessary for the safe and efficient combustion of either fuel. The
burner mechanisms and their controls must be able to achieve the correct
fuel/air ratios for firing with either fuel and at any firing rate that the burner
is capable of. This naturally increases both the complexity and cost of dual-
fuel burners in comparison with single-fuel types. Changeover between fuels
may be effected manually, or automatically on failure of the fuel supply that
the burner is firing on at the time. As an alternative to a dual-fuel burner,
dual-fuel operation may also be achieved by a physical change of burner.

Dual-fuel burners are only likely to be preferred to a single-fuel (typically
natural gas) burner where:

• The available supply of natural gas is unreliable
• Continuous availability of gas-fired boiler plant is critical
• There is an economic case for taking a supply of natural gas on an ‘inter-

ruptible’ tariff.

Under present conditions of fuel availability and pricing, the dual-fuel burner
option will typically be seen as an alternative to a natural gas burner, rather
than to an oil burner. Interruptible natural gas tariffs are only likely to be
relevant to users with long-term large steady demands at individual sites. Oil
storage in dual-fuel installations may be sized on the basis of the likely fre-
quency and duration of interruptions in the natural gas supply, rather than
on sole-fuel patterns of consumption. In doing so there are clear advantages
in minimising the capital cost and space requirements of such an installation,
and of the cost tied up in the stored ‘standby’ oil itself. As far as building
services applications in the UK’s climate are concerned, the continuous avail-
ability of boiler plant may be critical in facilities caring for the very young,
the elderly and the sick or physically frail, or where the population is ‘tied’
to location, as in the case of various custodial or hostel-type facilities.
However, since neither gas nor oil firing will work without an electrical power
supply, the ability to utilise alternative fuel supplies will not, in itself, provide
a guarantee of security of heat generation. This would require, in addition,
that the electrical power supplies to the boiler and burner are supported by
a standby generator.

2.5 Burner operation and control
2.5.1 Functions of burner control

Modern gas and oil burners are varied and complex assemblies of mechani-
cal, electrical and electronic components, and it is beyond the scope of the
present work to consider the detailed mechanisms by which these complex
assemblies are controlled. However, the functions of burner control may be
split into two distinct categories:
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• Control of burner heat output or ‘firing rate’
• Control of burner safety.

Control of burner output or firing rate is concerned with ensuring that the
boiler can respond to, and meet, demands made on it for heat output to the
water of the heating system to which it is connected. The search for improved
energy efficiency and reduced operating costs, coupled latterly to a realisa-
tion of the potential consequences of global warming, increasingly mean that
it is no longer sufficient simply to meet the demands for heat output from
the boiler, but to meet them with optimum efficiency. Control of burner safety
is primarily concerned with preventing the continued supply of fuel in the
absence, for whatever reason, of a sustained combustion process.

The operation and control of modern commercial gas and oil burners is
typically automatic, although manual intervention is commonly required fol-
lowing the activation or ‘tripping’ of some safety control functions. Atmos-
pheric gas burners are typically supplied as part of an integrated boiler/burner
package that includes controls. Fan-assisted and forced-draught gas and
atomizing oil burners typically have their own dedicated control systems
which interface with the control systems of the boilers to which they are fitted.
In Chapter 10 it will be seen that the latter are themselves interfaced with
the heating system controls.

2.5.2 Modes of control for burner output
Three main modes are typically available for the control of burner heat output
in fan-assisted and forced-draught natural gas burners. These are:

• on/off
• high/low/off
• modulating.

The same modes of control are typically available for atomizing oil burners.
In the case of atmospheric gas burners control is typically on/off, although
boiler/burner packages that offer high/low/off, high/medium/low/off and
modulating control are available from some manufacturers. The provision of
‘staged’ or modulating control of atmospheric gas burners typically requires
some measure of control to be exercised over the level of induction of com-
bustion air under reduced-rate firing. In modular boilers control of premix
natural gas burners is typically on/off. In other configurations it may be
high/low/off or modulating.

2.5.3 On/off control of burner output
The on/off mode of control is the simplest form of burner control. The burner
is either firing at its maximum heat output or it is not firing at all. On/off
control of natural gas burners is achieved via the solenoid valves of the main
gas line (Figure 2.12a). These are two-position devices that are normally held
in the closed (gas shut-off) position for safety reasons. Powering them open
releases the gas supply to the main burner for ignition. Valve operation is
‘fail-safe’, since failure or interruption of the power supply causes the valve
to return to the gas shut-off position. Modern practice is to provide dual
control and safety shut-off solenoid valves, one valve opening slowly and
closing rapidly while the other both opens and closes rapidly. Starting of the
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Figure 2.12 ‘On/off’, ‘high/low/off’ and modulating control of burner output : natural gas burners.



combustion air fan will similarly form part of the control sequence for 
fan-assisted and forced-draught natural gas burners and atomizing oil
burners. Flue dampers, where employed, must be opened prior to firing the
burner.

On/off control of atomizing oil burners is again achieved via a solenoid
valve, but in this case the device is an integral part of the burner assembly
itself, and not part of the oil line (Figure 2.13a).

2.5.4 High/low/off control of burner output
In the high/low/off mode of control the burner has two firing rates, ‘high’
and ‘low’. The high firing rate naturally provides the maximum heat output
from the burner, while the low firing rate provides a heat output that is inter-
mediate between the burner maximum and zero. The high/low/off mode of
control is also termed two-stage control. Since a complete burner firing cycle
would progress from ‘off’ through low firing to high firing, and back again
through low firing to ‘off’, the mode of control should perhaps, strictly-
speaking, be referred to as low/high/low/off. It is frequently assumed that 
the burner low firing rate will result in a rated heat output to water from the
boiler that is approximately 50% of the maximum (design) rating with the
burner at its high firing rate. However, this is not necessarily so, although
values do typically lie in the range 40–60% of maximum, depending both on
the particular type of boiler and the burner design.

For a single-boiler installation within the UK generally a low firing rate in
the range 50–60% of full output is likely to satisfy the demands of the heating
system to which it is connected for a large part of the heating season annu-
ally. In the presence of casual gains contributing 2–3K of heating, and with
an inevitable degree of boiler oversize, a ‘low-fire’ rating of 40–50% will 
typically be acceptable. In this respect it should be borne in mind that 
2–3K of casual heat gain will typically represent c.8–15% of the design 
heat load on most sedentary spaces in the UK, while 40% of a boiler 
capacity that is oversized to 120% of the design heating load is equivalent
to 48% of that load. For multiple-boiler installations the same consideration
naturally does not apply, it being rather a question of ensuring that an ade-
quate number of steps in boiler output are available to match the demand of
the heating system as closely as possible for as much of the annual heating
season as is practical. In this respect a burner ‘low-fire’ rating that delivers
approximately 50% of the maximum design heat output probably represents
the optimum.

At least one burner manufacturer offers a variant of high/low/off control
that provides a ‘sliding’, rather than stepped, change between the high and
low burner firing rates. In principle this is in fact intermediate between
high/low/off and modulating control, the change in firing rate being slower-
acting than the former and faster-acting than the latter. Rapid changes in the
rate of fuel supply (whether gas or oil) are avoided. High/medium/low/off or
three-stage control is not common for gas or oil burners. The one example
of this form of control of which the authors are aware provides intermedi-
ate or part-load stages of burner output at 20% and 40% of the maximum
firing rate.

High/low/off control of natural gas burners may be achieved by employ-
ing a two-stage solenoid valve to provide control and safety shut-off of the
natural gas supply to the main burner (Figure 2.12b). From its normally
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Figure 2.13 ‘On/off’, ‘high/low/off’ and modulating control of burner output: oil burners.



closed gas shut-off position the first stage of valve operation releases the gas
supply rate necessary for firing of the burner at its ‘low’ rating. The second
stage of operation takes the valve to the fully-open position, releasing the gas
supply rate necessary for firing of the burner at its maximum rating. Opera-
tion of the valve is again fail-safe to the closed position. An alternative
approach divorces the gas control and safety shut-off functions. The former
is handled by a gas control valve driven by a slow-running servomotor, while
the latter is dealt with by dual solenoid safety shut-off valves.

The two stages of gas valve operation must be accompanied by a corre-
sponding change in the supply rate of combustion air, so that the correct
fuel/air ratio for stable and efficient combustion is maintained. In fan-assisted
and forced-draught natural gas burners the change is achieved through repo-
sitioning of the combustion air damper (or air valve) that is part of the burner
assembly itself. If the damper is not fully closed when the burner is not firing,
a two-position type will suffice to provide the minimum-open and fully-open
positions for the burner’s low and high firing rates respectively. Where full
closure of the combustion air damper is required when the burner is not firing
(and we have seen earlier that this is desirable to reduce boiler standing heat
losses), two-stage damper operation will be necessary. Two-stage natural gas
solenoid control valves and combustion air dampers must be capable of accu-
rate repetitive positioning, so that the correct fuel/air ratio will always be
achieved during operation of the burner at its low firing rate. Nevertheless
suitable interlocks should be provided with the two-stage gas valve to prevent
the occurrence of excessively rich gas/air ratios. If a servomotor-driven gas
control valve is employed in lieu of a two-stage solenoid control and shut-
off type, the same servomotor may be used to reposition the combustion air
damper or air valve, typically via a rotating cam arrangement. Where atmos-
pheric natural gas burners offer high/low/off firing, a (two-position) damper
arrangement may be applied to the combustion air path that typically enters
at the base of the combustion chamber below the burner bars. This will inher-
ently require a damper that is physically much larger than typically found in
fan-assisted or forced-draught gas burners, and one that is located in a harsh
operating environment. However, the damper may perform additional func-
tions in reducing the flow of downward radiant heat from the combustion
zone and burner bars, and in allowing pre-heating of the combustion air. 
Positioning of the two-stage solenoid gas control valve and combustion air
damper must be accurately linked. An alternative approach employs a two-
position flue damper in lieu of a low-level combustion air damper. (Two-stage
operation will again be required if the flue damper is fully closing when the
burner is not firing.)

Under high/low/off control, firing of the burner is typically initiated at its
low firing rate. In multiple-boiler installations it is usual for the boilers to be
controlled in sequence according to the load on the heating system. The ways
in which this sequencing can be achieved, and how the measure of the load
on the heating system may be derived, are considered in Chapter 10. For 
the purposes of the present discussion it is sufficient to acknowledge that
sequence control is the norm for multiple boilers, and that the typical pro-
gression of such a sequence is for the burner in each individual boiler to be
brought through its low firing rate to sustained operation at its full output
before enabling the next burner in the sequence to fire at its low firing rate,
should a continued demand from the heating system require it. However,
there appears to be no reason why, if a particular boiler/burner combination
offers an efficiency advantage at its low firing rate, the firing sequence may
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not bring all burners on at their low firing rate before bringing any unit up
to full output. Such an approach is, it must be said, atypical.

In the case of atomizing oil burners a two-stage oil solenoid control and
shut-off valve may be employed for high/low/off control. Alternatively a two-
stage burner head with dual nozzles may be employed (Figure 2.13b). Each
nozzle is fed with oil by its own solenoid valve. For operation at low firing
rate a single nozzle is used, while for operation at full output both are used.
The combustion air damper must again be repositioned at the change in firing
rate.

2.5.5 Modulating control of burner output
Modulating control provides a burner heat output that is continuously and
steplessly adjustable between its maximum (design) rating and some lower
cut-off value. The latter represents the minimum limit of burner modulation,
and the minimum firing rate of the burner. Any further reduction in boiler
heat output to water can thereafter only be achieved by cycling the burner
off/on. For fan-assisted and forced-draught natural gas and atomizing oil
burners the lower limit of burner modulation may be as high as 50% of the
design firing rate, although it typically lies in the range from one-quarter to
one-third, with modern electronic controls tending to improve on (i.e. reduce)
this.

Modulating control of fan-assisted and forced-draught natural gas burners
is achieved by employing a fully-metering gas valve that may be continuously
repositioned between the minimum-firing-rate position and fully open to suit
the demand for heat output (Figure 2.12c). In order that the correct gas/air
ratio for stable and efficient combustion is maintained, the change in the
supply rate of natural gas must be matched precisely to the flow rate ~
opening characteristic of the combustion air damper or air valve, which must
also be fully modulating. It will be important to minimise hysteresis in the
positioning mechanisms of both the gas control valve and the combustion air
damper.

Modulation of the gas control valve may be under feedback or position-
ing (parallel) control. The former employs a gas/air ratio controller that
receives feedback of air pressure (or air pressure drop) due to the combus-
tion air flow at some point in the burner air tube. The latter employs a pre-
determined positioning relationship between the gas control valve and the
combustion air damper. The burner control system is typically interlocked to
ensure that firing can only be initiated at the minimum firing rate (typically
25–33% of the design firing rate). The way in which modulating control of
burners may be integrated into the sequence control of multiple boiler instal-
lations is considered in Chapter 10.

Where, exceptionally, modulating control of an atmospheric natural gas
burner is provided, similar considerations will apply regarding positioning of
the combustion air damper and its environment as noted for high/low/off
control. The damper must now of course be fully modulating. The gas valve
and combustion air damper will typically be modulated in parallel by means
of a mechanical linkage. In some designs the combustion air is split between
a primary and a secondary supply. The former is always available to meet
the needs of the burner at its minimum firing rate, while the latter is adjusted
to suit its needs in the modulating range of firing.

Modulating control of pressure jet oil burners is subject to similar consid-
erations as those applicable to fan-assisted and forced-draught natural gas
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burners. Naturally in this case variation in the flow rate of oil to the burner
nozzle is achieved via a modulating oil control valve (Figure 2.13c).

2.5.6 Control of burner safety
The principal control functions that are intended to ensure burner safety are
summarised as follows:

• Fuel shut-off (gas or oil) on failure to detect a burner flame
• Gas shut-off on low supply pressure
• Gas shut-off on high supply pressure
• Oil shut-off on low pressure in the burner
• Fuel shut-off on failure of the combustion air fan
• Fuel shut-off on failure of burner electrical supply
• Proving of solenoid gas shut-off valves
• Interlocks to ensure that burner firing is initiated only at the low-fire 

or minimum firing rate for high/low/off or modulating burner control
respectively.

Not all of these functions will be appropriate to all types of burner, and 
manufacturers may offer additional functions or interlocks as options to the
specifier. For specific and specialist types of burner additional safety func-
tions may be appropriate.

Fuel shut-off on failure to detect a burner flame is the most fundamental
burner safety control function, and is universally provided. In natural gas
burners this is typically achieved by monitoring the burner flame with an 
ionisation probe, although some simple atmospheric gas burners may still
employ a thermocouple for flame monitoring. Ionisation probes utilise the
local ionisation produced by the high temperature of the flame, which pro-
vides a conductive path for an electric current to flow between suitable elec-
trodes. A thermocouple relies on the effect that an electric current is generated
when two junctions of two dissimilar metals are held at different tempera-
tures. In the case of a device for flame monitoring in a burner, one of the
junctions, the hot junction, is subject to the heating effect of the combustion
flame. Natural gas flames (which are bluish, rather than yellow) do not gen-
erate sufficient luminosity for photocells to be employed for flame detection
and monitoring. Where atmospheric gas burners employ a permanent pilot
flame for ignition of the main burner, both the pilot and main burners must
be covered by flame monitoring, whether this is achieved by a common detec-
tion and monitoring device or independently for each burner. In the case of
oil burners the burner flame is typically monitored by an optical sensor of
photocell type. All of the techniques for flame monitoring share the common
attribute of rapid response to a flame failure condition. Furthermore, they all
generate an electric current in the presence of a flame, and must initiate shut-
off of the burner fuel supply in its absence. Since such a condition inevitably
exists at the start of the burner firing sequence, activation of the flame mon-
itoring system must be inhibited for a period that is sufficient to allow igni-
tion of the fuel/air mixture to take place and a burner flame to be established.
Otherwise nuisance ‘lock-outs’ of boiler operation will occur.

Gas shut-off on low or high pressure may be achieved via pressure switches
installed in the burner gas line. Of these two functions shut-off on low pres-
sure is that most commonly provided by the burner manufacturer, with shut-
off on high pressure a specifier option. Proving of solenoid gas shut-off valves
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as part of the burner firing sequence is a recommendation of some European
Standards. This may be achieved by connecting the solenoid valves to a small
diaphragm pump and pressure detector that are installed in the gas line
(Figure 2.14). If the proving indicates leakage from either of the solenoid
valves, the burner firing sequence is inhibited. The diaphragm pump must
have its own solenoid valve, located upstream of the pump, to isolate it from
the gas line on completion of valve proving.

In the case of fan-assisted/forced-draught natural gas burners or atomizing
oil burners, the combustion chamber and flueways of the boiler block are
typically swept free or ‘purged’ of any traces of unburnt gas or atomized oil
by the combustion air fan prior to the burner firing. A similar purging process
is typically carried out for premix natural gas burners.

Whatever the nature of the mechanical, electrical or electronic components
involved, implementation of these safety functions typically relies on relay
techniques that ‘make’ or ‘break’ an electrical supply. (It will typically be a
case of breaking the supply, since an unrelated external failure of electrical
power that cuts off the supply in question will then have the same effect as
an activation of the safety function, which is a fail-safe feature.) Once acti-
vated or ‘tripped’, burner safety control functions may require manual reset
of the tripping mechanism to allow the automatic sequence of burner 
operation either to continue from the point at which it was halted by the
‘trip’ or to ‘initialise’ and recommence from its initial starting point. In such
circumstances the burner is typically described as being ‘locked out’, since it
has effectively been locked out of action. Failure to detect a flame during
burner ignition is an example of a safety function that will almost certainly
require the tripping mechanism to be reset manually.

2.6 The burner gas line
The burner gas line or gas ‘train’ is connected to a supply of natural gas that
is piped from the supply utility’s gas meter. The burner fed by the gas line
may be the only load served by this supply, or it may be one of several burner
and gas line assemblies connected in parallel. We have seen in the previous
section that the gas line is intimately involved in the control of gas burners.
It is here that various components are installed that, while external to the
burner itself, are nevertheless critical in ensuring, firstly, that it receives the
correct flow rate of gas at the correct pressure whenever it is required to fire
and, secondly, that the supply of gas is safely shut off either when its heat
output is no longer needed or its continued firing cannot be allowed for safety
reasons. In carrying out these functions, the components of the gas line typi-
cally provide for the following:

• Manual isolation of the burner and gas line itself
• Filtration of the gas supply
• Regulation of gas pressure to the main and (where fitted) pilot burners
• Gas control and safety shut-off for the main and (where fitted) pilot burners
• Gas pressure indication (optional)
• Shut-off of the gas supply on low-pressure
• Shut-off of the gas supply on high-pressure (typically an option)
• Manual measurement of gas pressure.

The gas line for a typical atmospheric natural gas burner is shown schemati-
cally in Figure 2.14. Gas filtration may be incorporated within the gas 
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solenoid valves themselves or may be provided as a separate dedicated filter
within or upstream of the gas line itself.

As may be expected, there is some progression of complexity between the
gas lines of atmospheric gas burners and those of fan-assisted or forced-
draught types, and between burners in which the control of heat output is
simply on/off and those in which staged or modulating control is employed.
The UK boiler market is a competitive one that is served by a diverse range
of products. The extent of the gas line components provided, and the form
in which they are provided (whether pre-assembled or ‘loose’ for on-site
installation, for example) may therefore differ between the packages provided
by the various boiler and burner manufacturers.

Whatever its degree of complexity, suitable joints must be provided in 
the gas line that will allow both disconnection of the upstream gas supply
pipework and withdrawal of the burner assembly. In particular, where 
fan-assisted or forced-draught burners with hinged access are employed, 
disconnection joints in the gas line must allow for the burner assembly to 
be swung clear of the boiler for access and inspection. Since the gas line con-
tains sensitive control components, and the connections between these must
not be overstressed (at the risk of subsequent leakage), careful attention
should be paid to the support of the gas line, and to ensuring that all 
components remain fully supported even when the disconnection joints are
broken.

2.7 The boiler control system
2.7.1 Boiler controls and system controls

For the purposes of this chapter we will draw a distinction between boiler
controls and heating system controls. Boiler controls are an integral part of
each boiler, while in commercial and industrial applications heating system
controls are typically located in a control panel that is physically separate
from the boiler. Heating system controls, and their relationship to the control
of individual and multiple boilers, are considered in Chapter 10. Ultimately,
however, it is one or more burners that are being controlled.

Typically the operation and control of modern boiler plant is fully auto-
matic. The interface between operating personnel and the boiler controls is
provided by a control and instrument panel that is mounted in or on the
boiler casing. The extent and complexity of this panel varies according to the
type, model and size of the boiler and the manufacturer’s technical and com-
mercial practice. While it may still make use of traditional ‘knobs, gauges
and lights’, it is increasingly likely to employ a microprocessor-controlled,
menu-driven liquid crystal display (LCD). Besides giving operator access to
the boiler control functions, this panel typically also provides a visual display
of key operating parameters. Using conventional gauges, the display of such
parameters has typically been restricted to what can be presented on one or
two dial-type gauges, namely boiler flow and return water temperatures and
possibly operating pressure or ‘head’ (‘altitude’ gauge).

The functions of the boiler control system are divided between control of
the burner and boiler safety or limit control. Control of the burner may be
further sub-divided between single-boiler and multiple-boiler installations.
Modern boiler control systems will typically also provide what might be
termed reporting functions by the provision of suitable output signals to
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allow remote monitoring of various boiler operating status and fault 
conditions.

2.7.2 Control of the burner
The boiler achieves on/off control of the burner via a control thermostat
located in the flow water connection from the boiler. In the simplest boilers
with atmospheric gas burners and permanent-pilot ignition this thermostat
may directly control the gas solenoid valve(s) in the gas line to the burner. 
In more sophisticated atmospheric gas boiler/burner packages, and where 
fan-assisted/forced-draught gas and atomizing oil burners are employed, 
the control thermostat initiates the burner’s automatic firing sequence. 
The control thermostat may actually comprise a potentiometer in the 
boiler control panel linked to a remote sensor in the flow water 
connection.

For LPHW boilers employing fan-assisted or forced-draught natural gas
burners the control thermostat will have an operating range of 0–120°C. The
thermostat will typically be factory-preset by the boiler manufacturer to a
nominal maximum value of less than 90°C. This setting will be adjusted
during the on-site commissioning process to a value that suits the design flow
temperature of the heating system. Where boilers are of conventional (non-
condensing) design there will typically be a minimum required setting for the
control thermostat in the region of 65°C. For boiler flow temperatures below
this a conventional system design temperature differential of the order of 
11K will generate a return water temperature to the boiler in the range
(<55°C) that risks causing substantial and regular condensation of the mois-
ture in the flue gases within the boiler, even under conditions of design heat
load. Unless the boiler is designed to cope with routine condensation of this
type, its life span will be shortened (perhaps very significantly) if it is per-
mitted to occur. Since the return water connection has traditionally been at
the rear of the boiler, protection of the boiler against low return water tem-
perature is conventionally termed ‘back-end protection’. This subject is con-
sidered further in Chapter 3.

In the UK a typical boiler flow temperature for conventional LPHW space
and water heating applications is nominally 82°C, with an 11K heating
system design temperature differential (more about this in Part B) generating
a return water temperature to the boiler of 71°C under design heat load con-
ditions (which, it must be said, are seldom encountered during the ‘heating
season’). Where alternative boiler flow temperatures are employed, these are
typically matched with heating system design temperature differential to
retain a return temperature to the boiler of c.70°C under design conditions.
However, boiler flow temperatures higher than 82–85°C and system design
temperature differentials greater than 11K have typically not been favoured
by UK design practice. Theoretically the design temperature rise across the
boiler will be the same as that across the pipe circuits of the heating system
when a single boiler is piped in series with the load circuits, and when mul-
tiple boilers are piped in parallel with it. It will not, of course, be the same
when more than one boiler is piped in series with the load circuits. The main-
tenance of minimum water flow rates through the boiler places an ultimate
limit on the maximum system design temperature differential. While this limit
varies according to the type of boiler, it is never greater than 22K for cast
iron sectional boilers, and may be substantially less than this for some
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modular boilers. The choice of boiler flow water temperature will have impli-
cations for the design and control of the heating system, and these are con-
sidered in Chapters 6 and 7. For our present purposes it is sufficient to note
that it is possible to ‘step down’ (reduce) LPHW flow temperature in the
heating system, but not to ‘step it up’ (increase it).

Where boilers are designed for condensing operation, the setting of the
boiler control thermostat will be substantially reduced to c.55°C or less, in
order to ensure that a return water temperature is achieved that is low enough
to maximise condensing operation. Water returning to the boiler may, there-
fore, be in the range 30–45°C for system design temperature differentials in
the range of 10–20K. Condensing operation of the boiler is considered
further in Chapter 3.

It is an inherent characteristic of on/off control that the boiler thermostat
must incorporate a switching differential that means that the flow water tem-
perature from the boiler will fluctuate under part-load operation. The design
of the boiler, in terms of the thermal capacity of the block or heat exchanger
and its water content, plays an important part in determining the span of this
switching differential. The implications of switching differential for the
control of single boilers are considered further in Chapter 10.

Where firing of the burner is on a high/low/off basis (or, strictly-speaking,
on a low/high/low/off cycle), the boiler control thermostat becomes an
‘off/low’ thermostat and a second, ‘high/low’ control thermostat is introduced
in the flow connection from the boiler. Again both thermostats may comprise
temperature sensors in the boiler flow connection linked to remote poten-
tiometers in the boiler control panel. The off/low thermostat initiates and 
terminates operation of the burner at its low firing rate, while the high/low
thermostat controls the change between this and full burner output. Effec-
tively the two burner stages act like two boilers in series, each contributing
to the overall temperature rise across the boiler in a cumulative way. If the
heat output to water of the boiler at the burner low firing rate is 50% of that
at its full output, then an overall boiler temperature rise of 11K would be
split equally between the firing stages, i.e. 5.5K each. Thermostat settings and
switching differentials for high/low/off burner control are again considered
in Chapter 10.

Where the burner is under modulating control the boiler control thermo-
stat is replaced by a boiler flow temperature sensor. The boiler incorporates
a proportional controller that compares the temperature sensed by this with
the desired set-point value and provides an output signal that continuously
modulates the burner firing rate between its minimum level of modulation
(maximum turndown) and full output. Below the maximum turndown in
burner firing rate, the burner cycles on and off. In modern boilers the 
controller will typically offer proportional-plus-integral (PI) or proportional-
plus-integral-plus derivative (PID) control. Modulation of the burner may
alternatively be based either on sensing of return water temperature or the
temperature difference between flow and return water, and in some cases an
external control signal may be employed. The characteristics of modulating
burner control are considered further in Chapter 10.

Irrespective of the type of burner control employed, many boiler plants for
commercial space and water heating systems consist of a number of boilers
connected in parallel. In such installations the burners of individual boilers
are controlled in sequence to match the heating load as closely as possible
throughout the heating season. Such sequence control is achieved through an
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external controller that is part of the heating system controls. Sequence
control of boilers is considered in Chapter 10.

2.7.3 Boiler safety and limit controls
Two safety control functions are essential for any boiler. These are:

• Protection against high water flow temperature from the boiler
• Protection against zero or low water flow rate through the boiler.

Protection against (excessively) high flow water temperature is undoubtedly
the most fundamental boiler safety control function. It is achieved by means
of a boiler high-limit thermostat or ‘temperature limiter’ that is positioned in
the system flow water connection from the boiler. Activation of this high-
limit thermostat results in the immediate shut-down of the burner. Following
activation, the high-limit thermostat can only be reset manually. For space
and water heating applications employing LPHW, the high-limit thermostat
will typically have an operating range of 90–110°C. Since activation of this
thermostat effectively locks the boiler out of operation, ‘nuisance’ tripping is
undesirable and is typically avoided by ensuring that an adequate differen-
tial exists between its setting and that of the boiler control thermostat. A
minimum differential of 10K is typically recommended by boiler manufac-
turers. As in the case of the boiler control thermostat, the high-limit ther-
mostat will typically be preset by the boiler manufacturer (a preset of 100°C
is common), for final site adjustment to suit the design boiler flow tempera-
ture for the particular heating system. The high-limit thermostat is primarily
intended to protect the heating system against delivery of water from the
boiler at an excessive temperature. The prime scenario for this would be
failure of the boiler control thermostat. Protection against high flow water
temperature is a health and safety consideration in the UK.

The other truly fundamental boiler safety control function is protection
against zero or low water flow rate. Serious, even irreparable, physical
damage may be caused to the boiler if firing of the burner is initiated, or
allowed to continue, in the absence of any water flow rate through the boiler
block, or if this flow rate is excessively restricted. The trend in boiler design
towards low water content has increased the need for protection against low-
flow conditions, since the boiler depends on the correct throughput of water
to remove the heat input by the burner. Without a substantial ‘reservoir’ of
water, should this throughput of water be excessively restricted, the metal of
the boiler block itself provides the only sink for burner heat output, with the
real risk of thermal overstress.

In some cases individual boilers may be fitted with a flow switch, which is
a mechanical device that is activated by the flow of water through the boiler.
The flow switch will typically be located in either of the pipework connec-
tions to the boiler, return inlet or flow outlet. The flow switch is arranged to
close (or ‘make’) an electrical circuit when a pre-determined threshold value
of boiler flow rate is exceeded, and to open (or ‘break’) the circuit should 
the boiler flow rate drop below this threshold level for any reason. If the 
flow switch is incorporated into the circuit providing electrical power to the
burner, firing of the burner will only be enabled if the minimum-flow condi-
tion is met, and will be terminated immediately should the flow rate through
the boiler drop below the threshold level at any time during the firing cycle.
Shut-down of the burner under zero/low-flow may be arranged to lock the
burner out of operation. Where a flow switch is not fitted to the boiler itself,
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a pipeline-mounted type may, of course, be fitted remotely in the pipework
to or from the boiler.

In modern commercial space and water heating systems the boiler
inevitably depends on a circulating pump to initiate and maintain the required
flow rate of water. Pump failure or operating problems are therefore a prin-
cipal potential source of any zero-flow or low-flow conditions at the boiler.
Indeed, on start-up of the heating system a zero-flow condition will inevitably
exist at the boiler until the appropriate circulating pump is running. Where
boilers are not individually fitted with flow switches, protection against a
zero-flow condition caused by pump failure (or failure to start) is provided
by start-up sequencing and interlock functions of the external control system.
On start-up the pump that generates circulation through the boiler will be
started, and its operation verified or proved prior to, and as a condition for,
switching on the boiler. Satisfactory pump operation, at least as far as the
boiler is concerned, is typically proved by means of a differential pressure
switch that is installed across the pump. This differential pressure (or ‘DP’)
switch is another type of mechanical switching device that can be arranged
to close an electrical circuit providing power to the boiler and its burner when
a pre-determined threshold value of differential pressure exists across the
pump. A circulating pump generates a pressure rise (hence a differential pres-
sure) between its inlet and its discharge connections, in the same way that a
boiler generates a temperature rise between its return and flow connections.
In the event of pump failure during burner firing, or if the differential pres-
sure across the pump falls below the threshold value for its closure for any
reason, the differential pressure switch will open and ‘break’ the electrical
power supply to the boiler and its burner. However, a different situation exists
on shut-down of the heating system. In this case the start-up sequence of
pump, then boiler, must be reversed to dissipate residual heat from the boiler.

On start-up of the circulating pump, there may be a brief delay before water
flow is fully developed through the boiler. The extent of this delay will depend
on the total mass of water that must be set in motion by the pump, and hence
on the hydraulic design of the installation. While for normal pump operation
in any practical building services circumstance the delay will never be meas-
ured in terms of other than a relatively few seconds, it may still be necessary
to allow a short interval between the starting of the pump and the switching
on of the boiler, in order to allow for this, albeit brief, interregnum during
which the inertia of the mass of water in the pumped circuit must be over-
come. In particular, where individual boilers employ flow switches that lock
the burner out of operation in the event of a low-flow condition, if this con-
dition can be registered and acted upon faster than the threshold minimum
flow rate through the boiler can be established by the circulating pump,
repeated nuisance ‘lockouts’ of the boiler may occur on start-up of the heating
system.

Other potential causes of excessively low boiler flow rate include the phys-
ical constriction or blockage of pipe bores or the boiler waterways themselves
(whether caused by material failure or deterioration with age due to scale for-
mation, corrosion or biological/bacterial contamination), the improper posi-
tioning of manual isolating or commissioning valves, or the malfunction of
control valves. All of these potential causes may actually result in the exis-
tence of an increased differential pressure across the circulating pump. Boilers
with individual flow switches will naturally respond to low-flow conditions
resulting from these scenarios. Otherwise the boiler will be left to respond to
them through the normal operation of its control and high-limit thermostats.
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Where boilers are fitted with comprehensive microprocessor-based boiler
controllers, suitable software-based control algorithms can analyse the mon-
itored output of boiler flow and return water temperature sensors (not only
in terms of simple absolute levels but also in terms of boiler temperature rise
and rates of change) to provide both high-limit temperature and low-flow
protection.

Thus far our consideration of boiler low-flow protection has confined itself
to protection against specific identifiable events (start-up failures) and unfore-
seen occurrences (failures, blockages, error or misuse). However, a further
type of protection against low flow rates through the boiler may be neces-
sary. This constitutes protection against low flow rates through the boiler that
can arise as a result of routine operation under part-load conditions. This is
a function of the control of the heating system and the way in which the
boiler is incorporated into its hydraulic design, and is considered in Chapter
10.

As far as many traditional boiler designs are concerned, protection against
high water flow temperature and zero or low water flow rate will represent
the extent of the safety controls provided. However, a number of modern
boiler designs, and particularly those emanating from the European boiler
market, incorporate additional safety control functions that may include
some or all of the following:

• Protection against low water content in the boiler
• Protection against boiler down-draught
• Protection against high flue gas temperature.

As far as the first of these – protection against low water content – is con-
cerned, serious physical damage may be caused to the boiler if firing of the
burner is initiated, or allowed to continue, when the waterways and water-
side volume of the boiler are not completely full. Protection against low water
content may be provided either by a suitably-placed level sensor or by a tem-
perature sensor positioned at a sensitive point of the boiler block.

As far as protection against down-draught is concerned, we saw earlier in
the chapter (section 2.4.4) that atmospheric gas burners need to be protected
against this condition. While physical protection against down-draught 
conditions is typically provided by fitting the boiler with a draught diverter,
some boiler manufacturers recommend the use of a down-draught thermo-
stat mounted within the flue itself, and which is arranged to shut down the
boiler on sensing a low flue gas temperature.

Finally, the existence of a high flue gas temperature (FGT) implies either
that combustion is taking place with a higher-than-design fuel/air ratio or
that the gas-side heat exchange surfaces of the boiler are dirty. In either case
the occurrence of a high flue gas temperature has implications for the con-
tinued trouble-free, safe, clean and efficient operation of the boiler, and its
cause(s) should be resolved without delay. An FGT sensor may therefore be
provided that is arranged to lock out boiler operation at a specified flue gas
temperature.

2.7.4 Reporting functions: remote monitoring
Modern boilers typically provide volt-free contacts to allow signalling of
various operating status and fault conditions to a remote building manage-
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ment system (BMS). Basic operating status or fault conditions that potentially
merit such monitoring typically include the following:

• Boiler ‘running’ (i.e. burner firing), or running at ‘low-fire’ and ‘high-fire’
where applicable to the type of burner

• Boiler operation ‘locked out’ by the high-limit thermostat (‘locked out on
high limit’)

• Boiler operation ‘locked out’ (advice of a general condition, which may be
triggered by more than one safety control function)

• Hours run (burner firing), or run at ‘low-fire’ and ‘high-fire’ where appli-
cable to the type of burner.

The degree to which a particular boiler provides outputs for remote moni-
toring of these potential operating status or fault conditions depends on both
the age of the boiler design itself and the manufacturer’s own commercial and
technical preferences. However, as with major items of HVAC plant gener-
ally, the trend appears to be towards increasing the range of status/fault con-
ditions and operating parameters that may be remotely monitored.

2.8 The boiler casing
The boiler casing, which in modern boilers is typically manufactured from
plastic-coated or ‘stove-enamelled’ mild steel sheet, performs several simple,
but essential, functions. First, it provides physical protection to the boiler gen-
erally, and in particular to the vital thermal insulation covering the boiler
block. The latter may be damaged relatively easily in the working environ-
ment of a plant room. Second, it provides a physical separation from poten-
tially hot or physically hazardous items and electrically ‘live’ components for
personnel requiring routine access to and around the boiler. Finally, it pro-
vides a suitable mounting for the boiler control and instrument panel.

Where atmospheric gas burners are employed, the boiler casing must take
the form of a ‘skirt’ that terminates at a suitable height above the mounting
surface to allow a supply of combustion air to reach the burner. The casing
should not allow water to collect internally, where it might cause deteriora-
tion of the boiler thermal insulation or corrosion that could remain unde-
tected. This applies particularly to the bottom of the casing and any potential
low points. While the base on which the boiler stands must always be flat
and level, care should nevertheless be taken to ensure that water from leakage
or ‘drain-downs’ within the plant room cannot collect or ‘puddle’ around the
bottom edge of the casing, causing corrosion. A common way of ensuring
this is to place the boiler on a concrete plinth that is raised some 100mm or
so above the general level of the plant room floor.
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3 Types of Boiler and Their Needs

3.1 Types of boiler
Boilers may be categorised according to a variety of criteria, principal among
which are:

• Construction material – cast-iron, steel, copper or aluminium
• Method of construction – sectional or fabricated
• Physical relationship between the combustion gases and the water spaces

– ‘fire-tube’ or ‘water-tube’
• Fuel – principally natural gas, liquid petroleum gas, oil or dual-fuel
• Burner type – atmospheric gas, fan-assisted or forced-draught gas, premix

gas, pressure jet oil
• Configuration – multiple or modular
• Application – heating, hot water service or a combination of the two
• Mode of operation – condensing or non-condensing.

3.2 Boiler construction materials
3.2.1 Range of materials

It is self-evident that a range of materials will be employed in the manufac-
ture of any modern boiler, including both metals and plastics. Traditionally
the primary material of a boiler has been regarded as the material from which
the boiler ‘block’ or heat exchanger is formed, since with traditional cast-iron
and steel construction this is where the bulk of the boiler mass resides. Cast-
iron and steel remain overwhelmingly the most common materials for the
construction of boilers, with cast-iron up to four times more common than
steel. Copper may also be used as a material for boiler heat exchangers, and
in this case does not fit the traditional concept of a boiler primary material.

Before considering the reasons for the continuing predominance of cast-
iron as a boiler material, it will be prudent to note the distinction between
‘iron’ and ‘steel’, since this is a matter of common confusion. Iron is the pre-
dominant chemical element in both iron and steel. The output of a modern
blast furnace is typically cast in the form of pig iron. However, the proper-
ties of this make it generally unacceptable for use in this form. It is therefore
either remelted and modified in composition to produce an iron with accept-
able properties for use in cast form, or is turned into steel. The term cast iron
is applied to iron that contains c.4% carbon by weight, which is about the
maximum proportion that the iron can hold. Steel is the term applied to iron
with a low carbon content (typically less than 1% by weight), and nowadays
implies mild steel or carbon steel. Steels that are alloyed with elements other
than carbon are commonly referred to as alloy steels. The assumption is,
therefore, that the composition of steel is more-or-less closely controlled.

3.2.2 Cast-iron
Cast-iron has been used in boiler manufacture since the late nineteenth
century. As a boiler material it has the following characteristics:



• Heat transfer rate is high
• It may be cast and machined into complex forms with relative ease
• It has adequate physical strength and resistance to thermal and mechanical

shock
• It has good resistance to corrosion.

Prior to the introduction of cast-iron, boiler manufacture had relied on the
use of wrought iron, a material that was highly ductile and had good resist-
ance to corrosion. However, while it offered enhanced physical properties, 
in comparison with traditional cast-iron, its production could not compete
economically with that of steel (itself with improved physical properties over
wrought iron) once the latter started to be produced cheaply and in large
quantities from the middle of the nineteenth century. As a boiler material,
therefore, wrought iron disappeared from the market, being replaced by 
cast-iron and steel.

The success of cast-iron as a boiler material has undoubtedly been due in
large part to the manufacturing and economic advantages of the sectional
method of boiler construction. This allowed a range of boiler outputs to be
achieved by assembling a simplified range of standard system components.
Since the sectional approach typically involves all but relatively small boilers
being assembled on site, the components of the boiler can typically be
manoeuvred into spaces which would be inaccessible for a boiler delivered
to site as a more-or-less complete packaged unit. This may be an important
factor where the replacement of an existing boiler plant is concerned.

The use of cast-iron as a boiler material is not, however, without its draw-
backs. There is some risk of defects occurring in the manufacturing process,
which may result in the development of ‘pin-hole’ leaks or cracks1. ‘Pin-hole’
leaks may develop as a result of three types of manufacturing defect. First,
any impurities that become embedded in the metal of the casting and go unde-
tected can result in a local thinning of the metal that can be crucial in some
parts of the boiler. Second, in heavy sections the shrinkage in the volume of
the metal as it sets may cause the development of a void or a series of small
holes that produce a porous area of the section. Finally ‘blow-holes’ may
develop if dissolved gases within the molten iron are unable to escape as it
sets.

The other obvious defect that can occur in a cast-iron boiler is the crack-
ing of a section. Cracks develop where metal failure occurs, either as a result
of a fault in the metal itself or of thermal overstressing. Any restriction of
water flow rate through the section, as may result if not all of the core mould-
ing is removed following manufacture, will result in a heat transfer rate below
the design value, and a consequent overheating that may produce thermal
overstressing great enough to crack the section. Such defects may result in
localised boiling (or ‘kettling’) of the water in a boiler. Changes in section
thickness, bosses, projections and intersections in the material are a neces-
sary feature of practical boiler design. However, their presence will influence
the strength of the section in comparison with a simple shape of uniform
thickness.

3.2.3 Steel
While cast-iron may have taken over from wrought iron in boiler manufac-
ture, it may be said that steel was the more-or-less direct replacement for
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wrought iron. Steel is a more homogeneous material than cast-iron. Further-
more it is used in ‘standard’ forms, particularly sheet and plate, in which the
parameters of thickness and density are controlled within specified limits. The
use of steel as a boiler material is therefore not subject to some of the quality
issues that may be associated with the casting of iron. The manufacture of
steel boilers is typically based on welding techniques, and these of course have
their own issues and requirements in respect of assuring the quality of the
manufacturing process.

While cast-iron has great flexibility when associated with the sectional
method of boiler construction, steel may be said to allow a greater flexibil-
ity in the overall design of boilers, since ultimately any configuration is pos-
sible if it can be fabricated. However, there are several ‘downsides’ to the use
of steel as a boiler material. The first is an economic one, in that a range of
boiler outputs may be achieved by using appropriately-sized components
according to a common design. However, the potential for putting each size
of boiler in a range together with varying numbers of components of a
common size is much less for fabricated steel boilers than it is for the cast-
iron sectional approach. For a given heat output to water, steel boilers are
therefore typically more expensive than cast-iron boilers. The counter-
argument is that the design flexibility of the steel boiler allows it to achieve
a higher efficiency. The second (potential) ‘downside’ to the use of steel is a
practical one. Steel boilers are fabricated off-site and delivered as more-or-
less complete packaged units. While access to the designated boiler plant
room can typically be ensured for ‘new-build’ applications, this may not be
the case (or may only be possible with difficulty and at a cost premium) where
the replacement of an existing boiler plant is concerned.

The final ‘downside’ to the use of steel as a boiler material is that it is both
less resilient than cast-iron to the effects of scale formation and more sus-
ceptible to the effects of corrosion resulting from acidity in the boiler water
or the presence in it of ‘free oxygen’. These influences may of course be dealt
with by appropriate chemical treatment of the water in the heating system.
Steel is also less resilient than cast-iron where the formation of acidic deposits
is likely as a result of the combustion of a sulphur-bearing fuel. Stainless steel
is sometimes employed in the design of the heat exchangers of relatively small
boilers.

3.2.4 Copper and aluminium
The great attraction of copper as a boiler material stems from its high thermal
conductivity, which is approximately six times that of iron and 8.5 times that
of mild steel. It is also a very ductile material and this combination of qual-
ities therefore makes it well-suited to the construction of water-tube heat
exchangers. As a boiler material it is not employed in the same way as cast-
iron or steel, being used selectively within a finned-tube combustion gas-to-
water heat exchanger, and with cast-iron or steel employed for the main body
of the boiler. The type of boiler construction that employs copper will typi-
cally result in a boiler that is lighter, for a given heat output to water, than
a cast-iron sectional boiler.

A similar situation exists for aluminium. This also has a higher thermal
conductivity than either cast-iron or steel, although only approximately half
that of copper. As a boiler material, its resistance to corrosion attack by the
slightly acidic condensate that is formed when the combustion products of
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natural gas are condensed, makes it suitable for use in the water-tube sec-
ondary heat exchangers of condensing boilers.

3.3 Methods of construction
3.3.1 Cast-iron sectional boilers

In current application the sectional method of boiler construction is synony-
mous with the use of cast-iron. A conventional cast-iron sectional boiler that
employs a forced-draught natural gas or pressure-jet oil burner is typically
constructed in three parts. Perhaps not surprisingly, these comprise a front
section, a middle and a rear section (Figure 3.1). The front section incorpo-
rates a hinged door which gives access to the combustion chamber and pro-
vides a mounting point for the burner. The boiler door incorporates a suitable
opening for the burner ‘blast tube’, and the burner is located over this by
means of a mounting plate. The rear section of the boiler incorporates the
flue box or smoke box, from which a flue outlet terminates behind the boiler
with a flange to allow connection of a boiler flue. The flue box may be remov-
able and may incorporate an inspection door. The rear section of the boiler
also incorporates the water flow and return connections to the boiler.

The middle section of the boiler comprises a number of standard sections
that, when joined together, form the combustion chamber, flueways and
waterways of the boiler. Each of these middle sections effectively consists of
a ‘slice’ through the combustion chamber, the combustion gas passes and the
main horizontal water distribution and collection passages, together with a
pattern of vertical waterways that are integral to each section. The number
of sections is varied to provide different sizes of boiler with a range of heat
outputs to water. Typically from three to twenty such ‘middle’ sections may
be combined in this way, although a single boiler model will normally offer
fewer than this (from three to ten or from ten to twenty sections, for example,
depending on their design and size and the intended range of heat output).
Adding a section may allow an increment of from 20–50kW in the maximum
heat output to water available from the boiler, according to the design and
size of the section. In the first instance the cast-iron sections of the boiler are
joined mechanically by means of short mild steel pipe fittings called ‘nipples’,
which fit into specially prepared openings formed in or around the main hor-
izontal waterways of each section. These nipples may be tapered (‘conical’)
in form to improve the ‘positiveness’ of the mechanical joint. Since on its own
this mechanical joint cannot be relied upon to prevent leakage of combus-
tion gases or water, the junction of each pair of sections is typically provided
with machined surfaces or grooves that accept a non-metallic sealing ma-
terial. At its simplest this takes the form of glass fibre cord that is packed
into grooves in one of the ‘mating’ surfaces of each pair of sections. The
whole assembly of cast-iron sections is typically anchored together by exter-
nal ‘tie rods’ linking the front and rear sections of the boiler. The boiler as a
whole is wrapped in a thermal insulation ‘blanket’ of high-density fibreglass
(or other appropriate material), and is finally enclosed in a plastic-coated or
stove-enamelled steel casing. The boiler naturally includes provisions to allow
a full ‘drain-down’ of the water content of the sections. The ‘front-to-back’
disposition of a number of cast-iron sections will typically mean that the
depth of this type of boiler may be substantially greater than its width, and
this may need to be considered when planning the layout and overall space
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requirement for a boiler plant, and particularly when replacing boilers in an
existing plant room.

A similar approach can be taken to the construction of cast-iron sectional
boilers that employ atmospheric natural gas burners. In this case, however,
the burner bars will be located at the base of the combustion chamber and
the flow of combustion gases will take place in a single upwards vertical ‘pass’
through the boiler between the waterways of the cast-iron sections (Figure
3.2). In this case the flue box takes the form of a flue hood that is located
above the boiler block, and which may be of fabricated steel construction
rather than cast-iron. The top of the flue hood incorporates an outlet for 
connection to a boiler flue. The flue hood will typically also incorporate an
integral draught diverter, the function of which has already been considered
in Chapter 2. The design of such boilers must also provide openings at the
base of the combustion chamber that will allow the induction of combustion
air. The heat output of the boiler is again proportional to the number of sec-
tions. The atmospheric natural gas burner in such a boiler will typically com-
prise a number of parallel burner bars disposed along the sections of the
boiler. Since access to the burner bars will be required, together with facili-
ties for their withdrawal, it may again be necessary to consider the way in
which a boiler plant comprising units of this type can be physically arranged
within a plant room.

An alternative approach to the construction of cast-iron sectional boilers
with atmospheric gas burners is possible which employs a vertically-stacked
arrangement (Figure 3.3). In this the combustion gases from the burner bars
flow vertically upwards to the flue hood through a number of horizontal sec-
tions. Each of these is a gas-to-water heat exchanger that directs the boiler
water repeatedly back and forth in ‘serpentine-fashion’ across the vertical
path of the combustion gases in its overall vertical movement from the lowest
section to the uppermost. Except for the section that is most closely adjacent
to the burner bars, these heat exchangers will typically provide extended heat
transfer surface in the form of finning around the horizontal waterways. Sec-
tions are again joined by the use of ‘nipples’ and sealant material located in
or against specially-machined surfaces, and anchored externally by tie rods.
While fewer sections may typically be incorporated in this approach, it is
well-suited to the production of a range of compact boilers which have both
relatively low output and increments of output, but which can be used as the
individual modules of a modular boiler system.

Since a wide variety of cast-iron sectional boilers are available to both the
UK and the wider European boiler market, there are bound to be variations
on the basic themes presented in this discussion, and some of these variations
may be significant in their extent and the effect that they have on boiler con-
struction and performance. In particular, the cast-iron sectional approach
may be applied to condensing boilers, and the implications of this on 
boiler construction are considered later in this chapter. The cast-iron 
sectional approach may also be applied with premix natural gas burners. In
the case of smaller boilers the cast-iron sections may be delivered to site 
pre-assembled.

3.3.2 Fabricated steel boilers
In building services space and water heating applications a fabricated steel
boiler is typically constructed in a shell-and-tube configuration (Figure 3.4).
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Figure 3.2 Layout of a typical vertically-sectioned cast-iron boiler with atmospheric natural gas burner.

In this a horizontal cylindrical combustion chamber is located in the centre
of the boiler, and on leaving the combustion chamber the flue gases pass
through a ‘nest’ of fire tubes or smoke tubes which terminate in the smoke
box at the rear of the boiler. In modern shell-and-tube boilers the combus-
tion flame may reverse along the length of the combustion chamber before
the combustion gases enter the fire tubes. The whole assembly of the com-
bustion chamber and fire tubes is contained within a water-filled shell to
which the boiler flow and return water connections are made (typically at the
top of the boiler ‘shell’). The fire tubes are supported within the volume of
this water-filled shell in such a manner that they are surrounded by the water,
by means of tube plates at the front and rear of the boiler. The return water
connection to the boiler shell will typically incorporate some form of 
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Figure 3.3 Layout of a typical horizontally-sectioned cast-iron boiler with atmospheric natural gas burner.
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distributor to ensure that water is delivered evenly around the circumference
of the cylindrical shell.

The front of the boiler is taken up by a door that gives access to both the
combustion chamber and the fire tubes, and which again provides a mount-
ing for the burner and an opening into the combustion chamber for the burner
‘blast tube’. Over the area of the combustion chamber and the fire tubes the
inner surface of the boiler door is typically provided with a ceramic thermal
insulation. The water shell is wrapped in a thermal insulation ‘blanket’, which
may again be high-density fibreglass or other appropriate material. The struc-
tural integrity of the boiler is provided by a steel framework, which will
include a substantial baseframe. The whole framework is finally encased in
a plastic-coated or stove-enamelled steel casing. The boiler will naturally
include provisions to allow a full ‘drain-down’ of the water contained within
the shell, while provision is typically also made to allow the direct connec-
tion to the shell of a boiler safety valve.

3.3.3 Copper boilers
As we have already seen, the term ‘copper’ boiler is in some ways mislead-
ing, since the amount of copper actually used in the boiler may be quite small.
Copper boilers typically employ atmospheric natural gas burners, with the
flow of combustion gases rising vertically upwards from the burner bars to
pass through a heat exchanger composed of a series of horizontal copper-
finned copper tubes carrying the boiler water, and which is located at the top
of the combustion chamber (Figure 3.5). The high thermal conductivity of
the copper and the low volumetric content of the water tubes typically result
in both rapid initial heat-up and fast response to changes in the heat output
of the burner. On passing through the gas-to-water heat exchanger the com-
bustion gases are collected in a flue hood located at the top of the boiler. This
will typically incorporate an integral draught diverter, and may include direc-
tional vanes or ‘baffles’ to ensure that the combustion gases are directed
cleanly past the draught diverter and straight into the flue outlet in the top
of the flue hood. The whole assembly will typically be built up from a steel
frame or chassis, and enclosed within a casing that may be fabricated from
panels of galvanised sheet steel to which a painted finish is applied.

In this type of boiler the combustion chamber is not surrounded by water.
The sides of the combustion chamber are therefore lined with refractory
panels, and the base on which the boiler stands must be protected against
downward radiant heat. Additional thermal insulation may be incorporated
into the boiler construction and casing to minimise heat loss. Openings must
be provided at low level around or in the base of the combustion chamber
to allow the induction of combustion air to the atmospheric gas burner. The
latter will typically comprise a number of parallel burner bars which are
assembled within a tray or trolley that can be withdrawn from the boiler 
for inspection and maintenance. The parallel disposition of a number of
burner bars typically means that the width of the boiler is substantially 
greater than its depth, and this may need to be taken into account when 
planning the layout and space requirements for a boiler plant comprising
units of this type. Versions of this type of copper boiler provide rare 
examples of a modulating atmospheric natural gas burner, and in this case
the supply of combustion air may be split between primary and secondary
routes into the combustion chamber. As with all types of boiler construction,
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Figure 3.5 Layout of a typical ‘copper’ water-tube boiler with atmospheric natural gas burner.



the boiler will include provisions to allow a full ‘drain-down’ of the water
within the heat exchanger.

Modular boilers typically also employ copper water tubes within the heat
exchanger modules, although this type of boiler is rarely categorised as a
‘copper’ boiler.

3.4 Fire-tube and water-tube boilers
Boilers in which the combustion chamber and flue gas passages are sur-
rounded by water are termed fire-tube boilers. The converse of this is the
water-tube boiler, in which the water is contained within tubes with the com-
bustion process going on around them. Cast-iron sectional boilers are inher-
ently of the fire-tube type, with the passages of the combustion gas ‘passes’
representing the ‘fire tubes’ (Figure 3.1). Fabricated steel boilers may be of
either fire-tube or water-tube type, although the shell-and-tube boilers 
typically associated with building services applications are of the former 
type (Figure 3.4). Water-tube boilers are typically associated with very large
outputs (in excess of 10MW), and with the kind of difficult operating con-
ditions that arise when such boilers are fired on ‘heavy’ oil and waste-type
fuels. The exceptions to this are the ‘copper’ boilers used in building services
applications, since these are inherently of the water-tube type (Figure 3.5).

3.5 Modular boiler installations
3.5.1 Types of modular boiler installation

Modular boiler installations provide a cost-effective and potentially 
space-conscious way to provide (or even improve on) the flexibility and load-
matching performance of a multiple-boiler installation where a low-
to-medium installed boiler capacity is required. There are two principal
approaches to the design of this type of installation. The first approach is,
strictly-speaking, a modular boiler system, and is based on cast-iron sectional
techniques and atmospheric natural gas burners. The second approach is rep-
resented by a true modular boiler, and is typically based on premix natural
gas burners.

3.5.2 Modular boiler systems
A modular boiler system comprises a number of standard-sized boilers that
are close-coupled in a modular arrangement, piped in parallel and controlled
in sequence by a remote boiler sequence controller. Each boiler is completely
self-contained and may in fact be installed as a ‘stand-alone’ boiler in its own
right. The construction of this type of boiler module has been considered in
an earlier section (3.3.1) of this chapter. Each boiler is provided with an inte-
gral gas line. While overall depth and height of the casing tend to be limited
to approximately 1000mm or so, the width is typically minimised to allow
boilers to be close-coupled side-by-side at centres that typically do not exceed
approximately 600mm. In this way compact multiple-boiler installations can
be built up (Figure 3.6). In some instances the spacing between module centres
is minimised by the provision of a multi-module casing. Water and gas
pipework connections are uniformly made to the rear of each boiler module,
allowing access to the burner assembly, gas line components and boiler con-
trols from the front of each module. Manufacturers typically offer prefabri-
cated pipework headers for ease of on-site installation.
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Individual boilers may be of a single standard capacity, although the sec-
tional technique also allows a range of capacity to be provided by some 
manufacturers. 50kW is a common value for a single standard boiler capac-
ity in modular boiler systems, since it is probably the largest capacity step
that is acceptable for the range of commercial space heating applications that
require total installed capacities in the region of 150–250kW, and will also
allow many smaller applications to be served by one or two boilers of this
size. Where a range of boiler capacity is provided, it is unlikely to extend sig-
nificantly below 50kW or significantly above 100kW. Nevertheless, where
up to six boilers can be close-coupled in a modular configuration, a wide
range of configurations and installed capacity is possible. The absolute
maximum number of boilers that can be close-coupled in a single modular
grouping (which is sometimes, and perhaps confusingly, referred to as a
‘module’ of boilers) is probably ten, although limits of six to eight are more
likely to be recommended by most manufacturers. However, it is in principle
possible to build up installed capacity in more than one such grouping, if
suitable flueing and sequence control arrangements may be made. Except
where space limitations may necessitate more than one smaller grouping or
module of boilers, the practical benefit of doing so may be questionable. Con-
densing boilers are available that can be close-coupled in the same modular
configuration, and some manufacturers provide units of both types in a com-
patible physical and dimensional format that allows mixing of both types
within the same modular grouping.

In each individual boiler, control of the burner is typically on/off although
types are available that offer ‘high/low/off’ burners. As in the case of con-
ventional multiple-boiler installations, firing of individual burners (or burner
firing stages) remains under the local control of their own boiler control 
thermostats, but is enabled or disabled in a sequence that is determined by
the remote boiler sequence controller. The boiler and burner technology
employed by modular boiler systems is conventional and well-proven, and
individual boilers may be isolated for maintenance or repair. Where capacity
of the individual boilers is greater than 50kW, it is also a space-conscious
approach. While the modular boiler system will require multiple valves and
other pipework components, these will inherently be small and relatively 
low-cost items.

Modular boiler systems probably give way to conventional multiple-boiler
installations somewhere in the range from 500–1000kW of installed capac-
ity, although there are no clear-cut rules regarding the application of either
approach, and each designer or specifier of boiler installations will have his
or her own preference and view on the subject. Ultimately, where either
approach is viewed as an option for a particular installation, the life-cycle
performance of each should be analysed against a chosen criterion of either
minimisation of life-cycle energy consumption, minimisation of life-cycle cost
or minimisation of life-cycle carbon emissions.

3.5.3 True modular boilers
A true modular boiler in the strictest sense of the term incorporates a number
of identical individual heat exchange modules, each with its own premix
natural gas burner (Figure 3.7a). The general form of these was described in
Chapter 2 (section 2.4.6). The combustion gases from each heat exchange
module are discharged into a common boiler casing, which provides an outlet
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Figure 3.7 Configurations of typical modular boilers.



connection to the single boiler flue. Each heat exchange module has inde-
pendent water flow and return and gas line connections to common pipework
‘headers’ that form part of the modular boiler itself.

Modular boilers have been around for many years now. The original
concept standardised on heat exchange modules with a single capacity rating
of 50kW, with individual modular boilers typically providing up to six or
twelve such modules disposed in a combination of horizontal and vertical
banks, with unused module positions blanked off. While a module capacity of
50kW probably remains most common, most manufacturers of this type of
boiler also offer heat exchange modules with a capacity of 100kW. Since it
originally appeared on the UK market, the modular boiler concept has 
naturally developed to offer a range of variants. One such variant is effectively
a hybrid of the modular boiler and the modular boiler system (Figure 3.7b),
in that it builds up an installation by close-coupling what are in effect ‘twin’
modular boilers that each comprise a pair of vertically-superimposed heat
exchange modules sharing a common casing and flue outlet. Close-coupling
up to six such units allows installed capacities between 50 and 600kW to be
achieved. Again where a heat exchange module is not needed to achieve the
required installed capacity, it may be blanked off. Such an arrangement, while
for practical purposes qualifying as a modular boiler, does differ from this in
its strictest sense in that the individual flue outlets from each pair of heat
exchange modules must be connected to a single common flue by a flue header
arrangement. Nor is this the only variation on the modular boiler theme, with
individual manufacturers offering other groupings and combinations of heat
exchange modules. In some instances modular boilers built up from paired
heat exchange modules may provide a particular application for series-
connected boilers in which the heat exchange modules within each pair are
piped in series, to achieve a high temperature rise, but the close-coupled pairs
of modules are piped in parallel. While the premix burners in heat exchange
modules have traditionally fired on natural gas, modular boilers are available
for use with LPG. Whatever the approach, twelve individual heat exchange
modules typically remains the maximum for any individual modular boiler.
Where a higher installed capacity than this permits is required, two or more
modular boilers may in principle be installed, although (as noted for modular
boiler systems) the practical benefit of doing so may be questionable.

Where heat exchange modules have a capacity of 50kW, control of 
individual burners is typically on/off. Modules with a capacity of 100kW may
employ high/low/off burners. Each heat exchange module typically has an
individual control system, including control and high-limit thermostats, and
operation is fully automatic. In the strict modular boiler sequence, control of
the burners in each heat exchange module has traditionally been achieved by
appropriate setting of the module control thermostats, which sense the return
water temperature to each module. Where paired or triple heat exchange
modules are close-coupled to form an installation, sequence control of the
heat exchange module burners is typically provided by a remote boiler
sequence controller. However, particularly where a relatively small number of
modules is involved, integral control packages are sometimes offered that
include not only basic sequence control of the heat exchange module burners
but also more-or-less comprehensive control functions that allow ‘stand-
alone’ operation and automatic control of the complete heating system.

Use of finned-copper-tube heat exchangers typically results in a significant
reduction in weight over conventional cast-iron sectional boilers, for the same
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installed capacity. Values between one-half and one-third of the weight of an
equivalent arrangement of multiple cast-iron sectional boilers may be pos-
sible for some modular boiler installations. The heat exchange modules of
modular boilers are designed for efficient heat transfer and to respond rapidly
to a demand for heat. They have a low water content and are therefore poten-
tially sensitive to any reduction in water flow rate through the heat exchanger
when the burner is firing. Minimum acceptable water flow rate may be as
high as 80% of the design value at a temperature rise across the module of
11K. It is thus very important that the mode of operation of the remote
heating system controls does not inherently result in any significant reduc-
tion in the water flow rate through the modules. The heat transfer charac-
teristics of modular boilers may also pose specific requirements on the boiler
flues, and this is considered in Chapter 5.

Modular boilers typically offer similar options to the designer or specifier
of a heating system as does a modular boiler system. The two are, after all,
variations on a common theme. Water-side isolation of individual heat
exchange modules is typically not provided, although isolation of the gas
supply to each module obviously is. Although individual heat exchange
modules may be spaced at centres of less than 500mm, it is perhaps more
questionable as to whether a modular boiler installation always represents a
space-conscious approach to providing the flexibility and load-matching per-
formance of a multiple-boiler installation, at least where the capacity of the
modules is limited to 50kW. The technique has, however, spawned offspring
in the form of heat exchange modules up to a capacity of 200kW, which in
single or vertically paired form can indeed provide a very small footprint for
the installed capacity. As to the question at what point, if any, modular boilers
should give way to conventional multiple-boiler installations, somewhere in
the range from 500–1000kW of installed capacity would again seem most
likely. Again there are no clear-cut rules and there are many different opin-
ions from designers and specifiers of boiler installations. Manufacturers,
being natural optimists, frequently suggest that their products of this type 
are suitable for installed capacities up to 2000kW. As ever, the solution for
a particular application should take into account the appropriate life-cycle
performance of the various options available to the designer or specifier. It is
worth noting that, whether fairly or not, modular boilers have acquired a
reputation among some designers and specifiers for poorer reliability than
other types where maintenance regimes have been less than ideal.

3.6 Heating, hot water service and combined applications
The fundamental problem with using a boiler plant for both space heating
and hot water service (HWS) arises where requirements for the latter are low
or even minimal, as is the case in perhaps the majority of ‘office-type’ com-
mercial applications. In such circumstances the boiler plant must continue to
run outside the space heating season purely to satisfy an HWS heating load
that represents only a small percentage of the installed boiler capacity. This
has a detrimental effect on the seasonal (or in this case annual) efficiency of
the boiler. The effect is worst where a single boiler with on/off burner is
employed, while modulating burners and the modern practice of using mul-
tiple and modular boilers is certainly beneficial. Alternatively separate space
heating and HWS boilers may be provided, allowing the former to be shut
down outside the months of the heating season.
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Since the combination boilers (‘combi-boilers’) that have been widely
applied for domestic use are typically only applicable at the level of ‘bed-sits’
or small ‘flats’, their use in even the smallest commercial heating installations
is inappropriate. This type of boiler will therefore not be considered here. On
the commercial scale, packaged equipment is available that combines an
LPHW space and HWS heating boiler and a ‘close-coupled’ HWS storage
calorifier within a common casing (Figure 3.8). The calorifier is typically
mounted above the boiler and may overhang it. The ‘primary’ (LPHW) flow
and return connections to the calorifier are taken from the main boiler flow
and return water connections, and the package typically includes a circulat-
ing pump for the primary LPHW circuit through the calorifier and an inte-
gral (HWS) control thermostat. Units of this type are typically offered as
variants of a standard boiler range. With such equipment the intention is to
reduce the cost and space requirements of a conventional combined space
heating and centralised HWS installation.

The modern trend towards separating the space and HWS heating loads in
commercial building services applications has led to the development of a
range of direct gas-fired hot water generators that are specifically designed 
to serve HWS heating loads. In essence the approach takes the ‘traditional’
concept of a dedicated HWS boiler and removes the need for the associated
storage calorifier. Hot water generators are considered further in Chapter 8.

3.7 Condensing operation
3.7.1 Principles and benefits

The principal constituents of the common boiler fuels – natural gas, LPG and
the various grades of fuel oil – are carbon and hydrogen. When any of these
fuels are burnt in the combustion chamber of a boiler, the hydrogen com-
bines with the oxygen in the combustion air to produce water vapour (H2O).
In Chapter 2 we saw that it is an inherent characteristic of each of these
hydrocarbon fuels that there are more hydrogen atoms in each molecule than
there are carbon atoms. Natural gas is almost entirely (over 90%) methane,
which has a molecular formula of CH4 (i.e. four hydrogen atoms for every
carbon atom). This is in fact the highest ratio of hydrogen atoms to carbon
atoms in the common boiler fuels, and leads to substantial water vapour 
production. At the high temperatures of the combustion chamber this water
vapour is superheated.

As the combustion gases are cooled on their passage through the flueways
of the boiler block their temperature drops, since the process is one of sensi-
ble heat transfer. In theory, the more that the combustion gases can be cooled
in their passage through the boiler, the better. As far as most of the combus-
tion gases are concerned (the carbon dioxide produced by combustion, the
excess oxygen remaining from the combustion air and the nitrogen of the
combustion air), no matter how far they are cooled in the boiler, they will
still enter the flue and ultimately be discharged to atmosphere as gases.
However, if the water vapour in the combustion gases is cooled sufficiently,
it will condense from water vapour to liquid water, releasing its latent heat
during the process. This condensation occurs at a constant temperature, 
after which the liquid water or condensate may continue to cool by further
sensible heat transfer, which will again be associated with a reduction in its
temperature.
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The condensation of water vapour releases a large amount of heat; 1kg of
water vapour condensing at 55°C releases approximately 2370kJ of heat2,
and the combustion of 1m3 of natural gas will produce in the region of
1.5–1.6kg of potential condensate. A conventional (non-condensing) natural
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Figure 3.8 LPHW boiler with close-coupled HWS storage calorifier.



gas boiler with a capacity of 100kW heat output to water at an efficiency,
based on gross calorific value, of 85% will consume approximately 11m3 of
natural gas for each hour that the burner is firing continuously at full output.
Hence if all the water vapour produced by the combustion process could be
continuously and steadily condensed (a situation that is, of course, unachiev-
able in practice), approximately a further 11kW of heat would be released,
or 11% of the boiler output. By comparison, a further steady and continu-
ous cooling of the liquid condensate by 10K would release less than 0.2kW
of heat, a negligible effect.

In conventional boilers the water vapour in the combustion gases leaves
the boiler and passes into the flue still as a vapour. In some instances con-
densation of the vapour may occur during its passage through the flue to its
discharge to atmosphere, and in any event its occurrence on exit from the
flue will frequently be very visible as a condense plume drifting away from
the top of the flue. Condensation occurring within the boiler flue, while still
releasing latent heat, does not of course contribute this usefully to anyone
(although in principle it may contribute to the buoyancy of the flue gases). It
has been the convention to positively seek to avoid the occurrence of con-
densation within the flueways of the boiler, since exposing the metal of the
boiler block to continuous or repeated heavy condensation will typically lead
to accelerated corrosion and early failure of the boiler. To make matters
worse, the condensate that forms is inevitably slightly acidic, since it will
contain a dissolved quantity of the oxides of nitrogen that are generated as
an unwanted by-product of the combustion process, together with other sub-
stances generated by the presence of traces of impurities in the natural gas.
The latter may include trace substances added to the gas as an odorant to
aid in the detection of leakage. The slightly acidic nature of the condensate
(typically pH 3–5 for condensate formed from the combustion of natural 
gas) naturally increases its corrosive action. Since the risk of condensation is
naturally greatest where the combustion gases are at their coolest just prior
to entering the flue at the rear of the boiler, this type of boiler corrosion has
traditionally been referred to as back-end corrosion, and methods of pro-
tecting the boiler against it as back-end protection. This remains the situa-
tion for conventional boilers, which are designed, installed, operated and
controlled to avoid an operating regime in which continuous or repeated
heavy condensing occurs.

It is clear, however, that there is a useful benefit to be obtained if we can
arrange for a boiler to continually condense as much water out of the com-
bustion gases as possible, and add the heat released usefully to its ‘conven-
tional or non-condensing’ heat output to water, without requiring early
replacement of the boiler. This is the purpose and principle of operation of
a condensing boiler. We have seen that there is no worthwhile benefit to be
gained from cooling the liquid condensate, so this is just something to be 
disposed of safely, conveniently and economically. Condensing operation 
does not come free of charge. Condensing boilers come at a substantial cost
premium over conventional non-condensing types, although this is expected
to be recovered from the saving in fuel cost that results from its improved
efficiency. Simple payback periods of between two and five years are consid-
ered typical, although this may of course be affected by the characteristics of
a particular installation and the actual unit cost that will be paid for the boiler
fuel.

Two further benefits inherently come with condensing operation. The first
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of these arises since the combustion gases must be cooled further to cause
condensation of the water vapour. They thus enter the boiler flue at a lower
temperature. This inevitably means that more sensible heat has been extracted
from them, with less heat being carried to waste ‘up the boiler flue’. Since
more of the heat generated by the burner has been usefully extracted, the effi-
ciency of the boiler must have been further improved. For boilers fired on
natural gas a reduction of 20K in the temperature at which the combustion
gases are discharged into the flue will typically reduce the associated sensible
heat loss (and therefore increase boiler efficiency) by c.1% in absolute terms.
There is, however, an implication for the flue, since the temperature differ-
ence between the combustion gases within the flue and the ambient air is the
fundamental factor in generating the buoyancy or natural draught that main-
tains the flow of the gases themselves through the flue to atmosphere. The
second additional benefit arises from the lower boiler flow and return water
temperatures associated with condensing operation, resulting in a reduced
mean temperature for the water content of the boiler. The surface tempera-
ture of the boiler block will reach lower values when the burner is firing, and
less heat will be stored within the mass of the block. Heat loss from the
surface of the boiler block to its immediate surroundings will therefore be
reduced while the burner is firing, while the amount of stored heat lost will
also be reduced during periods when the burner has ceased firing (the so-
called ‘standing’ losses).

Since any of the common boiler fuels noted above contain hydrogen, any
of them can in principle be used for condensing boilers. However, since
natural gas has the highest ratio of hydrogen atoms to carbon atoms, it gives
the greatest potential benefit from condensing operation. For natural gas
approximately 10% of the gross calorific value (GCV), or 11% of the net
calorific value (NCV) is theoretically available if complete condensing can be
achieved. The potential benefit to be gained with condensing operation using
LPG is less than with natural gas. Approximately 7–8% of the GCV of the
fuel, or 8–9% of its NCV, is theoretically available. The least potential benefit
arises from condensing operation with oil. Only approximately 5–6% of the
GCV of light fuel oil (c.6% of its NCV) is theoretically available. The extent
to which the theoretical benefit that is available, if complete condensing takes
place, is actually realised depends not only on the design of the particular
condensing boiler but also on the design of the heating system that it serves.
The latter factor is considered in the following section. At the time of writing,
from 50–80% of the potential benefit noted above may be achieved in prac-
tice by natural gas condensing boilers, if the heating system can provide what
the boiler requires from it for condensing operation. For a particular design,
smaller models in the range tend to achieve a higher proportion of the theo-
retical condensing benefit. A condensate index is sometimes used to indicate
a measure of the extent to which the theoretical condensing potential is
achieved, and is simply the ratio between the amount of condensate that is
actually formed during condensing operation and the amount that is theo-
retically available due to the chemical structure of the fuel.

In the UK at least, condensing boilers are invariably natural gas condens-
ing boilers. Condensing operation with even the lighter grades of fuel oil is
not favoured, since the increased level of impurities in these fuels, and in par-
ticular of sulphur (which leads to the formation of sulphur dioxide in the
combustion gases), leads to an aggressively acidic condensate. While in prin-
ciple materials are available that can offer resistance to such condensate (in
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particular, specific grades of stainless steel), and although their application
may only be necessary in certain parts of a condensing boiler, their use is 
typically uneconomic. Condensing operation with LPG has all of the cost
premium associated with a natural gas condensing boiler, but less of the
benefit, and the viability of its application, except in particular circumstances,
must therefore be questionable. A special case of condensing operation may
exist where ‘dual-fuel’ burners are employed. In such installations natural gas
is invariably the first-choice fuel, and the burner is typically only fired on oil
in the event of an interruption in the supply of natural gas. Hence condens-
ing operation with oil is potentially infrequent and short-lived, and some
leeway may be acceptable. Manufacturers will be best-placed to make 
recommendations regarding their own products, and should always be con-
sulted in such cases.

For a given fuel the ratio of water vapour to carbon dioxide produced
during complete combustion is a property of the fuel (the ratio of hydrogen
atoms to carbon atoms). If we follow an analogy with which HVAC engi-
neers will typically be familiar, that of mixtures of air and water, we can
appreciate that, once the water vapour in the combustion gases stops behav-
ing like a gas and becomes a condensible vapour, the temperature at which
it will start to condense, its dew-point temperature, depends on how ‘satu-
rated’ the ‘dry’ components of the combustion gases are with the water
vapour. Since the ratio of water vapour to carbon dioxide produced during
complete combustion is a fixed property of the fuel, the only additional factor
that will affect this is the amount of excess air supplied for the combustion
process. For a particular fuel, the percentage content by volume of carbon
dioxide (CO2) in the combustion gases gives a measure of this, and hence of
the water vapour dew-point temperature for that fuel under the particular
combustion conditions. The percentage content by volume of CO2 in the flue
gases is a parameter that has traditionally been measured to assist with, or
subsequently check, the burner set-up in automatic boilers, providing an indi-
cation of the degree to which excess air is being supplied for combustion. For
natural gas at c.9.5% CO2 content the water vapour dew-point temperature
is approximately 55°C. This reduces to approximately 40°C at c.4–5% CO2

content, and to less than 25°C at 1% CO2. The relationship is not linear but
is a reasonably close approximation of this between 10% and 4% CO2

content. The combustion air itself will not of course be dry. With light fuel
oil the water vapour dew-point temperature will be lower for a given CO2

content, from approximately 13K at c.9.5% CO2 to approximately 10K at
c.4.5% CO2. While oil-fired boilers typically operate with a higher CO2

content (c.12–13%) than natural gas boilers, the difference in the water
vapour dew-point temperature is still of the order of 10K. We shall see that
this allows the requirements for condensing operation to be achieved more
easily with natural gas. While it may seem obvious that it is the water vapour
dew-point that we are referring to when considering condensing boilers, it is
important to always specify this clearly. This is because the water vapour
dew-point temperature is not the only dew-point temperature referred to for
boilers. Irrespective of condensing operation, an acid dew-point also exists
where, as in the case of oil-fired boilers, the fuel contains sulphur that burns
to form sulphur dioxide (SO2). Some of this is further oxidised to sulphur tri-
oxide (SO3), which readily combines with the water vapour in the combus-
tion gases to form a vapour of weak sulphuric acid (H2SO4). This vapour will
itself condense if the combustion gases are cooled below the acid dew-point
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temperature, at which they become saturated with the acid vapour. This acid
dew-point temperature is considerably higher than the water vapour dew-
point temperature.

3.7.2 Requirements of condensing operation
There are four basic requirements associated with condensing operation. First
and foremost is a requirement for a boiler that is designed for condensing
operation. Second is a steady feed of water returning to the boiler from the
heating system at a temperature that will cause condensation to occur.

While for natural gas boilers condensation is likely to occur when water
returns to the boiler at a temperature of approximately 55°C or less, this tem-
perature has more relevance as a lower limit to be avoided to prevent (or at
least limit) condensation in conventional boilers. It is not a design return
water temperature to achieve condensing operation. The further the combus-
tion gases are cooled below their dew-point temperature, the greater the
quantity of condensate that will be formed. So in principle the lower the tem-
perature at which water is returned to the boiler, the better. However, there is
a limit to just how low the temperature of return water provided by a practi-
cal heating system (or part of it) can be. As far as space heating is concerned
the return water temperature must maintain a minimum temperature differ-
ential above the temperature of the heated spaces if the full heat transfer
surface of the heat emitters is to be usefully employed. This therefore proba-
bly puts a practical lower limit of c.30°C on the temperature at which return
water can be provided to a condensing boiler in a space heating application.
Special considerations may apply if process heating loads are served, but this
is atypical of most building services applications. Manufacturers typically 
recommend that return water temperature should be in the range 30–45°C for
condensing operation with natural gas. When it is remembered that heating
systems in the UK have traditionally been designed for nominal boiler flow
and return water temperatures of 82°C and 71°C respectively, it can be seen
that the achievement of condensing operation has significant implications for
system design and control, and that some forms of heating system will be
more suited to the use of condensing boilers than others. The implications of
condensing operation are considered further in Part B of this book. It is suffi-
cient here to note that in achieving condensing operation a boiler may serve a
complete heating system or may be piped up to serve a specific load circuit.

The third requirement of condensing operation is that a means must be
available of disposing safely and conveniently of the slightly acidic conden-
sate. In the UK it is typically permitted to discharge this directly into the
public drainage system, although some European boiler manufacturers do
offer treatment systems to increase the pH of the condensate prior to dis-
posal. These treatment systems are typically based on bringing the conden-
sate into contact with a suitable chemical neutralising agent. Due to the acidic
nature of the condensate, copper tube is not suitable for condensate drainage
pipework, and hard plastic (uPVC or polypropylene ‘ABS’) pipework should
be used. Condensate drainage pipework must naturally be run to an adequate
fall (gradient) to ensure a continuous and steady removal of the condensate
to waste. If the pipework is run externally where freezing of the condensate
could occur, or through relatively unfrequented plant spaces where a block-
age could go unnoticed, any failure to clear the condensate continuously to
waste may result in it backing up into the flue gas passages of the boiler block.
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Since this is clearly undesirable, it is common practice in UK installations to
arrange for the condensate from the boiler to discharge into the main run of
condensate drainage pipework via a simple ‘tundish’. In the event of any
blockage occurring, the result will merely be a ‘puddle’ of greater or lesser
proportions on the plant room floor (which will in any case typically be pro-
vided with some emergency drainage provisions of its own). Manufacturers
of condensing boilers may, however, specify their own requirements for con-
densate discharge connections to their boilers. Since condensate may not be
formed throughout the potential heating season, care should be taken either
to avoid the possibility of trapped connections to the building drainage instal-
lation drying out (leading to the possible ingress of odours), or to ensure that
they are regularly checked as part of the operating and maintenance regime
for the installation. The condensate drain from the boiler itself should not,
of course, allow the escape of combustion gases from the boiler into the plant
room.

Finally, where a condensing boiler and one or more conventional boilers
are part of a multiple-boiler installation, the condensing boiler should always
be the ‘lead’ boiler. There are several reasons for this. First we have seen in
the preceding section that, even if it is not condensing, the lower flue gas 
temperature that is an inherent part of the design of a condensing boiler will
typically give it a higher efficiency than the conventional boilers in the instal-
lation. It is therefore sensible to make the boiler with the highest efficiency
the ‘lead’ boiler, supplementing its capacity as necessary from the lower-
efficiency units. Secondly, it is naturally desirable to maximise the hours of
condensing operation in a heating season. Finally, in many heating systems
it will be possible to reduce the flow water temperature to all or part of the
system under those part-load conditions that will require the capacity of only
one of the boilers in the installation, and thus ‘force’ the return water tem-
perature to a level that will allow condensing operation. This is typically
achieved by employing weather compensation or ‘scheduling’ of heating
system flow water temperature. This subject is considered further in Chapter
10.

3.7.3 Condensing boilers
For reasons that have already been noted in the preceding sections, our con-
sideration of condensing boilers will be restricted to natural gas condensing
boilers. In the UK at least, few if any alternatives will be encountered in prac-
tice. Furthermore, as we have seen for their conventional, non-condensing,
brethren, there are a range of approaches to the design of condensing boilers
and it will not be possible to consider them all in detail here.

Cast-iron, carbon steel and copper are the materials most widely used to
form the block or heat exchanger of a boiler. However, none of them are suit-
able to withstand the rigours of condensing operation. Both of the most 
commonly available materials that are able to do so, namely some grades of
stainless steel and aluminium, may only be employed at a cost premium that
is more or less substantial relative to the base material (copper, after all, comes
at a cost premium relative to cast-iron). The cost premium is not only a func-
tion of the cost of the material itself but also of the techniques necessary to
form it. Of the two available materials, stainless steel carries the highest cost
premium. Add to this that only part of the boiler needs to be able to 
withstand the rigours of condensing operation, namely the part closest to the
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outlet to the boiler flue, and we can see one of the fundamental characteris-
tics of condensing boiler construction – that the whole boiler is not made to
withstand condensing operation. It would be absurdly uneconomic to do so.
Therefore condensing operation is achieved by the incorporation of an addi-
tional, secondary, heat exchanger into what is essentially a conventional, non-
condensing boiler. The design of the primary and secondary heat exchangers
are naturally optimised in their relationship to each other, but the principle
remains true. Hence, for example, cast-iron may continue to be employed for
the primary heat exchanger or boiler block, while the secondary or con-
densing section may employ aluminium as the primary construction material.
Strictly-speaking, there is no problem on the water side of the secondary heat
exchanger; it is only the surfaces exposed to the acidic condensate that need
to be of an enhanced durability.

The principle of the primary/secondary heat exchanger arrangement is illus-
trated in Figure 3.9. The physical relationship of the secondary to the primary
is a function of the design of each individual boiler, and Figure 3.9 shows
examples where the secondary is above, below and behind the primary.
Almost without exception, however, the secondary heat exchanger comprises
an array of water tubes with fins that provide extended gas-side heat trans-
fer surfaces, and it owes more to the design of compact gas/liquid heat
exchangers than to conventional cast-iron or steel boilers. In any event it is
essential that the flow of the combustion gases should not hinder the con-
tinuous and steady removal of condensate from the surfaces of the second-
ary heat exchanger, for which gravity is the principal driving force, and
should preferably aid it. Condensate that is trapped or cleared only slowly
may acquire an increased level of acidity that the heat exchanger is not
designed to withstand, and accelerated local corrosion may result. Small
quantities of particulate matter, in the form of chemical salts, may be
deposited with the condensate and left behind as it drains away. Periodic
brushing of the surfaces of the secondary heat exchanger may therefore be
required to prevent a build-up of material that could both reduce the con-
densing performance and again result in local corrosion.

There are two fundamentally-different approaches to the way in which a
condensing boiler is connected to the load circuit that it serves. In the first
approach the primary and secondary heat exchanger are connected in series
with each other. Where, as is typically the case, the series connection is made
within the boiler, common flow and return water connections are employed
(Figure 3.10a). Where it is made external to the boiler, separate flow and
return connections are made to the primary and secondary heat exchangers
(Figure 3.10b). In the second approach the primary and secondary heat
exchangers are connected in parallel, and here again separate flow and return
connections are made to each (Figure 3.10c). This is sometimes referred to
as a split system.

Condensing boilers tend to employ atmospheric or premix natural gas
burners. The secondary heat exchanger inevitably presents an additional
resistance to the flow of combustion gases through the boiler. Where atmos-
pheric gas burners are employed, it is therefore common practice for an
induced-draught fan to be provided on the outlet side of the secondary heat
exchanger to ensure that adequate draught is provided to draw the necessary
air into the combustion chamber, and to draw the combustion gases through
both the primary and secondary heat exchangers. This fan typically also pro-
vides adequate pressure to expel the combustion gases through the boiler flue
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Figure 3.9 Configurations for primary and secondary heat exchangers in condensing boilers.
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Figure 3.10 System connection options for condensing boilers.



without reliance on the weakened natural draught available from the low-
temperature gases. Although provision of the induced-draught fan is common
practice, it is not universal, the need for it (or its benefit) depending on the
design of the particular boiler. For practical manufacturing purposes, an
induced-draught fan will need to be able to cope with a range of flue pres-
sure requirements in an energy-efficient manner, and this is typically achieved
by a fan with an adjustable speed range that may be set to the requirements
of the particular flue configuration during the on-site commissioning of 
the boiler. Strictly-speaking the electrical energy consumed by the induced-
draught fan should be taken into account in analysing the energy, cost and
carbon emission performance benefits of the condensing boiler. The energy
consumed by the combustion fan in a fan-assisted or forced-draught burner
should, of course, also be taken into account when considering the efficiency
of conventional (non-condensing) boilers, but typically it is not. In any event,
the use of an induced-draught fan will inevitably place the boiler flue under
positive pressure, and the standard of its design, manufacture and installa-
tion must therefore be such as to prevent any significant leakage of combus-
tion gases into the plant room. In the case of premix burners the premix fan
or common combustion air fan provides a forced draught and operates in the
more benign environment on the plant room side of the boiler.

In a condensing boiler the addition of the secondary heat exchanger con-
nected in series with the boiler block or primary heat exchanger typically
increases the water-side pressure drop across the boiler in comparison with
a conventional (non-condensing) boiler of equivalent capacity. Condensing
boilers may typically be employed as one or more units in parallel with con-
ventional types in a multiple-boiler installation. It is therefore important that
their different hydraulic characteristics are taken into account in the design
of such installations, and adequate provision is made to ensure that the
correct design water flow rates are achieved through each boiler. In such 
situations it will typically not be adequate simply to pipe all of the units in
a parallel ‘reverse return’ arrangement. Flow measurement and regulating
valves will be essential to all non-condensing boilers, and a local shunt pump
may be required for each condensing boiler. Condensing boilers may also be
piped in series with other condensing or non-condensing boilers. In the latter
case the condensing boiler will be the first in the series, providing back-end
protection for the non-condensing unit. Where the primary and secondary
heat exchangers of condensing boilers are piped in parallel with the heating
system load circuits, manufacturers may recommend minimum water flow
rate or load criteria for the secondary heat exchanger. In any event the water-
side pressure drop across the secondary heat exchanger must be accounted
for by the circulating pump in the appropriate load circuit of the heating
system. In such situations it may be possible to connect the secondary heat
exchangers of more than one condensing boiler in series. However, this is
only likely to be of practical utility where the boilers employ modulating
burners with a wide range of modulation, so that there is no (or minimal)
penalty to be paid, in terms of the efficiency of the installation, for poten-
tially having the burners in each boiler modulating at reduced output.

Condensing boilers may employ on/off, high/low/off or modulating natural
gas burners. With the latter two types of burner it is important for condens-
ing operation that the combustion air flow is adjusted to avoid any signifi-
cant increase in the level of excess air, either at the burner low firing rate or
throughout its modulating range respectively, since this would reduce the
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dew-point temperature of the combustion gases. The control of individual
boilers and their sequencing in multiple-boiler installations is generally the
same as for conventional (non-condensing) types. We have already noted the
principal exception to this, which is that the ‘lead’ boiler in a ‘mixed’ multi-
ple-boiler installation should typically always be a condensing boiler.

While it is typically not possible to convert an existing non-condensing
boiler to a condensing one, there are of course exceptions to every rule, and
the authors are aware of at least one manufacturer with parallel designs of
conventional and condensing boilers that do permit the on-site conversion of
an existing boiler from the conventional range to an equivalent model in the
parallel condensing range.

3.7.4 Condensing economisers
A condensing economiser provides a means of achieving condensing opera-
tion without employing a specially-designed condensing boiler. It may thus
be used in conjunction with a conventional cast-iron sectional or steel boiler
with forced-draught natural gas burner. The condensing economiser is an
independent secondary gas-to-water heat exchanger that is close-coupled on
the gas side to the boiler flue outlet connection (Figure 3.11). Condensation
therefore occurs outside the boiler. The heat exchange surfaces of the con-
densing economiser typically comprise a battery of extruded aluminium
finned tubes, and all surfaces that are in contact with the condensate are 
similarly of aluminium construction. However, in some instances stainless
steel construction is employed, and the heat transfer surfaces then take the
form of a battery of smooth stainless steel tubes. The flue gases may flow
downwards across the heat exchanger to aid the gravity flow of condensate
and promote its steady and continuous removal. A condensate collector is
provided, with a suitable connection to allow disposal of the condensate to
an external drain line. Construction of the economiser should provide access
for periodic inspection and cleaning of the heat exchanger. The whole unit 
is enclosed in a thermally insulated steel casing, which is typically free-
standing on steel legs.

The water side of the condensing economiser may be connected in series
or in parallel with the ‘host’ boiler. When series-connected, the economiser
pre-heats water returning from the heating system before it enters the boiler
block. The boiler minimum return water temperature must be respected. With
the simple piping connections shown in Figure 3.11 the minimum return
water temperature to the condensing economiser must be limited to a defined
offset from that to the boiler. The value of this offset will naturally depend
on the design of the condensing economiser but may typically be expected to
have a maximum value of 2–3K. This simple arrangement is therefore only
suitable for condensing operation if the host boiler, while not actually
designed for condensing operation, can tolerate return water temperatures
substantially below 55°C. However, more complex circuiting and control
arrangements are possible that allow the return water temperature to the
economiser to reach low values without detriment to the boiler.

The temperature of the flue gases from the conventional host boiler are
high, and the ‘condensing’ economiser will recover a substantial amount of
sensible heat at higher (non-condensing) return water temperatures. The high
gas entering temperature also means that the economiser will typically require
protection against the occurrence of an excessively high flow water tempera-
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ture. This may be achieved by ensuring that a minimum water flow rate is
maintained through the unit and by a safety interlock to shut down the burner
of the host boiler. A safety valve will be required if the water-side connec-
tions of the condensing economiser may be isolated while the burner of the
host boiler may commence or continue firing. The additional gas-side pres-
sure drop associated with a condensing economiser must be made good by
the host boiler’s forced-draught combustion fan and the design of the boiler
flue. This may put the condensing economiser, together with part or all of
the flue, under positive pressure. Appropriate standards of design, manufac-
ture and installation will therefore be necessary to prevent any significant
leakage of flue gases into the plant room. While condensing economisers are
typically designed for operation with natural gas boilers, their use may be
acceptable where ‘dual-fuel’ burners are employed.

In some instances a condensing economiser may be installed in a ‘bypass’
off the common flue header of more than one boiler (Figure 3.12). In this 
situation the economiser is equipped with a fan to draw the flue gases from
the header and return them to it without reliance on the combustion air fans
of the individual boilers. It is clear that the installation must be designed to
avoid the escape of flue gases, and that it must be sized or controlled such
that at any time it may not draw from the flue header any more combustion
gases than are being generated by the boiler or boilers that are firing at that

Types of Boiler and Their Needs 85

Figure 3.11 Layout of a cast-iron sectional boiler with condensing economiser.
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Figure 3.12 Schematic of a condensing economiser in a flue ‘bypass’.

time. The flue header bypass fan must be suitable for the continuous han-
dling of high-temperature flue gases, and the fan motor will inevitably be
located out of the gas stream. The installation on the discharge side of the
fan will be under positive pressure. Installing the condensing economiser in
a flue header bypass does, however, offer the possibility of taking it out of



operation if a ‘dual-fuel’ boiler installation must operate on oil firing for any
sustained period of time.

3.8 Boiler efficiency
3.8.1 Choosing the correct definition

Unfortunately the term ‘efficiency’ is frequently used rather loosely with
respect to boilers, and an unqualified boiler efficiency may therefore be inter-
preted in several ways. Add to this that any such boiler efficiency may be
based on either of two different calorific values for the boiler fuel, and we
have significant potential for confusion.

3.8.2 Basis of the definition
At its simplest any efficiency term may be represented by a very basic formula:

(3.1)

As far as the efficiency of gas-fired and oil-fired boilers is concerned, the input
and output quantities are typically expressed in terms of MJ or kWh of heat
energy. While MJ is the more scientifically ‘rigorous’ unit, kWh is a very con-
venient one, since both natural gas and electricity are typically sold by the
kWh. (Multiply kWh by 3.6 to obtain MJ, and vice versa.) It is also fre-
quently convenient to substitute rates of input and output for the absolute
quantities of equation 3.1, and for boiler efficiency the rates of heat input
and output are expressed in kW.

The boiler fuel has a potential to be converted into heat by combustion that
is expressed in terms of its calorific value. This is defined in terms of the
amount of heat released when a unit mass of the fuel is completely burnt
under closely specified conditions (which include the reference and end states
and the thermodynamic process that occurs in-between) in a specific piece of
apparatus called a calorimeter. The techniques for determining the calorific
values of gaseous and liquid fuels are laid down in British Standards. As far as
HVAC engineers are concerned, calorific values that have been determined in
accordance with the appropriate standards are declared for natural gas, LPG
and the various grades of fuel oil. It is these values that are applied to the con-
sideration of boiler efficiency. Calorific values are expressed in MJm-3 for
gaseous fuels, including LPG, and in MJkg-1 for liquid fuels. However, it is
again often convenient to convert these values to kWhm-3 for natural gas and
LPG, and to kWhl-1 for fuel oil. While HVAC engineers are typically used to
expressing rates of flow in terms of m3 s-1 (gas) and l s-1 (oil), it will again be
convenient here to express them in terms of m3 h-1 and lh-1 respectively. The
rate of heat input to a gas-fired boiler may therefore be expressed as:

For oil-fired boilers the rate of fuel input and calorific value refer, of course,
to litres.
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3.8.3 Gross and net calorific value
The gross calorific value (GCV) of a fuel is defined on the basis that all of
the water vapour produced by its complete combustion is subsequently con-
verted into the liquid state. The heat output from a boiler per unit of fuel
input to the burner can never exceed the GCV, and boiler efficiencies refer-
ring to the GCV can therefore never exceed 100%. Furthermore, in the defi-
nition of calorific value the reference state for fuel and combustion air and
the end state for the products of combustion are both 25°C. In any practical
heating boiler the products of combustion will leave the boiler at a tempera-
ture above this. Therefore, even with condensing operation efficiency will
always be less than 100% when referred to GCV.

The net calorific value (NCV) of a fuel is defined on the basis that all of
the water vapour produced by its complete combustion remains in the vapour
state. If some of this vapour is subsequently condensed, and the latent heat
released is usefully added to the heat output of the boiler, it is possible for
the heat output per unit of fuel input to the burner to exceed the NCV. The
condition for this is, of course, that the heat released by condensing of the
water vapour (which is over and above the NCV) exceeds that lost both to
atmosphere with the flue gases and from the surface of the boiler to its sur-
roundings. Boiler efficiencies referred to the NCV may therefore exceed
100%. Only condensation that contributes to useful heat output counts,
however. Condensation that takes place in the flue does not.

Traditionally GCV has been used for the calculation of boiler efficiencies
in the UK, while European practice has been to use NCV. However, in recent
years this division has become blurred, and it is therefore very important that
the basis of any boiler efficiency should be unequivocably defined. The dif-
ference between GCV and NCV depends on the ratio of hydrogen atoms to
carbon atoms in the fuel molecules, and is thus fuel-specific. The difference
is greatest for natural gas. In approximate terms:

Efficiency referred to GCV ¥ 1.11 = efficiency referred to NCV (3.3)

while

Efficiency referred to NCV ¥ 0.9 = efficiency referred to GCV (3.4)

The approximate factors required in equation 3.3 when other fuels are con-
sidered are 1.09 for LPG (propane), 1.08 for LPG (butane) and 1.06 for light
fuel oil. Typical average values for GCV are:

Natural gas 38.6MJm-3, 10.72kWhm-3

LPG (propane) 96MJm-3, 26.67kWhm-3

LPG (butane) 122MJm-3, 33.89kWhm-3

Fuel oil 38–41.22MJl-1, 10.56–11.45kWhl-1

The values for fuel oil vary according to the grade of oil, increasing from the
lighter to the heavier grades. Under UK statute the average calorific value for
natural gas must not fall below its declared value over a quarter, although it
is permitted to fall substantially for short periods, provided that a drop of
5% is not exceeded in any two-hour period. Corresponding approximate
values of NCV may be derived using the factors from equations 3.3 and 3.4.
Values are quoted for general reference in the context of this text only. For
specific applications, and where the results of calculations may be sensitive
to input values, precise calorifc values should always be confirmed with the
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relevant boiler manufacturer or the fuel supplier. This is particularly so in the
case of LPG and fuel oil.

3.8.4 Overall efficiency
The overall efficiency of a boiler, which is frequently referred to simply as the
boiler efficiency, is defined by the ratio of the total heat output to water to
the heat input to the burner. When the burner is firing continuously we may
employ rates of heat output and fuel input to derive an expression for overall
efficiency, i.e.

(3.5)

where all quantities have the units described in section 3.8.2 above.
This definition of overall or boiler efficiency naturally assumes that steady-

state conditions of boiler operation exist on both the gas side and the water
side of the boiler block. For boilers with on/off burners it will only be appli-
cable under full-load conditions, i.e. when the heating load is equal to the
rated capacity of the boiler. For boilers with high/low/off burners it will also
be applicable when the heating load is equal to the boiler capacity at the
burner’s low firing rate. For boilers with modulating burners it will be appli-
cable throughout the modulating range of the burner. Where burner cycling
will occur under reduced heating load, the rate terms must be replaced by
total quantities aggregated over a number of burner operating cycles. The
heat output is specified as ‘total’, since it must include the output of any 
secondary heat exchanger that provides condensing operation, and which
may be piped in parallel with the boiler block or primary heat exchanger.
Strictly-speaking, a condensing economiser increases the overall efficiency of
the boiler installation, rather than the overall efficiency of the boiler itself.

Determination of the overall efficiency of a boiler depends on accurate
measurements of fuel input and water-side performance (flow rate and tem-
perature rise through the boiler) but it is neither practical nor economic to
perform these on boilers in an actual installation. Furthermore, to allow any
meaningful comparison to be made between different types and models of
boiler, it is necessary for the measurements to be made under standard con-
ditions and according to a standard methodology. Overall efficiency is there-
fore determined by testing carried out at laboratory or factory test facilities,
and in accordance with prescribed British and European Standards. Such
testing is carried out only on typical examples of a particular model of boiler,
as part of its design and development to production status.

As far as HVAC designers are concerned, manufacturers may declare values
of overall or boiler efficiency for their products, or (more typically in the UK),
these may simply be deduced from stated values of heat output to water and
heat input published in the manufacturer’s technical and performance data
for a particular boiler. Such data is typically provided for continuous opera-
tion at full burner output, and additionally for continuous operation at the
low firing rate where a high/low/off burner is fitted. Except in some instances
where modulating burners are employed, manufacturers do not typically
provide curves of overall efficiency against heating load normalised as a pro-
portion of the rated boiler capacity, and which would indicate the effect of
burner cycling under part-load conditions.

Overall efficiency %
 rate of heat output to water

rate of fuel input  calorific value of fuel
( ) =

¥
Ê
Ë

ˆ
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Modern conventional (non-condensing) boilers fired on natural gas may
typically be expected to have an approximate full-load overall efficiency in
the range 78–85% when referred to GCV, which equates to 86–94% when
referred to NCV. Modular boilers with premix natural gas burners would 
be expected to be well-represented towards the upper end of this range, 
with most conventional cast-iron sectional types occupying the middle 
third. Where high/low/off or modulating natural gas burners are employed,
overall efficiency may actually be higher at the burner low firing rate, or 
with the burner modulating at an intermediate firing rate, than at its full
output.

When modern condensing boilers fired on natural gas are considered in
non-condensing operation, a minimum value of full-load overall efficiency of
approximately 85% may be expected when referred to GCV (94% when
referred to NCV). Maximum values of nearly 88% when referred to GCV
(c.97% when referred to NCV) may be reached by some designs. In con-
densing operation, a full-load overall efficiency in the range 92–96% may be
achieved, when referred to GCV, which equates to 102–107% when referred
to NCV. The implications of boiler efficiency are discussed further in Chapter
10.

3.8.5 Combustion efficiency
The definition of combustion efficiency regards the output term in the effi-
ciency equation as equal to the rate of heat input to the burner less the rate
at which heat is wastefully carried away from the boiler by the combustion
gases as they enter the flue. Hence:

(3.6)

where again all quantities have the units described in section 3.8.2 above.
The heat carried away from the boiler when the combustion gases enter

the flue is also termed the ‘stack’ (or chimney) loss. Under steady-state con-
ditions of boiler operation the only other factor accounting for a difference
between the rate of heat input to the burner and the rate of heat output to
water is the rate of heat loss from the outside surface of the boiler block to
its surroundings. The latter heat loss occurs by convection and radiation,
although it is frequently termed the radiation loss. We would therefore expect
the combustion efficiency to be greater than the overall efficiency, and the dif-
ference to be a direct measure of the extent of the radiation loss. For modern
boilers fired on natural gas this may typically range from less than 0.5% to
approximately 3%, when referred to GCV. In this instance, and for practical
purposes, the values will be the same whether referred to GCV or NCV. An
approximate value for combustion efficiency may be determined, for a non-
condensing boiler, from site measurements of flue gas temperature and 
percentage CO2 content. Reference will typically be required to graphic or
tabular data for the specific fuel used to fire the boiler, although empirical
relationships may also be applied. Equation 3.7 shows a formula due to
Siegert, which expresses the ‘stack’ loss for a conventional (non-condensing)
boiler as a percentage of the NCV of the fuel:

Combustion efficiency %

 of heat removal by flue gases
 of fuel input  calorific value of fuel
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(3.7)

where K = a fuel-specific constant, for which values of 0.38 (natural gas) and
0.56 (fuel oil) are typically quoted3.

The flue gas temperature should represent as closely as possible the tem-
perature of the combustion gases leaving the boiler, while the combustion 
air temperature is the temperature at which combustion air enters the boiler
(effectively the plant room temperature in most installations). An increase in
CO2 content, resulting from a reduction in the amount of excess air supplied
for combustion, will typically reduce the magnitude of the ‘stack’ loss. Equip-
ment and procedures for the on-site sampling and analysis of boiler flue gases
are prescribed by British Standards. However, measurements should take
place where the flue gases are well-mixed, avoiding areas where stagnant
pockets of gas could occur (such as bends) or where leakage could occur into
a flue under negative pressure. In the latter case any leakage will be of ‘cold’
plant room air into the flue, which may affect measurements or remain as a
discrete layer adjacent to the wall of the flue.

3.8.6 Seasonal efficiency
The seasonal efficiency of a boiler represents its efficiency taken over a com-
plete heating season. It is effectively the mean or average efficiency of the
boiler during all of the hours of the heating season in which the burner is
firing, and the average efficiency with which every kWh of heat input is con-
verted to heat output to water. It is the seasonal efficiency that determines
the energy consumption and fuel cost of the boiler installation over a com-
plete heating season, and its carbon emission. For the present purposes we
can represent seasonal efficiency simply as:

(3.8)

where seasonal heat output is in kWh; seasonal fuel input is in m3 (gas) or
litres (oil); calorific value is in kWhm-3 (gas) or kWhl-1 (oil).

Since calorific value is a term in equation 3.8, any given value of seasonal
efficiency must be referred to either GCV or NCV, and the factors given in
equations 3.3 and 3.4 will allow conversion between values referred to either
calorific value.

The value of the overall efficiency that is typically available to the designer
or specifier of a boiler installation is the full-load value, which assumes that
the boiler is operating continuously at full burner output. In an actual instal-
lation, however, this will represent boiler operation for a relatively small pro-
portion of the potential heating season (and for virtually none of it, excluding
pre-heat periods, in an oversized single-boiler installation). The seasonal effi-
ciency takes into account any effects that result because a boiler installation
spends almost all of its operating time annually satisfying a heating load that
ranges from being substantially less than the design value to very substan-
tially less, and which may vary widely over this part-load range from day to
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day or even hour to hour. These effects will particularly include the cycling
of burners. Typically the seasonal efficiency will be influenced to greater or
lesser extent by boiler oversizing, type of burner control and the configura-
tion of the boiler plant, i.e. the number and size of the capacity steps that it
offers. Sequenced multiple boilers, modular boiler systems, modular boilers
and modulating burners offer HVAC designers the potential to maximise 
seasonal efficiency by matching the heat output from the boiler(s) as closely
as possible to the heating load at all times. Boiler sizing and the control 
techniques for matching boiler output to demand are considered further in
Chapter 9.

3.9 Carbon intensity
From 1 April 2002 new central boiler plant installed in England and Wales
is typically required by legislation to meet a new performance criterion, that
of carbon intensity (CI). The definition of ‘new’ boiler plant refers to the
boiler plant and not to the application. Hence the replacement of existing
boiler plant will typically also be subject to this requirement. Carbon 
intensity is measured in kg of carbon per kWh of rated boiler output 
(kgCkWh-1), and is defined by the expression:

(3.9)

where CEF = carbon emission factor for the boiler fuel, defined as the carbon
emitted in kg per kWh of delivered fuel consumed (kgCkWh-1); ht = gross
thermal efficiency of the boiler, expressed as a decimal fraction (i.e. kWh of
heat output per kWh of delivered fuel).

The carbon intensity of the boiler plant must be assessed under two con-
ditions of boiler output. The first of these is at 100% of the combined rated
outputs of all boilers in the installation. The second is at 30% of their com-
bined rated outputs. The limiting values of carbon intensity that must be met
or bettered in each case are:

• At 100% of the combined rated boiler outputs, CI ≤ 0.068 (kgCkWh-1)
for firing with natural gas, CI ≤ 0.091 (kgCkWh-1) for firing with other
fuels

• At 30% of the combined rated boiler outputs, CI ≤ 0.065 (kgCkWh-1) for
firing with natural gas, CI ≤ 0.088 (kgCkWh-1) for firing with other fuels.
These values represent a c.5% reduction on the full-load case.

In both cases the value of ht is that for continuous operation at the full rated
output of the boiler. In the simplest case when a new or replacement boiler
plant comprises several identical boilers the value of CI is equal to CEF/ht.
With a prescribed value of 0.053kgCkWh-1 for the CEF of natural gas, a
minimum value for ht of 0.78 will satisfy the requirement for a maximum CI
of 0.068kgCkWh-1 at the full output of the plant, while a value of 0.815
will satisfy naturally both this and the requirement for a maximum CI of
0.065kgCkWh-1 at 30% of full output. Where all the boilers in the installa-
tion cannot achieve a value of 0.815 or better for ht, the CI criterion at 30%
output may be met by selecting one or more boilers of higher efficiency (such
as a condensing type, for example) to provide lead boiler capacity equal to
at least this output.
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In some instances where the carbon intensity criterion cannot be met, the
opportunity may exist to offset an increased carbon emission per kWh of
output from the boiler plant by a reduction in the total number of kWh
required. This is achieved by reducing the thermal transmittance of the build-
ing fabric by the ratio (limiting value of CI/actual value of CI). This may not
of course be practical where the replacement of existing boiler plant is 
concerned.

3.10 The needs of the boiler installation
Boilers have a variety of needs which must be met if they are to function
effectively and efficiently as heat generators for the space and water heating
systems they serve. Principally these needs concern:

• Hydraulic stability
• Return water temperature
• Pressure in the boiler circuit
• Fuel supply
• Ventilation of the boiler plant room
• Water treatment.

Each of these needs is considered in the remaining sections of this chapter.
Since satisfying the boiler’s needs for hydraulic stability and the maintenance
of a minimum return water temperature rely heavily on the use of appro-
priate circuiting and control techniques (subjects dealt with in Chapter 10),
they will only be briefly introduced at this stage.

3.11 Hydraulic stability
The low water content of modern boilers makes them relatively sensitive to
changes in the rate of water flow through them. While reductions or restric-
tions in flow rate are typically the greatest cause for concern, manufacturers
typically also caution against allowing flow rates that are significantly in
excess of the design value. Major reductions in the water flow rate through
a boiler may ultimately risk thermally overstressing the block or heat
exchanger, while smaller changes may have undesirable effects on its control
or the control of the heating system it serves. Boilers like a constant water
flow rate, but in the absence of this they must have a minimum water flow
rate at all times.

The boiler’s needs in this respect should be dealt with at two levels. At the
first level is the use of appropriate circuiting and system control techniques,
and these are considered in Chapter 10. It is worth noting that this must
include managing intentional shut-downs of water flow through a boiler,
since no change can be bigger and this is one type of major change that all
boilers will be subjected to. At the second level are the actual piping arrange-
ments to individual boilers. For single boilers these are straightforward.
Where multiple boilers are piped in parallel the reverse return arrangement
is the preferred means of connecting the boilers into whatever circuiting
arrangement is adopted. While such an arrangement adds slightly to the
extent of the boiler pipework, it should obviate the need to provide flow
measurement and regulating facilities to each individual boiler where these
have identical hydraulic characteristics. Where, for any reason, multiple
boilers may not be piped in a reverse return configuration, individual flow
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measurement and regulating facilities will be necessary to ensure that design
water flow rates are achieved through each boiler.

3.12 Return water temperature
It is typically undesirable for a conventional (non-condensing) boiler to
operate for substantial periods with a return water temperature below
approximately 55°C for firing with natural gas, and below approximately
60°C for firing with oil. If it is allowed to do so, accelerated rates of corro-
sion and deterioration of the boiler may be expected. These temperatures are,
of course typical. Manufacturers should always be consulted for guidance
concerning their own particular products. Particular designs may in some
instances have less stringent requirements. Indeed there are instances where
manufacturers state that there is no requirement for a minimum return water
temperature. Undoubtedly a suitable construction to achieve this will carry
a cost premium.

The boiler’s needs in this respect are typically dealt with by the use of
appropriate circuiting and control techniques, which are considered in
Chapter 10. For the purposes of the present discussion it is simply worth
noting that potentially the greatest risk of prolonged boiler operation at low
return water temperature exists during start-up of the installation, and that
this period will be greatly extended if the boilers must gradually bring both
themselves and the whole heating system up to temperature at the same time.
It is therefore desirable for the boilers to first heat themselves up as quickly
as possible, in order to minimise the time during which they are exposed to
the formation of condensate within the boiler ‘block’ or heat exchanger.
Mixed installations of condensing and non-condensing boilers may also
require specific circuiting and/or control arrangements to protect the non-
condensing units. This aspect is again considered in Chapter 10.

3.13 Pressure in the boiler circuit
In the UK, considerations of health and safety in the workplace require that
a minimum temperature difference of 17K is maintained between the tem-
perature at which the boiler control thermostat operates to stop firing of the
burner and the temperature of saturated steam corresponding to the pressure
in the heating system pipework at its highest point above the boiler. This
description does not purport to match exactly the wording of the guidance
from the UK Health & Safety Executive4, but it is nevertheless a practical
implementation of it that is typically made by HVAC designers.

The approach typically adopted in the design of heating systems is to fix
the design flow and return temperatures for the boiler according to the general
design strategy adopted for the application, and then to pressurise the instal-
lation to achieve the level required for the 17K temperature margin. The
latter is commonly referred to as the anti-flash margin, since it is designed to
prevent the inadvertent ‘flashing’ of the boiler flow water into steam as a
result of a reduction in its pressure. The risk of this occurring will typically
be greatest at the highest point in the installation. The pressurisation will 
typically be achieved either by employing the system feed and expansion tank
to provide an appropriate static head of water (in an ‘open’ heating system),
or by the use of a pressurisation set (in a sealed heating system). For the pur-
poses of the following discussion it will be assumed that we are dealing with
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a boiler plant located in a roof plant room, where the flow connection to
each boiler is the highest point in the heating system pipework.

In the case of a single-boiler installation the gauge pressure to which the
system should be pressurised is determined at a temperature equal to (design
boiler flow temperature + 17K). The setting of the boiler high-limit thermo-
stat will typically be 6–7K less than this. A glance at steam tables2 will show
that design boiler flow temperatures up to 83°C will not generate a positive
gauge pressure to be applied to the system according to this criterion, and
minimum values of 0.2 bar (gauge), or 2m static head, are therefore applied.
Design boiler flow temperatures above approximately 88°C will yield require-
ments above these minimum values.

In the case of multiple-boiler installations the gauge pressure to which the
system should be pressurised is determined at (design mixed flow tempera-
ture in the boiler primary circuit + 17K + the design temperature rise across
each boiler). The boiler high-limit thermostat will again be set 6–7K below
this temperature. The additional temperature difference term has been intro-
duced since in multiple-boiler installations the control thermostats of each
individual boiler will typically have an increased setting to allow a remote
controller to sequence burner firing. This means that for a design mixed flow
temperature of 82°C and boiler temperature rise of 11K, a minimum pres-
sure of approximately 0.42 bar (gauge) will always have to be applied to the
system. In the event that the water flow rate through each boiler can vary,
the worst-case temperature rise should be used.

Up to this point our consideration has been limited to the maintenance of
a minimum pressure in the boiler circuit. The risk of excessively high pres-
sures occurring must also be mitigated. Two provisions are typically made in
this respect. The first provision differs according to whether the boiler is
installed in an open or sealed system. If the former is the case, each boiler
that can be individually isolated is provided with an ‘open vent’ connection
that comprises a section of pipe that branches off the flow pipework from
the boiler and rises vertically to discharge over the heating system feed and
expansion (f & e) tank. In the event of inadvertent isolation of the boiler or
total failure of the control and high-limit thermostats, an escape path is avail-
able for any steam generated to discharge harmlessly to atmosphere over the
f & e tank. The open vent connection must naturally be made between the
boiler and any valve that can isolate the flow from the boiler. In multiple-
boiler installations each boiler may be connected to a common vent pipe; via
a three-way vent cock. The three ways for fluid into and out of this device
(one in and two out) may be configured in two positions. One of these con-
nects the boiler flow to the common vent pipe; the other isolates it from this,
while opening an alternative vent path to atmosphere local to the boiler 
(typically piped to low level adjacent to the boiler). In any event the open
vent pipe must rise a sufficient distance above the surface of the water in the
f & e tank to ensure that heated boiler flow water is not wastefully discharged
into the tank under any normal operating condition. Naturally in the case of
sealed heating systems no boiler open vent is possible. In lieu of this a safety
circuit provides for the pressurisation set to shut down the boiler on sensing
high-limit and low-limit pressures (the former indicating a limiting over-
temperature condition, while the latter is indicative of serious water leakage
from the installation), and to inhibit further firing of the burner until this
safety circuit has been manually reset.

The second provision is required irrespective of whether the installation is
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open or sealed, and requires that each boiler that can be individually isolated
is provided with a safety (pressure relief) valve. As its name suggests, the
purpose of this device is to relieve excessive pressure in the boiler, and it is
the last line of protection against explosion in the event that a boiler has been
isolated while the open vent connection is blocked for any reason, and yet is
still allowed to fire. Safety valves typically lift against the pressure of a spring,
which is either pre-set and non-adjustable or set and subsequently locked to
prevent casual or inadvertent tampering. Modern safety valves typically
employ non-stick valve seats, and those in larger installations typically include
a manually-operated quick-release. The safety valve may be installed off the
flow pipe from the boiler, but again it must not be possible to isolate the
boiler from the safety valve. It is fairly self-evident that the discharge from a
boiler safety valve should be made to a location that is both safe and visible.
The requirements for, and sizing of, both boiler open vents and safety valves
are prescribed by British Standards, while guidance based on these is given
in the Guide published by the Chartered Institution of Building Services 
Engineers (CIBSE)5.

The maximum pressure to which the boiler may be subjected during normal
operation, as a result of the effects of static head of water, system pressuri-
sation and pump pressure, must also fall within its design envelope. Many
cast-iron and steel boilers are designed for a maximum operating pressure in
the range 4–6 bar (400–600kPa) gauge.

3.14 Fuel supply
3.14.1 Natural gas

Where boilers are fired on natural gas the requirements for fuel supply are
typically straightforward. Beyond the provision of an incoming supply of gas
to the installation that is of adequate capacity and suitably metered, the
pipework carrying the gas from the meter to the boilers must be sized to con-
strain the pressure drop along its length (up to the connection to the burner
gas line) to a maximum of 1mbar (100Pa). Strictly-speaking, this ‘1mbar’
requirement applies to a low-pressure supply of natural gas that is metered
at a design pressure of 21mbar, which probably represents the majority of
commercial building services applications. Where the supply is normally
metered at a design pressure in excess of 21mbar, the limiting pressure drop
is 10% of the design pressure. All pressure drops are, of course, taken at the
maximum volume flow rate of gas in the pipework. It is not within the scope
of the present text to consider in detail the design of natural gas pipework
installations, which are naturally subject to other constraints (for example,
maximum velocities for the flow of gas in pipes and venting requirements for
ducts, voids and risers that may form a route for pipework), statutory regu-
lations, recommendations and considerations of good practice6.

Additional requirements will arise, however, where the pressure drop con-
straint cannot be met either using economic pipe sizes or within the available
space. Under such circumstances the pressure available at the outlet from the
gas meter must be raised or ‘boosted’ to permit a practical pipework instal-
lation to be achieved. The supply pressure is raised by a gas booster that is
installed between the gas meter and the boilers (Figure 3.13). In modern
building services applications the gas booster is typically supplied as a fully-
functional packaged unit or gas booster set. The heart of the booster set is a
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compressor driven by an electric motor, while other essential features include
a bypass around the compressor (incorporating a pressure relief valve) and a
non-return valve that is located upstream of the compressor and its bypass.
The latter ensures that pressure surges or pulses are not transmitted back
towards the meter or to any non-boosted supplies taken from the installation
upstream of the booster set. Where fluctuations in the outlet pressure from
the gas booster set may cause problems to the burners, or where the chang-
ing supply requirements of the burners may pose problems for the booster
set itself, the basic scheme of Figure 3.13 may be extended by incorporating
a gas receiver on the high-pressure side of the compressor. This high-pressure
receiver should be provided with a safety (pressure relief) valve that dis-
charges to atmosphere outside the building, a pressure gauge and a conden-
sate drain cock.

Control of the gas booster set is typically effected via pressure (cut-out)
switches located on either side of the set. The pressure switch on the upstream
(meter) side of the booster set is arranged to shut down the compressor if a
specified low-limit value of the gas supply pressure is reached. Manual reset
of this control circuit will typically be required. While the pressure switch on
the upstream side of the booster set is an essential feature of the installation,
that on the downstream (boiler) side is intended to prove that adequate gas
pressure is available for operation of the burner’s own automatic firing
control, and is therefore recommended rather than mandatory practice. As is
the case generally when packaged equipment is employed, it is incumbent on
the designer or specifier of the installation to confirm that the equipment 
complies with all necessary standards, statutory or other approvals and good
practice recommendations. It is also particularly important to ascertain any
items that the packaged equipment may not provide, and yet which may be
essential to achieve a fully-functioning installation.

Where a gas booster handles most or all of a low-pressure gas supply, addi-
tional provisions may be required to avoid repeated nuisance cut-outs that
may be caused if a transient low supply pressure condition is induced by the
starting of the compressor itself. The manufacturer should always be advised
of the nature of the environment in which the gas booster set will be required
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to work, and this should include both the supply pressure available from the
meter and the proportion of the total incoming gas supply that is to be
handled by the set. The utility responsible for operation of the gas supply
network should also be consulted regarding any proposed use of a gas
booster.

Where a gas booster is employed, the constraint on pressure drop between
the meter and the boilers is then applicable to the extent of pipework between
the meter and the booster set. Boosting of the gas supply pressure may also
be required if there are special requirements for the gas pressure to the burners
in a particular installation. Since this is most likely to occur in very large
installations, which are likely to have a correspondingly high annual con-
sumption of natural gas, it may be both possible and preferable to negotiate
a gas supply at an appropriate design pressure.

The other principal component of a natural gas supply to a boiler instal-
lation is an emergency gas shut-off and isolation valve or fire safety shut-off
valve. This is installed in the main gas supply pipe serving all the boilers, typi-
cally at a point within the plant room, and is in addition to all requirements
for the manual isolation of the gas supply to the boiler installation as a whole
and to individual boilers. The gas emergency shut-off valve is typically a sole-
noid type that fails closed if the power supply to the valve is interrupted for
any reason. Closure of the valve is activated by heat detectors located above
the burner of each boiler, by emergency manual ‘knock-off’ or ‘panic’ buttons
at each point of entry/exit from the plant room, and on activation of the
building fire alarm system. It should be borne in mind that the pressure drop
associated with the gas emergency shut-off valve may represent a significant
proportion of the 1mbar available for the sizing of a non-boosted gas supply.
Formerly gas emergency shut-off valves were also employed that were
mechanically closed by the release of a substantial ‘deadweight’. In normal
circumstances this type of valve was kept open by a taut steel wire that ran
above the burners of each boiler. Links of a low-melting point metal alloy
joined sections of this wire together above each burner. In a fire situation one
or more of these alloy links would melt or fuse under the heat (hence they
were termed fusible links), releasing the ‘deadweight’ to close the emergency
shut-off valve. However, this type of valve tends not to be favoured for
modern boiler installations since at the crucial time of operation the mechani-
cal action may be adversely affected by friction or corrosion that has passed
unnoticed. Additionally this type of emergency shut-off valve is inherently of
the normally-open type, whereas solenoid valves are of the normally-closed
type that is typically preferred in modern design practice. Where the gas emer-
gency shut-off valve is located outside the plant room in which the boilers
are installed (as, for instance, closely downstream of a gas meter that serves
the whole building), any nuisance activation of the valve by the boilers may
adversely affect other users of gas in the building. This will particularly be
true if a gas supply used for catering loads is also shut down. It is a situa-
tion which has sometimes been encountered in speculative office develop-
ments that are subsequently fitted-out to a tenant’s requirements that include
the introduction of staff catering facilities.

In the UK an enhanced approach towards the metering of energy con-
sumption within buildings is embodied within revisions of the Building 
Regulations which were introduced on 1 April 2002. This approach is likely
to require that, where the gas supply to a building serves loads other than
the heating boilers, the gas consumption of the boilers can nevertheless be
independently metered or deduced. This is, in any event, good practice in
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respect of monitoring and managing the energy use of a building. Techniques
for monitoring and targeting (‘M & T’) of building energy use are consid-
ered in Chapter 11.

3.14.2 LPG
Where boilers are fired on LPG (propane or butane) the requirements for fuel
supply are considerably more extensive than for natural gas. Most funda-
mentally, bulk storage of LPG is required, and a minimum capacity for six
weeks’ operation at maximum load is recommended to allow an adequate
reserve against an extended period of cold weather7. LPG installations are
likely to remain a relatively rare occurrence for most HVAC designers dealing
with commercial building services applications. In the UK the installation
must comply with a range of health and safety, gas safety and building 
regulations, and the requirements of the LPG supplier. The latter should
always be consulted at an early stage if an LPG installation is considered, and
their recommendations and advice both listened to and heeded.

We have already seen that LPG has a higher calorific value than natural
gas, and hence lower volume flow rates of gas will be required for a given
burner heat output. Low-pressure supplies of LPG are typically regulated to
a higher design pressure than for natural gas, nominally 28mbar for butane
and 37mbar for propane, with a pipework pressure drop constraint of 2.5
mbar.

LPG may be chemically reactive with some materials. In the gaseous state
it is flammable at low concentration (c.2–11% of gas by volume), and any
accumulated leakage represents a risk of fire and explosion. LPG installations
within buildings should therefore be gas-tight. When handling LPG, the
‘acceptable’ leakage is zero. Since LPG is denser than air, any leakage will
accumulate at low level until physically dispersed. Moreover, the gas will sink
down through any gaps or openings into low-lying spaces and voids, such as
ducts or drains. Hence gas detection systems should be fitted in LPG boiler
installations, with detectors positioned both adjacent to the burner and at
low level in the plant room. On the other hand, if LPG is employed in a ‘high-
rise’ application, the effect of altitude (Chapter 2, section 2.4.4) must be taken
into account when sizing the gas pipework and determining appropriate test
pressures.

LPG storage tanks are pressure vessels. These are typically cylindrical in
form (horizontal or vertical), and in commercial heating applications will
generally form a static installation. While LPG storage tanks will incorporate
safety (pressure relief) valves, venting of any tank contents is both highly
uneconomic and environmentally unacceptable, and such valves are strictly
for ‘last-resort’ emergency protection. It will typically be advantageous for
inspection and maintenance (although more expensive) if the required storage
capacity is provided by two smaller tanks in lieu of a single larger tank. It
must therefore be possible both to isolate individual tanks and to positively
confirm when they are empty. LPG storage tanks are never completely filled,
and this must therefore be taken into account when determining the amount
of space required for the tankage necessary to provide the desired storage
capacity of LPG. Filling ratios are specified by British Standards and are
defined as the ratio of the maximum mass of LPG allowed within the tank
to the mass of water that would fill it at 15°C. In small installations indi-
vidual portable LPG vessels may be connected into a static site installation
that basically comprises a multi-tank pipe manifold incorporating an 
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auto-changeover device to ensure that the supply of gas is not interrupted
when the contents of an individual vessel are exhausted.

LPG tanks are positioned away from the building to avoid the risk of over-
heating in the event of a building fire. Increasing the temperature of the LPG
within the tanks will naturally raise its pressure. Ambient temperatures in the
UK are typically high enough to cause vaporization of the LPG once it leaves
the storage tanks. The larger the capacity of the tanks, the further away from
the building they must be sited and the greater must be the spacing between
tanks (minima of 7.5m away from the building and 0.9m between tanks for
tank capacities in the range 2.25–9m3, while these values increase to 15m
and 1.5m respectively for tanks that exceed this capacity7). LPG pipework,
which may typically be of small diameter, will generally need to run below
ground between the external storage tanks and the building. Since any leakage
of the heavier-than-air gases into recessed or underground pipe ducts will not
be self-venting, it will be preferable that the pipework is simply buried at an
appropriate depth and suitably protected against corrosion if and as neces-
sary. The LPG supplier should be consulted regarding the use of appropriate
materials for pipework, fittings and jointing (although the zero-tolerance to
leakage of LPG will naturally favour as few joints as possible). The storage
installation must provide the pressure reduction necessary to suit the require-
ments of the burners.

In bulk storage installations LPG is delivered by road tanker, and it is essen-
tial not only that the storage tanks are closely accessible to the size of vehicle
that the LPG supplier will employ, but that the delivery driver can keep his
vehicle in sight at all times during the filling of the tanks. Since in the gaseous
state LPG will tend to accumulate and ‘hang’ at low level, it is typically not
the practice to ‘bund’ LPG storage tanks. In the event of leakage from the
tanks the bund walls may trap the heavier-than-air gases. Similarly, LPG tanks
should not be placed within or beneath any man-made or natural enclosure,
including trees. The temptation to improve the appearance of the site by
enclosing the storage tanks with close-boarded fencing or dense shrubbery
must therefore be avoided.

As in the case of natural gas, an emergency gas shut-off and isolation valve
or fire safety shut-off valve should be installed in the LPG supply line within
the plant room and at a point where it will shut off the supply of LPG to all
the boilers served. Installation of the emergency shut-off valve is again in
addition to all requirements for the manual isolation of the LPG supply to
the boiler installation as a whole and to individual boilers. In modern instal-
lations the emergency shut-off valve is typically a normally-closed (fail-safe)
solenoid type. While shut-off is generally activated as described for a natural
gas installation, it should also occur on activation of the gas detection system.

Finally it is particularly important that operating and maintenance per-
sonnel should be familiar with all the characteristics of LPG. If skin contact
is made with leaking LPG at close quarters, ‘freeze burns’ are likely to result.
Anyone who has ever filled a gas cigarette lighter and felt the effect of the
escaping liquid gas should have an appreciation of a relatively mild and harm-
less form of this effect.

3.14.3 Oil
Oil-fired boiler plant requires bulk storage of fuel, and the design of the instal-
lation depends on the grade of fuel oil that is to be used. These grades range
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from ‘C’ to ‘H’ for fuel oil derived from petroleum and are supplemented by
various grades of coal tar fuel derived from the distillation of coal. The former
are defined by British Standard BS 2869: 19838, while the latter are defined
by British Standard BS 1469: 19629. It is now unlikely that any grade of 
coal tar fuel will be encountered in a typical commercial building services
application in the UK. Of the petroleum-derived fuel oils, grades ‘C’ and 
‘D’ (kerosene and ‘gas oil’) are termed distillate fuels, while grades ‘E’ to
‘G’(respectively ‘light’, ‘medium’ and ‘heavy’ fuel oil) are termed residual
fuels. Grade ‘H’ is typically only applicable to heavy power generation or
industrial applications. Grade ‘D’ fuel oil is also sometimes referred to as ‘35
sec oil’, which relates to a former specification of its viscosity as 35 seconds
Redwood, and in the UK it is easily recognizable since it is dyed a red colour
to the requirements of HM Customs and Excise. Since the sulphur content
of the fuel oil increases drastically for grades beyond ‘D’ (by over four times
for grade ‘E’, and in excess of four-and-a half times for grades ‘F’ and ‘G’),
the emission of sulphur dioxide that results from their combustion is simi-
larly increased. If for no other reason than this, it is very unlikely that the
use of any of these fuels would (or even should) realistically be given cre-
dence for even a very large modern commercial building services application
in the UK. Since in general the ‘heavier’ the grade of fuel, the more specific
are its storage and handling requirements, we will in general confine our con-
siderations to the distillate fuels, grades ‘C’ and ‘D’.

A minimum (actual) storage capacity of three weeks’ consumption at
maximum load or the content of a normal fuel delivery plus two weeks’ con-
sumption at maximum load, whichever is the greater, is recommended10. Oil
storage tanks are typically constructed from welded mild steel and may be
rectangular or cylindrical (vertical or horizontal). Tanks are typically sup-
ported by steelwork (joists for rectangular tanks, cradles for horizontal cylin-
drical types) that span low-height ‘sleeper’ walls. Standard types, construction
methods and installation details for oil storage tanks are defined by British
Standard, and for the interested reader the principal requirements are sum-
marised in Section B13 of the Guide published by the Chartered Institution
of Building Services Engineers10. In the case of oil storage tanks it is essential
that the installation is ‘bunded’ to provide a ‘catchpit’ that is impervious to
the passage of oil, and that this is both large and strong enough to contain
the full holding capacity of the tank(s) in the event of catastrophic leakage.
While the catchpit may not contain any permanent drainage, it must be 
possible to remove the accumulated rainwater that will inevitably occur in
an external tank location in the UK climate. Adequate space should be pro-
vided to allow periodic inspection of the complete perimeter of all oil storage
tanks. In very large installations oil storage tanks may be installed under-
ground (within or external to the building), and may be of reinforced con-
crete construction with a suitable oil-resistant lining. Steel tanks should not
of course be buried in direct contact with the earth, since corrosion is likely.
In any event, the ‘flotation’ effect of ground water on a buried oil storage
tank must be considered (especially when the contents of the tank are low),
and suitable anchorages provided.

All oil storage tanks must be provided with a suitable vent pipe, which will
terminate in a downward-facing bend with wire mesh grille to shield it from
the potential ingress of rainwater, dirt and debris, or small birds and large
insects. The tank vent pipe must rise continuously, and preferably steadily, to
its termination without any ‘dips’ that could act as traps for liquid to either
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restrict or prevent the safe venting of oil vapour. While it is naturally desir-
able to dissipate fuel odours that may develop during filling of the tank, if
the vent pipe must rise to an excessively high level to achieve this, the tank
may be unduly pressurised by the resulting static head of oil should an over-
fill condition occur. In such circumstances, to avoid damage to the tank that
might result in catastrophic leakage, it may be necessary to relieve a high-
limit pressure by a safety discharge into the catchpit. Oil storage tanks should
never be completely filled, in order to avoid a discharge of oil through the
open vent as a result of surging or ‘frothing’ of the oil within the tank during
the filling process, and the sizing of the tank should take this into account
for the actual storage capacity required. The air gap that therefore exists 
at the top of the tank, when the contents gauge indicates that the tank is 
full, is termed the ullage. It is typically a minimum of 100mm deep or the
equivalent of 5% of the total contents of the tank, whichever is the greater.
The oil supply outlet from the tank will similarly be taken from a minimum
level (c.76mm) above the base of the tank, in order to prevent water (which
is of course heavier than oil) and any dirt or sediment that has settled to the
bottom of the tank (the two will typically mix to form a sludge) from enter-
ing the oil supply line to the burners. Periodically this accumulation of sludge
must be removed from the tank and disposed of in an environmentally accept-
able manner (which is most definitely not into the local drainage system), and
the tank must therefore incorporate an appropriately-sized and valved outlet
for this purpose at its lowest point. Where oil is drawn from the storage tank
by pump, this may be done via a ‘foot valve’ that is immersed at low level
in the tank (but above the ‘sludge line’). In the UK, grade ‘C’ and ‘D’ fuel
oils are typically stored at ambient temperatures, and tank heaters are only
required for the ‘heavier’ grades.

Fuel oil is again delivered by road tanker. Both the oil fill point and the
vehicular access to it should be as close to the tank as is reasonably practi-
cal. In any event the delivery vehicle will require access to within a maximum
of 30m from the fill point. While it should be possible for the driver to keep
the storage tank clearly in view throughout the filling operation, a visual and
audible overfill alarm should in any event be provided to alert the operator
when the tank is full.

Additional storage requirements arise where an oil-fired boiler plant is
located in a roof plant room. In such circumstances the main storage remains
at or below ground level, while the short-term needs of the boilers are taken
care of by an additional local storage or daily service tank in the roof plant
room. For safety reasons (fire risk) the maximum capacity of this high-
level storage is typically limited, and oil must therefore be frequently trans-
ferred from the main low-level storage by a system of automatic pumping.
Duplicate transfer pumps (run and standby) are essential, and the high-level
oil tank must be provided with an overflow pipe that drops down the 
building to discharge into the main low-level storage tank. A catchpit that 
is impervious to oil must also be formed within the roof plant room that 
can accommodate the contents of the day tank in the event of catastrophic
leakage.

The oil distribution system from the storage tank(s) is typically one of three
principal types. The simplest and most straightforward of these is the single-
pipe, gravity-fed system (Figure 3.14a), which is therefore to be preferred
wherever its use is practical. The oil supply line will typically include both a
filter to remove any sludge drawn from the tank and a non-return valve to
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prevent any tendency for oil to drain back from the burner (which will 
typically be a pressure-jet type with its own oil pump) when it stops firing.
Some boiler manufacturers recommend that air venting of the oil line is pro-
vided between the filter and the burner, either by a dedicated vent valve or
by a combined filter and vent valve. As in the case of natural gas, an emer-
gency oil shut-off and isolation valve or fire safety shut-off valve should be
installed in the oil supply line within the plant room, and at a point where
it will shut off the oil supply to all the boilers served. Installation of the emer-
gency shut-off valve is again in addition to all requirements for the manual
isolation of the oil supply to the boiler installation as a whole and to 
individual boilers. In modern installations the oil emergency shut-off valve is
typically a normally-closed (fail-safe) solenoid type, and shut-off is activated
as described for a natural gas installation. Where oil-fired boilers are installed
in a roof plant room, the emergency shut-off valve will be installed in the oil
supply line from the daily service tank, and the pumps transferring oil to this
tank from the main low-level storage should also be shut down both on
closure of the emergency shut-off valve and on general fire alarm. The chem-
ical characteristics of the fuel oil used may have implications for the materi-
als employed in the oil supply line. Black mild steel pipework with either
malleable cast-iron or wrought iron fittings is typically favoured. Copper tube
may be suitable for grade ‘C’ fuel oil, but its use for other grades should be
confirmed with the prospective fuel supplier since copper contamination may
degrade some fuel oils. The use of brass and alloys of copper and zinc is not
typically acceptable, and oil does not ‘mix’ with most natural or synthetic
rubber products. Where the oil supply line must run external to the building
it is essential to minimise the risk of leakage from pipework leading to 
contamination of soil, watercourses and the local water table.

Where oil cannot flow to the burner by gravity, a two-pipe system should
be used (Figure 3.14b). In this case oil is drawn from the storage tank by the
suction of the burner’s oil pump. Boiler or burner manufacturers will advise
on the maximum suction lift that can be accommodated where it is necessary
for the storage tank to be located below the level of the burner. Problems
may be experienced in two-pipe systems due to a loss of ‘prime’ by the burner
oil pump, which leads to a delay in establishment of the combustion flame
and a nuisance tripping of the burner’s flame-failure protection circuit. Sizing
of the two-pipe system is therefore important in achieving satisfactory 
operation. An undersized oil supply line will generate excessive suction pres-
sures, while an oversized line will increase the quantity of oil subjected to
suction conditions that tend to cause air and any other dissolved gases in the
oil to come out of solution. The air and/or gases thus released from solution
in the oil will ultimately tend to collect in the burner pump and again cause
nuisance tripping of the flame-failure protection circuit when establishment
of the flame is delayed. Since the oil supply line is under suction pressure,
any minor leakage at joints and fittings, particularly where these are of
screwed type, will tend to be of air into the oil line, rather than of oil out of
it, and consequently will be very difficult to trace.

In large multiple-boiler installations employing the ‘lighter’ distillate grades
of fuel oil (grades ‘C’ and ‘D’), or where the boilers are remote from the
storage tank, a pumped ring main system may be used (Figure 3.14c). In such
systems oil is drawn from the storage tank into the circulating pipework ring,
but unused oil is not returned to the storage tank. Where a ring main is
employed the oil emergency shut-off and isolation valve will be installed in
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the oil supply line between the outflow from the storage tank and its junc-
tion with the ring main.

Where the ‘heavier’ grades of residual fuel oil (grades ‘F’ and ‘G’) are
employed, a complex ‘hot oil’ ring main system will typically be required in
any situation, with the temperature of the stored fuel oil (c.40°C for grade
‘G’ oil) raised for pumping (to c.50°C for grade ‘G’ oil) on leaving the storage
tank. The temperature of the oil may subsequently be further increased to
near its burner atomizing temperature by ‘line heaters’ installed downstream
of the pumps in the ring main. The pipework of the ‘hot oil’ ring main will
be both thermally insulated and trace heated, and safety (pressure relief)
valves will be required to relieve excess pressure in the event that pipework
is inadvertently isolated while trace heating continues.

Where oil firing of boilers is proposed, the fuel storage and distribution
installation should be discussed with both the prospective boiler (or burner)
manufacturer and the fuel supplier at an early stage, and the approval of each
should be sought for the final design of the installation.

3.15 Ventilation of the boiler plant room
Ventilation of the boiler plant room is necessary for two reasons. The first is
naturally to ensure that an adequate supply of combustion air is available for
the efficient and safe operation of the boilers themselves. The second reason
is to limit overheating of the plant room and its equipment. This is particu-
larly important in modern plant rooms that may contain, in addition to the
boilers themselves and various other mechanical plant and equipment
(pumps, fans, etc.), sophisticated control and electrical switch panels. Even
in mild winter weather, the ambient temperature is at least relatively low, and
the ventilation air can therefore pick up a fairly substantial amount of heat
(approximately 12kW per m3 s-1 of volume flow rate at a temperature rise 
of 10K). In principle the worst case for the ventilation requirement may 
reasonably appear to be where the boiler installation must operate during
summer months of high ambient temperature, for example to satisfy domes-
tic hot water heating. However, in an efficiently-configured installation the
proportion of the plant required to service this load should be substantially
reduced, and with it the heat gain to the plant room. The mid-season (spring,
autumn) condition may therefore require the greatest flow of ventilation air.

Combustion air requirements are ultimately based on the combustion
chemistry of the common boiler fuels, although where boilers employ atmos-
pheric natural gas burners, account must also be taken of the additional
induction of plant room air that will occur at the draught diverters. The 
Building Services Research and Information Association (BSRIA)11 notes the
combustion air requirements for boiler plants with rated heat outputs in the
range 100kW–1MW as varying from 90 l s-1 per 100kW rated output for an
atmospheric natural gas burner employed with a draught diverter (60 l s-1 per
100kW without draught diverter), to 45 l s-1 per 100kW rated output for a
fan-assisted or forced-draught natural gas burner and 50 l s-1 per 100kW for
a pressure-jet oil burner (both without draught stabilisers). The ventilation
requirement for limiting the maximum temperature reached in the boiler
plant room to an acceptable level is based on standard HVAC design prac-
tice for determining both heat gains and losses and the sensible heat pick-up
of a volume flow rate of air. In the UK the Guide published by the Chartered
Institution of Building Services Engineers (CIBSE) gives recommendations on
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the supply of combustion air and a method for the detailed assessment of the
ventilation requirement12. Within the UK, Building Regulations have typically
only considered gas-fired boilers with rated heat inputs of up to 60kW, 
and oil-fired boilers with rated heat inputs up to 44kW. However, British
Standard BS 664413 prescribes requirements for the provision of combustion
and ventilation air to gas-fired hot water boilers with rated heat inputs
between 60kW and 2MW, while Part 2 of British Standard BS 5410 con-
siders the requirements of oil-fired boilers of rated heat input 44kW and
above14. The CIBSE method for assessing the ventilation requirement is based
on a limiting temperature of 32°C at ceiling level within the boiler plant
room, with temperatures in the range 21–27°C in the working zone, while
BS 6644 recommends slightly higher limiting values of 25°C at low level (100
mm above floor level), 32°C at mid-level (1500mm above floor level) and
40°C at high level (100mm below ceiling level).

In principle, and when the boilers are firing, the air supplied to the boiler
plant room for combustion leaves the plant room via the boiler flues (together
with any induction via draught diverters). Hence only the ventilation air needs
to be both supplied and extracted from the plant room. In the UK climate it
is not typically necessary to pre-heat the air supplied to the boiler plant room,
and it is therefore simplest, and generally to be preferred, if both air supply
and extract are achieved by natural means (Figure 3.15a). In any event, air
for both combustion and ventilation should be supplied at low level, with the
ventilation air extracted at high level. Due to the difference between the
supply and extract volume flow rates, the area of low-level openings will be
greater than that of the high-level openings. For natural ventilation the air
supply and extract openings should be permanent and fitted with purpose-
designed grilles or louvres that cannot (as far as is possible in practice) be
blocked inadvertently. Consideration should be given to the effects of wind
forces when positioning the ventilation openings. The air supplied to the
boiler plant room should be free of any significant sources of contamination,
including natural or man-made dust, fibres and (in particular among 
industrial-type pollutants) halocarbons. The air within the boiler plant room
should also not be subject to abnormal humidity levels. For natural ventila-
tion with gas-fired boilers, the requirements of BS 6644 for the free area of
ventilation openings are typically expressed as a base provision plus an 
incremental increase for each kW of input in excess of 60kW. Hence the
requirement for low-level openings is given as [540 + 4.5 (rated heat input –
60)] cm2, and for high-level openings as exactly half this or [270 + 2.25 (rated
heat input – 60)] cm2. It is essential that the rated heat input in these expres-
sions is based on the correct calorific value. The relationships used in BS 6644
were naturally derived at a time when the use of gross calorific value was
prevalent in the UK, and must therefore be based on GCV. If values of rated
heat input based on now-common values of net calorific value are used, the
free areas that result will be only approximately 90% of those actually
required. For particular boilers it may be possible to make a combustion air
connection directly from outside the boiler plant room to a physical connec-
tion with the boiler itself.

Where the required rates of air supply and extract cannot be achieved by
natural ventilation, the preferred strategy is to mechanically supply the com-
bustion and ventilation air to low level, while retaining natural extract from
high level (Figure 3.15b). There are two reasons for this. First, the boiler plant
room should not be placed under negative pressure, since this may interfere
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with the safe and efficient operation of the burners. This is particularly so
where atmospheric gas burners are employed, since a ‘suction’ that is estab-
lished along any air path out of the plant room other than through the boiler
will interfere with the induction of combustion air that is driven by the flue
draught. While less susceptible than atmospheric gas burners, fan-assisted and
forced-draught types will also be affected. Secondly, high-level natural extract
takes advantage of the convection forces that inherently exist within the boiler
plant room. To ensure that the plant room as a whole does not adopt a 
negative pressure relative to ambient conditions, it is recommended12 that the
mechanical supply is sized in excess of the combined combustion air and 
ventilation requirement by a minimum of 25%. A control interlock will be
required to ensure that no burner can fire unless operation of the mechani-
cal supply fan is proven.

Where even natural extract is not possible, a combined mechanical supply
and extract ventilation strategy must be adopted (Figure 3.15c). Here also it
is essential to avoid a situation in which the boiler plant room can adopt a
negative pressure with respect to ambient conditions, and a mechanical
supply sized at least 25% in excess of the combined combustion air and ven-
tilation requirement is again recommended12. Interlocking of burner opera-
tion with that of the mechanical supply and extract fans is again essential to
prevent the possibility of a burner attempting to fire in the absence of an 
adequate supply of combustion air.

The configuration and size of most boilers used in other than the smallest
commercial heating applications has traditionally precluded the use of so-
called ‘balanced flues’ that also provide a path for combustion air to the
boiler. However, the balanced-flue principle has been developed into the 
balanced-compartment system that provides both flueing of the boilers and
ventilation of the boiler plant room. This technique is considered further in
Chapter 5.

3.16 Water treatment
In the UK the incoming mains water supply to a building, which provides
both the initial fill for a heating system and its subsequent make-up require-
ments, typically contains dissolved mineral salts. These are not, of course,
harmful to human beings and do not affect the cleanliness or potability of
the water. However, while these mineral salts are dissolved in the water at
the temperature of the incoming mains supply, when heated to temperatures
above approximately 50°C, as in the familiar household kettle or in a heating
boiler, these mineral salts are converted to an insoluble form and precipitate
out of the water to form a scale on any surface in contact with the heated
water. In a heating system there are an abundance of such surfaces, specifi-
cally including the waterside surfaces of the boilers. Furthermore, since these
salts have a negative solubility constant (i.e. solubility decreases with water
temperature), there will be a tendency for most scaling to occur on the hottest
surfaces, which are naturally to be found on the waterside of the boiler block
or heat exchanger.

The concentration of dissolved mineral salts in the incoming mains water
supply to a building is measured, both qualitatively and quantitatively, on a
scale of water ‘hardness’, and varies according to the geology of the region
that is the source of the water supply. The principal dissolved minerals are
salts of calcium and magnesium, and the former is the main source of 
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problems in heating systems and boilers. Principal among the dissolved
calcium salts is calcium bicarbonate, Ca (HCO3)2, which is sometimes also
termed calcium hydrogen carbonate. This is an acid salt of the weak carbonic
acid that is formed by the dissolution of carbon dioxide in water. On heating
it is converted to calcium carbonate, Ca CO3, which has a low solubility in
water. This is the familiar white scale found in domestic kettles and, unfor-
tunately, frequently in heating systems and boilers. Quantitatively, the scale
of water ‘hardness’ is expressed in mg Ca CO3 per litre of water or mol Ca
CO3 per m3 of water. Since a ‘mol’ of a substance is its molecular weight in
g, and the molecular weight of Ca CO3 is 100, 1mol Ca CO3 per m3 of 
water is equal to 100mg Ca CO3 per litre of water. Qualitatively, we are
familiar with the terms ‘hard’ water and ‘soft’ water. Since calcium carbon-
ate is ‘chalk’, water sourced from such regions is typically ‘hard’.

The principal problem caused by scale is that it forms a layer on the water-
side heat transfer surfaces of the boiler block or heat exchanger. The thermal
conductivity of the calcium carbonate scale is approximately 1% of that of
carbon steel, and slightly less than this for cast-iron11. Scale therefore acts as
an insulating layer in the heat transfer path from the combustion gases to the
boiler water. As a layer of scale builds up on the water-side surfaces, the rate
of heat transfer is reduced and the fuel consumption of the installation
increases (more fuel is consumed in a heating season for the same size and
pattern of heating load). Important enough as this is, it may be more signifi-
cant for the continuing operation and ultimate longevity of the boiler that
the insulating layer of scale results in an increase in the temperature of the
metal in the boiler block. If the build-up of scale is sufficient, it may result
in thermal overstressing of the boiler metal and cracking of cast-iron sections,
or even in a degradation of the metal characteristics in areas subject to pro-
longed overheating. The parts of the boiler block that are most sensitive to
the effects of scale are areas that are subject to high thermal loading, in par-
ticular the surfaces of the combustion chamber that are exposed to radiant
heat from the flame, or to its actual impingement (itself, of course, undesir-
able). Boilers designed for high heat transfer rates with low water content are
therefore also more susceptible (e.g. modular boilers). Even if scale does not
continue to build up in a layer, but rather breaks away into the water flow,
it will subsequently tend to collect elsewhere in the boiler, typically at the
lowest points. Scale formation decreases the cross-sectional area of the water-
ways, and substantial formation will therefore tend to reduce water flow rate
through the boiler, further increasing the risk of overheating of the metal 
and also potentially affecting the operation of boiler sequencing controls.
Cast-iron sectional boilers are typically considered to be more tolerant to
some scale formation than fabricated steel boilers, in which cracking of tube
plates and tube ends are the potential consequences of scale-induced over-
heating and deformation of the boiler metal. Calcium carbonate is not, of
course, the only potential scale-forming deposit. Silicon-based compounds,
such as calcium silicate, may have a thermal conductivity only approximately
0.33% of that of carbon steel or cast-iron (i.e. only one-third of that of
calcium carbonate scale)11. Hence relatively thin layers of such deposits may
cause significant overheating of the boiler metal, yet remain difficult to detect
visually. Other mineral salts that may form deposits within a boiler include
calcium sulphate and calcium phosphate, although the thermal conductivities
of these are respectively c.5.3 and c.8.7 times that of calcium carbonate11.
One manufacturer of cast-iron sectional boilers estimates that a layer of scale
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as little as 1mm thick in the boiler can increase the fuel consumption of an
installation by 10%, while a layer 3mm thick may increase this to 25% and
be sufficient to cause premature boiler failure due to local overheating. Even
when reduced boiler flow and return temperatures are employed, the tem-
perature of the water boundary layer (immediately adjacent to the metal
surface of the boiler) will typically be high enough to cause scale formation.

Once the mineral salts within the heating system fill water have been pre-
cipitated out, scale formation from the initial fill of water will cease. All scale
is not, of course, formed immediately on the first heating of the fill water,
and the rate of scale formation may be expected to be rapid during the initial
few hours of burner operation, trailing off after that in a more-or-less expo-
nential fashion. However, every time new ‘make-up’ water is introduced into
the heating system from the incoming mains supply, whether to replenish
leakage or as a result of draining down and refilling associated with modifi-
cation work or the inspection and maintenance of plant and equipment, it
will bring with it additional mineral salts that will be subject to heating within
the boiler. If the water fill and make-up supply to a heating system is indi-
vidually metered, it is then possible to monitor water use by the installation,
and to identify any instances of excessive use that might otherwise have
passed unnoticed and to identify when additional chemical treatment of
system water may be required.

The presence of mineral salts in the initial water fill and subsequent make-
up water for a heating system is not the only cause of concern. Oxygen, from
air dissolved in the fill or make-up water, can cause ‘pitting’ or ‘grooving’
corrosion of both cast-iron and steel and the formation of a sludge (much of
which is a black substance called magnetite, Fe3O4, formed by secondary
chemical reactions associated with rusting). If the quantity of this sludge
becomes significant, it may coat the heat transfer surfaces of the boiler,
restricting the flow of water and affecting the heat transfer characteristics,
and potentially leading to local overheating and failure of the boiler. The air
(and its oxygen) that is initially dissolved in the fill water is driven out of
solution under heating. In an adequately vented installation it will therefore
be removed after a relatively short period of operation. Unless substantial
quantities of make-up water are repeatedly or steadily introduced into the
heating system, the cause of which should in any event be investigated and
remedied, the main avenues for oxygen to be reintroduced into the system
are at the surface of a feed and expansion (f & e) tank, and via any leakage
of air into the system in areas where the internal pressure within the pipework
is below atmospheric pressure. While various proprietary types of air sepa-
rator may be installed in the boiler circuit pipework, in modern HVAC design
practice it is increasingly being seen as an advantage (although not simply for
this reason) to remove the need for an f & e tank by ‘sealing’ the system and
using a pressurisation set.

Acidity of the boiler water is also undesirable (a pH value of 7 is neutral,
and a value of 6 or less indicates some acidity of the water, which will be
greater the lower the pH value). Boiler manufacturers typically recommend
that the water in the heating system should have a pH value in the range
8–9.5.

The formation of biofilms within pipework and heat exchanger tubes, as
a result of bacteriological growth within the heating system, can seriously
restrict the cross-sectional area of pipework available for the flow of water,
and also the performance of heat emitters. While this is typically of greater
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relevance to the load circuits of heating systems than to the boilers them-
selves, in some installations restriction of the water flow rate returning from
the heating load circuits may adversely affect water flow rate through the
boiler. Also pipe failure resulting from bacteriological contamination of the
heating system may lead to greater use of make-up water, with its introduc-
tion of ‘new’ mineral salts and oxygen. In the UK the potentially serious
effects of the pseudomonas bacterium, which may be introduced into heating
systems via the incoming mains water supply, have recently drawn consider-
able attention from HVAC engineers and building services operating and
maintenance specialists.

All of the above may be addressed by the application of suitable chemical
water treatment measures, which will typically include a scale and corrosion
inhibitor, a biocide and a pH regulator. Periodic re-dosing with these 
chemicals will be required to maintain the necessary concentration levels, and
this will be particularly important following any substantial make-up to the
system. However, chemical treatment should be seen as complementary to
sound initial design and good operating and maintenance practice, which will
include monitoring of water use by the heating system. The application of
any chemical treatment to a heating system should of course be closely 
monitored and logged, and should not be permitted to have any significant
adverse health and safety implications for the occupants of the building served
by the system.

Finally, and perhaps most fundamentally, modern boilers have a relatively
low water content and a tendency towards increasingly complex configura-
tions of heat exchange surfaces. They therefore need protection against 
blockage or damage by general dirt and debris from the heating system load
circuits. In a new installation the risk of this should of course be minimised,
both by good site practice during the installation period and by appropriate
cleaning and flushing of pipework during the commissioning period.
However, where a replacement boiler plant is being installed in an existing
heating system of some age, the new boilers should typically be given specific
protection. If a substantial part of the existing heating system is drained and
refilled, quantities of sludge, loose scale and rust may be circulated through
the boiler. Since the boiler will typically represent an area of lower water
velocity, relative to the flow and return pipework, it will be a favoured site
for the deposition of such material. Since the air venting capabilities of the
existing heating system may also be of unknown performance, it may be
prudent to provide both a suitable dirt or sludge trap and an air separator
to handle the flow of return water to the boilers. Conventional pipeline-
mounted strainers are typically not intended for this type of application.
Various proprietary types of dirt or sludge trap are available to the design-
ers or specifiers of boiler installations. These devices, which are mechanically
simple, typically rely either on achieving gravitational settlement of solids in
suspension at low water velocity, or on the effect of inertia when the direc-
tion of a flow containing solids in suspension is sharply changed. Perhaps
most importantly from the practical perspective, it must ultimately be pos-
sible to get the accumulated sludge out of the trap and into a form suitable
for convenient disposal without adverse health and safety implications for
the operative carrying out the task, which in some installations may have to
be carried out daily. In some cases it may be advisable to consider the use of
a boiler that is more tolerant to the particular water-side environment in
which it will be expected to operate.
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The cost of providing suitable chemical water treatment and mechanical
protection devices may initially ‘test’ a limited project budget. However, it is
inherently considerably less than the cost of subsequently dealing with early
failure of a boiler in service and its premature replacement. It is also worth
noting that damage resulting from scaling and corrosion is invariably 
disclaimed by the product warranties on boilers.
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4 Alternative Means of Heat Generation

4.1 Scope of the alternatives
Thus far we have considered gas-fired or oil-fired boilers as the means of gen-
erating the heat that will be used by a commercial space heating system. While
these are certainly the most common type of heat generating plant, there are
alternatives which may be worth considering. These fall into three categories.
Firstly there are alternatives to the boiler as a means of generating LPHW.
Secondly there are alternatives to the use of gas and oil as boiler fuels. Finally
there are alternatives to LPHW heating itself. In each case our consideration
will be confined to the context of providing space heating, since in commer-
cial applications it will still frequently be advantageous to de-couple the space
and domestic hot water heating requirements and serve the latter independ-
ently. This is considered further in Chapters 8 and 11.

There are probably only two alternatives to the boiler as a means of 
generating LPHW. These are combined heat and power (CHP) and the heat
pump. Alternative fuels include the so-called ‘bio-fuels’ and certain types of
waste. Although these are not as convenient to handle as gas or oil, the desire
to reduce consumption of the latter in favour of more sustainable fuels has
increased interest in these alternatives in recent years. Their use is briefly con-
sidered at the end of this chapter. Electricity may be used for commercial
space heating, but it is the premium fuel both in cost and environmental
impact. Even if generated sustainably, it is generally better employed for pur-
poses other than space heating. However, an exception to this is the role of
electricity as the preferred fuel for heat pumps. Electric heating will not be
considered in this book outside this context. A range of alternative heating
systems are available to the HVAC designer. These are typically based on
decentralised heat generation and include various forms of electric heating
(both direct and employing thermal storage), direct gas-fired warm air and
radiant-tube systems, and air-to-air heat pumps. This list is by no means
exhaustive. However, all of these heating systems lie outside the scope of this
book and none of them will be considered further.

4.2 Combined heat and power units
4.2.1 The concept

Combined heat and power or CHP units are undoubtedly the most signifi-
cant alternative to a boiler for generating heat in an LPHW heating system.
As the name suggests, a combined heat and power system produces both elec-
trical power and heat. The generation of electrical power is inherently ac-
companied by the production of a considerable amount of ‘waste’ heat.
Large-scale power generation employing the latest combined-cycle gas turbine
plant may achieve electrical conversion efficiencies of 50% or more of the
gross calorific value (GCV) of the natural gas fuel, compared with less than
40% for the best conventional coal-fired power stations. Small-scale power
generation employing reciprocating internal combustion engines may achieve
a conversion efficiency in the range 28–35%. In all cases the rest of the GCV



of the fuel appears as heat, and where electricity generation is the only inter-
est this is wastefully rejected to atmosphere. It is the concept of a CHP system
to both generate electrical power and to recover as much as possible of the
available heat for use. This significantly increases the overall conversion effi-
ciency from the GCV of the fuel to useful power and heat. In building serv-
ices applications the obvious use for this heat is in the provision of space and
water heating. From the preceding discussion it can be seen that CHP systems
invariably produce substantially more heat than power.

4.2.2 Application to building services
CHP itself is a well-established technology, and CHP systems generally may
be based on conventional steam boilers and turbines, gas turbines and waste
heat boilers or internal combustion engines with heat recovery systems. The
scale of both electrical power and heat generation therefore varies widely.
The largest schemes, which can in principle serve large commercial or indus-
trial complexes or whole areas of a town or city, employ steam and gas
turbine systems. These require specialist operating skills and are most suited
to continuous operation over extended periods. Systems based on internal
combustion engines are more suited to the intermittent operation that will be
associated with the daily operating cycle of many buildings. In building 
services applications CHP systems will typically be of the type referred to as
small-scale packaged CHP. These will almost invariably be based on 
internal combustion engines and will be supplied as one or more complete
packaged CHP units.

The size of a CHP unit is designated in terms of its nominal rated electri-
cal power output in kWe. Small-scale packaged CHP units are typically avail-
able across a size range from a minimum output of approximately 25kWe up
to a maximum output of 500kWe. The ratio of heat output to electrical
output (it is typically referred to as the heat ratio) depends on the type of
CHP system. Steam systems can provide heat ratios in the range between 3 :
1 and 10 :1. Basic gas turbine CHP systems may achieve a heat ratio of
approximately 2 :1, while the addition of supplementary firing may increase
this to as much as 5 :1. The heat output from a small-scale packaged CHP
unit based on an internal combustion engine, as likely to be employed in a
building services application, will typically be approximately twice the elec-
trical output, although the ratio may vary somewhat according to the size of
the unit, with larger units potentially offering an increased electrical conver-
sion efficiency (and hence a slightly reduced heat ratio).

Considerable experience of the use of packaged CHP exists in the UK, both
in building services and industrial applications, with many hundreds of
systems installed since the mid-1980s. However, in commercial heating appli-
cations packaged CHP units will never be installed as a complete alternative
to boilers, but will rather always be part of a ‘mixed’ heating plant that com-
bines one or more CHP units with one or more boilers.

4.2.3 Principal elements of a small-scale packaged CHP unit
The principle elements of a typical small-scale packaged CHP unit are shown
schematically in Figure 4.1. Such a unit is built around a water-cooled recip-
rocating internal combustion engine that is coupled to an electrical genera-
tor. Engines are typically spark-ignition types fuelled on natural gas. For the
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smaller packaged units with rated output in the range up to c.200kWe engines
are most commonly derived from automotive use (but heavy goods vehicles,
rather than cars), although in CHP use such units typically run relatively
slowly (c.1500rpm) and at constant speed. Engines may also be based on
‘stationary’ industrial engines originally designed for pumping or primary
power generation, and this will typically be the case for units with rated
outputs in excess of 200kWe. Due to their lower production volume, indus-
trial engines tend to have higher capital and spares costs than automotive-
derived units, but are typically designed for low wear and ease of maintenance
in unsophisticated operating environments.

The unit incorporates a heat recovery system that comprises a minimum
of two heat exchangers, via which heat can be transferred to the building
heating system. The first allows transfer of the heat picked up by cooling
water circulating through the engine cooling jacket and oil cooler, while the
second allows recovery of heat from the engine exhaust gases. A physical
separation is maintained between the engine’s water cooling system and the
building heating system in order to avoid any risk of the latter causing cor-
rosion or thermal shock to the engine. Hence the transfer of heat recovered
by the engine cooling water to water from the building heating system takes
place across a water-to-water heat exchanger. The exhaust gas heat exchanger
is a gas-to-water type that allows heat to be transferred directly from the
engine exhaust gases to water from the building heating system. Since the
exhaust gas heat exchanger can allow hot water to be generated at tempera-
tures in the MPHW range, it may in some applications be desirable to connect
the building heating system to the two heat exchangers in parallel, although
in straightforward LPHW applications a series-connection is all that is nec-
essary, with single flow and return connections to the heating system. CHP
units may employ an intermediate heat exchanger to provide a common
source of heat for the heating system to interface with.

Where the CHP unit is fuelled with natural gas and a suitable source of
low-temperature return water is available from the heating system, a third
heat exchanger may be added to provide condensing operation, piped in par-
allel with the main flow and return water connections to the CHP unit. This
heat exchanger mirrors the role of the secondary heat exchanger in a con-
densing boiler, and typically requires a source of water returning from the
building heating system at a temperature in the range 30–40°C to ensure 
that substantial and sustained condensation occurs. The condensing heat
exchanger must include appropriate provisions for the drainage of conden-
sate without escape of exhaust fumes.

The exhaust from the CHP unit is discharged to atmosphere via an exhaust
system that mirrors the flue of a boiler but is typically of smaller diameter
and will incorporate appropriate silencing. The CHP unit comes complete
with integral controls, with the user interface provided by a local control
panel. All elements of the unit are mounted on a common base frame with
anti-vibration mountings, and in some instances the whole unit may be
enclosed within a casing that functions as an acoustic enclosure.

4.2.4 Typical energy balance for a small-scale packaged CHP unit
If approximately 28% of the GCV of the fuel input to the CHP unit may be
delivered as electricity, approximately a further 55% may be recovered at a
high enough temperature from the engine cooling jacket, oil cooler and
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exhaust gas heat exchanger to allow its transfer to water from a heating
system operating at conventional LPHW flow and return temperatures of
c.82°C and 71°C respectively. Approximately 60% of this recovered heat
(c.33% of the GCV of the fuel), may be expected to derive from the engine
cooling jacket and oil cooler, with the remaining 40% (c.22% of the GCV
of the fuel), deriving from the exhaust gas heat exchanger. Since the exhaust
gases enter this at a temperature of up to 650°C, and are cooled to a tem-
perature of the order of 120°C, this heat may potentially be transferred to a
heating load circuit operating at flow and return temperatures in the MPHW
range or used to generate steam. A further 10% of the GCV of the fuel input
to the CHP plant may be recovered in a second, condensing exhaust gas heat
exchanger, both by the generation of condensate and the increased cooling
of the exhaust gases. This is, of course, provided that a suitable heating load
circuit exists. In any event the exhaust gases from the engine still retain some
heat, even during condensing operation, and this part of the GCV of the fuel
is lost from the system when the exhaust gases leave the last heat exchanger.
This is equivalent to the ‘stack’ or chimney loss from a boiler. Some heat is
also lost, by radiation and convection, from the body of the CHP unit, and
this is equivalent to the ‘radiation’ loss from a boiler.

This suggests a nominal overall conversion efficiency to useful energy
output of c.83% (non-condensing) and c.93% (condensing), based on the
GCV of the fuel. However, the ‘boiler’ efficiency, or conversion efficiency to
useful heat output, is only c.55% (non-condensing) and c.65% (condensing).
Since even if there were zero heat loss via the exhaust gases and from the
body of the unit, these values would only increase to c.62% and 72% respec-
tively, we can conclude that heat alone may always be generated more effi-
ciently by a boiler than by a CHP unit. This statement is certainly not to
diminish the potential benefits of packaged CHP units, and its significance
will become clear in a subsequent section of this chapter. For the present
Figure 4.2 summarises the energy balance described above. For a given CHP
unit the exact energy balance may vary with the size of unit and its particu-
lar design characteristics.

4.2.5 Fuels for CHP
Natural gas is typically the first-choice fuel for boilers in commercial heating
space and water heating applications. Since a small packaged CHP unit will
invariably run in conjunction with conventional boilers, whether in an exist-
ing installation or a new one, natural gas is most likely to be used as its fuel.
However, CHP units may also run on liquified petroleum gas (LPG), grade
‘A’ fuel (DERV or ‘diesel’) or grade ‘D’ fuel oil (‘gas oil’). Fuel storage will
be required for all three of these alternatives to natural gas, and the addi-
tional cost of providing this must be taken into account. However, a choice
of either LPG or gas oil is only likely to be made if the boilers in the heating
plant are similarly fired. The effect of the CHP unit on the required fuel
storage and supply system may therefore be minimal. Where DERV or gas
oil is used, the engine of the CHP unit will run on the diesel (compression-
ignition) cycle which typically results in higher conversion efficiencies for elec-
trical power generation, albeit at the expense of increased emissions from the
engine and the formation of deposits of unburnt carbon in the engine
(‘sooting’). The former may affect the location of the exhaust termination,
while the latter may increase maintenance costs. Set against this, diesel
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engines are a standard type, are widely used in standby generator sets, and
the skills necessary for their maintenance are widely available.

Small packaged CHP units may also run on ‘biogas’, which is methane gas
produced by the decay of biological waste and waste foodstuff. Methane
itself, CH4, is of course the principal constituent of natural gas. Biogas is only
likely to be available in adequate quantities for fuelling a CHP unit under
specific circumstances, in particular at sewage treatment plants, at some 
landfill sites, and possibly in some agricultural or horticultural applications.
However, in these situations the biogas is typically produced by natural bio-
logical action, whether required or not, and must in any event be disposed
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Figure 4.2 Typical energy balance on a small-scale packaged CHP unit.



of safely. Since methane is also a strong greenhouse gas, with a global
warming potential of 21 times that of carbon dioxide, taken over a 100-year
period, there is an obvious benefit in using it beneficially, rather than simply
venting it to atmosphere or wastefully burning it off. However, this does not
necessarily mean that the use of biogas is ‘free’, since the presence of traces
of hydrogen sulphide (H2S) in the gas, together with excess water, may both
require provisions for its use that increase the capital cost of the unit and
result in increased maintenance costs. The presence of hydrogen sulphide also
implies that the use of a condensing exhaust gas heat exchanger will not be
appropriate, since the condensate formed will be aggressively acidic. The
manufacturer of the prospective CHP unit should be consulted as early as
possible where operation on biogas is an option under consideration. There
are also, of course, practical issues to be solved in the collection and supply
of the biogas to a CHP unit. Except where environmental considerations are
given prominence, the use of biogas is unlikely to be relevant to most typical
building services applications of small-scale packaged CHP.

4.2.6 The economic case
In terms of its capital or ‘first’ cost, a small-scale packaged CHP unit is very
substantially more expensive than a conventional (non-condensing) gas-fired
boiler. Published general guidance to HVAC designers suggests that the
installed cost of a packaged CHP unit may be of the order of £600–850kWe

-1

(i.e. per kW of electrical output), or from 1.7 to 3 times the cost of a standby
generator of equivalent electrical output.1 Incremental cost, in £ kWe

-1, may
typically be expected to be greatest for small units, dropping off sharply over
the first 150–200kWe and ultimately ‘bottoming out’ for large installed
outputs. Unfortunately most building services applications of small-scale
packaged CHP will typically fall within the range of relatively high incre-
mental cost. At a heat ratio of approximately 2 :1 this is equivalent to an
installed cost of the order of £300–425 per kW of heat output. By compari-
son, the installed cost of a conventional natural gas boiler of equivalent heat
output may be expected to be approximately 10% of this for the smallest
boilers (assuming a minimum CHP unit size of c.25kWe, with a correspon-
ding heat output of c.50kW), falling to 6–7% of it as boiler size increases to
give heat outputs beyond approximately 200kW (i.e. a CHP unit of approxi-
mately 100kWe). While this will continue to decrease to approximately 5%
as boiler heat output increases, it is likely that the size of packaged CHP units
employed in building services applications will typically be considerably less
than 500kWe.

Small packaged CHP units are more sophisticated than boilers, and require
specialist maintenance expertise. Maintenance requirements must include
both routine servicing and long-term overhaul and rebuild costs. While the
latter may be infrequent, they are major cost items that must be spread over
the whole life cycle of the CHP unit. The maintenance of a small-scale pack-
aged CHP unit is therefore considerably more expensive than that of a boiler
of equivalent heat output. Building owners or operators will typically not
have such skills ‘in-house’, and maintenance will therefore need to be con-
tracted to an outside organisation. Most manufacturers of CHP units will be
able to offer comprehensive maintenance of their products following instal-
lation. For general guidance and initial scheme assessment a guideline figure
of approximately 0.7pkWhe

-1 (i.e. per kilowatt-hour of electrical output,
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based on the full output of the unit) is considered typical,2 although this will
not necessarily represent the cost of an ‘all-inclusive’ maintenance contract
including an emergency call-out service.

It has sometimes been considered that the heat output from a small-scale
packaged CHP unit is ‘free’. This is typically not the case, however, since heat
alone may always be generated more efficiently in a boiler. The concept of
total marginal cost (TMC) or marginal generating cost (MGC) balances the
cost of fuel and maintenance for the CHP unit against the cost of generating
its useful heat output in an alternative boiler plant. Expressed in pence per
kilowatt-hour of electrical output (pkWhe

-1), TMC is the effective cost to the
CHP operator of generating one kWh of electricity.

(4.1)

where ICHP = fuel input rate to the CHP unit (kW); FCHP = unit cost of fuel
for the CHP unit (pkWh-1); Ho = useful heat output rate from the CHP unit
(kW); FBoiler = unit cost of fuel for the boiler (pkWh-1); hBoiler = overall effi-
ciency of a boiler that could otherwise be used to generate the heat (%); m
= maintenance cost for the CHP unit (pkWhe

-1); Eo = electrical power output
of the CHP unit (kWe).

The electricity generated by the CHP unit substitutes for imported mains
electricity, and the unit purchase price (tariff) of the latter may therefore be
compared directly with the value of TMC. Provided that the TMC is less than
the applicable electricity tariff, an overall cost saving will be made from
running the CHP unit. Annual savings are determined as the summation of
the difference between the tariff for imported power and TMC for every kWh
of electricity generated by the CHP unit during the course of the year. This
calculation may be straightforward if a single electricity tariff applies and the
full heat output of the CHP unit may always be usefully employed. However,
the situation is more complex where electricity tariffs are not constant, as
with a seasonal time of day (STOD) tariff, and where TMC varies (as when
all of the heat output of the CHP unit cannot be usefully employed). In any
event it is essential that a careful analysis is carried out based on both elec-
trical and heat load profiles for the application. Ideally an hourly analysis
should be carried out for at least a ‘typical’ operating day in each month.
While a detailed discussion of the operating strategy for CHP is beyond the
scope of this book, such an hourly analysis will identify periods during which
TMC exceeds the electricity import tariff (and the CHP unit should be
switched off), together with those during which either the electrical or heat
output of the unit exceeds the site requirements. When mains electricity is
available at ‘off-peak’ rate, it will typically be preferable to utilise such a
supply, supported by a boiler for heat output, in preference to operating the
CHP unit. While surplus electricity may be exported (or transferred to other
sites), it is rarely cost-effective to do so. The electrical output of some CHP
units may be modulated down to c.50% of their rated output. However, effi-
ciency reduces with load, and hourly maintenance costs must be spread over
the reduced quantity of electricity generated (the value of m used in equation
4.1 must be adjusted to reflect this). Hence the value of TMC increases.
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It is important to note that equation 4.1 is based on the heat output from
the CHP unit that may be usefully employed. It is clear that if this reduces
for a constant rate of fuel input to the unit, TMC will increase and savings
will reduce. While the CHP unit is running, all the heat output must be dis-
sipated. If it cannot be usefully employed, it must be rejected to waste (typi-
cally to atmosphere) using dedicated heat rejection equipment. The provision
and control of such a dedicated heat rejection facility increases the capital
cost of the installation. Furthermore, where heat is rejected to atmosphere
the heat rejection equipment will typically comprise one or more dry air
coolers. There will thus be a parasitic power consumption associated with
the rejection of unwanted heat, although the cost of this will typically be
small in comparison with the fuel cost for unwanted heat. The rejection of
unwanted heat to a thermal store, for subsequent use, is not generally con-
sidered to be economic.

In view of the above it will typically only be economically viable to install
a small-scale packaged CHP unit where there is a substantial year-round
demand for heating. Good examples of applications that meet this require-
ment are hospitals, hotels, sports and leisure centres. All of these provide high
year-round hot water service heating loads. Other potential applications
include college and university (residential) campuses, sheltered residential
accommodation for the young or elderly, military bases, ‘institutional’ accom-
modation (prisons and residential detention centres) and any application that
includes a swimming pool. Industrial process heating may also be eminently
suitable for small-scale packaged CHP units, particularly where the process
is continuous. The scope for CHP units in commercial applications may be
increased by the use of water chilling plant that operates on the absorption
cooling cycle, which is a heat-operated cycle. However, such plant typically
requires either hot water at temperatures in the MPHW range or the avail-
ability of steam, and only a proportion of the heat output of some small-scale
packaged CHP units may be available in this form.

The optimum size of a small-scale packaged CHP unit may only be deter-
mined from an appropriate hourly analysis of the electrical and heating load
profiles for the particular application. Too large a machine will result in long
periods of shut-down. Too small a unit may achieve high running hours, yet
forego potential savings. However, it may be possible to subsequently add a
further unit if the potential for further savings is great enough. Hence under-
sizing is typically regarded as by far the lesser of the two evils. Unfortunately
the sizing process is a time-consuming and complex exercise. In the past
simple rules of thumb have been used to size CHP units using the concept of
a base load and minimum annual operating hours. One such technique that
is applicable at an early stage of scheme planning is set out in a publication
from BSR1A2. However, computer-based techniques are now common and
range from manufacturers’ proprietary sizing software to application-specific
models based on load profiles determined from actual measurements.

Two further factors have recently been introduced into the economic assess-
ment of small-scale CHP schemes in the UK. From 1 April 2001 the cost of all
forms of non-domestic energy use became subject to a climate change levy
(CCL) that initially amounts to an increase in the cost of electricity, natural
gas and LPG of 0.43pkWh-1, 0.15pkWh-1 and 0.07pkWh-1 respectively.
Energy users pay the CCL through the bills received from their energy sup-
pliers, much in the same way that they would pay value added tax, to which
the CCL is also subject. However, ‘good quality’ CHP installations in 
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building services applications will be exempt from the effects of the climate
change levy if they meet threshold performance criteria that will be specified
by a scheme of CHP quality assurance (CHPQA). The definition of ‘good
quality’ basically requires that most of the recovered heat is usefully
employed, and that minimum values of annual conversion efficiency to elec-
trical power are met. Furthermore, such CHP installations will also be eligible
for a scheme of enhanced capital allowances (ECA) that will typically allow
100% capital allowance against tax during the year in which the scheme is
installed. Qualification for the benefits of ECA and exemption from the
climate change levy will depend on both calculation procedures and monitor-
ing of the performance of an installation. Hence the necessary provisions
should be considered at an early stage in the planning of a small-scale pack-
aged CHP scheme, and early input from the prospective manufacturer or sup-
plier of the unit will in most cases be beneficial. While exemption from the
CCL and the benefit of an ECA will undoubtedly improve the economics of
employing a small-scale packaged CHP unit, it is unlikely that meeting the
qualification requirements for these benefits per se will obviate the basic
design considerations inherent in achieving a successful (i.e. economically
viable) implementation.

The capital cost of implementing a small-scale packaged CHP scheme is
inevitably high and this can prove a barrier to its adoption in some of the
very applications in which it would exhibit favourable economic potential.
For ‘capital-strapped’ clients there are options whereby the responsibility for
some or all of the capital outlay, operating and maintenance costs over the
life of the CHP unit are taken over by the manufacturer or supplier of the
unit. Naturally in return for taking over these costs, the manufacturer or sup-
plier of the unit also takes over a greater or lesser proportion of the savings
generated by the unit over its life cycle. Such arrangements vary from sup-
plier finance to full contract energy management.

4.2.7 The CHP unit as part of a boiler installation
A CHP unit may be installed in parallel with one or more boilers (Figure
4.3a), or in series with parallel-connected boilers using a bypass off the
common primary return to the boilers (Figure 4.3b). Installation in parallel
is recommended where the CHP unit may supply a significant proportion of
the heating load, and in new boiler installations generally. Installation in
series may be advantageous where the CHP unit is introduced into an exist-
ing boiler plant. In any event the water-side pressure drop across the CHP
unit is likely to be greater than exists across the boilers, with each at its respec-
tive design water flow rate, and the CHP unit will therefore typically require
a dedicated ‘shunt’ pump. Since the CHP unit will typically need to operate
during the summer months in order to generate the critical number of running
hours for a viable installation, it must be possible to maintain the design water
flow rate through the CHP unit even if all boilers are shut down. This is
specifically relevant to the ‘series’ installation of a CHP unit. Where bypass
loops are not employed around individual boilers, an alternative means of
bypassing them will be required to maintain flow in the CHP circuit.

The pipework connections and gas line to a typical small-scale packaged
CHP unit are illustrated schematically in Figure 4.4. Since the CHP unit is
built around a reciprocating engine, final connections between the unit and
the pipework of the building heating system should always be made via 
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Figure 4.3 Small-scale packaged CHP units piped in parallel and in series with boilers.
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flexible couplings. Failure of water flow to the CHP unit can be catastrophic,
resulting in a risk of major and expensive damage (such as cracked cylinder
heads and damaged heat exchangers). Flow switches should therefore be
employed in the return water pipework from the heating system to any 
individually-connected heat exchanger (including a condensing exhaust gas
heat exchanger), with an additional high-limit or ‘over-temperature’ thermo-
stat (manually reset) in the main return water pipework to the unit. Strain-
ers should in any event be fitted to remove any debris from the heating system
that could block a heat exchanger, and operation of the CHP unit should be
interlocked with the relevant heating system circulating pumps.

Condensate must be drained, both where a dedicated condensing exhaust
gas heat exchanger is fitted and from the exhaust system generally if such a
heat exchanger is not fitted. In any event condensate must not be allowed to
drain back towards the CHP unit (and the engine). Condensate formed will
be acidic and will discolour concrete and other surface finishes. This may
need to be considered in relation to the exhaust discharge from the building,
since this will typically be turned down against the potential ingress of rain,
and may therefore ‘drip’ condensate on to any surface below. The exhaust
pipe of a CHP unit will operate at a much higher positive pressure than is
the case for boiler flues, perhaps of the order of 50mbar (5kPa) or more, and
special provisions will be required for the trapping of condensate. This will
typically employ a water-filled tank as a trap, from which the condensate can
overflow into a suitable run of drainage pipe.

The exhaust pipework from CHP units may be susceptible to corrosion,
and high-quality (and therefore expensive) stainless steel may achieve a longer
life than mild steel. In any event the installation should allow the necessary
access for periodic replacement during the life of the CHP unit. In particu-
lar, bends in the exhaust pipe may experience accelerated erosion by water
droplets moving at high velocity in the exhaust gases, and provision for 
easy replacement will therefore be beneficial. Where condensing operation is
employed, plastic exhaust pipework may in principle be used, although any
leakage into the building from damaged pipework has the potential to carry
with it poisonous carbon monoxide produced by the engine. An interlock is
also recommended to shut down the unit in the event of a high-limit exhaust
gas temperature that could damage the pipework. The exhaust system will
typically incorporate one or more ‘silencers’ to reduce noise levels. Silencers
may be of two types. ‘Reactive’ silencers rely on the capacitance of a hollow
chamber and the inductance of the exhaust pipe to dampen out pressure
pulses in the exhaust gases. This has its principal benefit at low frequencies,
and is typically located close to the engine. The alternative, ‘absorptive’ type
of silencer relies on a sound-absorbent material. This is the type most famil-
iar to HVAC engineers, and has its principal benefit at higher frequencies.
Where necessary, this type is located near the discharge termination of the
exhaust pipe.

In order to achieve as many running hours as possible, the CHP unit will
typically be operated as the ‘lead’ source of heat, with the boilers themselves
being sequenced into operation as required. Sequence control of multiple
boilers is typically carried out according to the common return water tem-
perature in the boiler primary circuit (Chapter 10 considers this further, as
well as the alternatives). This is generally satisfactory for boilers, since the
boiler control thermostat is set to a value of approximately 10K above the
desired mixed flow temperature, and the last firing boiler (the lead boiler) has
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no difficulty in producing water at, say, 91°C when a low load on the heating
circuits results in a common return water temperature at c.80°C. The same
is not, however, true of a small-scale packaged CHP unit, which will typi-
cally favour a constant return water temperature, and will in any event have
a protective cut-out function at a high-limit return water temperature. The
control requirements and abilities of the CHP unit should be clearly estab-
lished with the prospective manufacturer at an early stage in the design of an
installation.

While the general electrical services engineering aspects of small-scale pack-
aged CHP units are outside the scope of this book, it is important to note
that specific technical requirements apply to the earthing of such units. This
aspect will require early consideration, particularly where a CHP unit is being
installed in an existing building or is intended to provide standby electrical
power on mains failure.

4.3 Heat pumps
4.3.1 Principle of operation

Heat pump and refrigeration cycles are identical. In both cases a refrigerant
evaporates to absorb heat (at the evaporator) from a source at relatively low
temperature, and condenses to reject it (at the condenser) to a sink at a higher
temperature. In the vapour-compression cycle the transfer (upgrading) of this
heat between the evaporating and condensing temperatures is achieved by
compression of the refrigerant vapour. This takes place in a compressor that
is typically driven by an electric motor. The thermodynamic cycle is the same
whether we are considering a heat pump or a refrigeration plant. The differ-
ence is in the application for which the equipment employing the cycle is opti-
mised. Refrigeration plant is optimised to achieve useful cooling of some
medium at the evaporator, the heat absorbed being simply rejected to waste.
A heat pump is optimised to deliver the heat absorbed usefully for the purpose
of providing space heating. In some circumstances it is possible to do useful
cooling and heating simultaneously. This is termed refrigeration with heat
recovery, and is common practice in supermarkets.

4.3.2 Heat sources
The heat pumps that will be considered in this chapter are of the air-to-water
type, i.e. they absorb heat from ambient air and transfer it to an LPHW
heating system. The schematic arrangement of such a heat pump is shown in
Figure 4.5a. Other types of heat pump exist and may be used for space
heating. Most common in this respect are the air-to-air types, although their
use is typically linked to the provision of comfort cooling. Such heat pumps
lie outside the scope of this book and will therefore not be considered.

In principle, heat pumps may draw heat from a variety of sources other
than ambient air. These include surface water in lakes and streams, ground-
water and even the ground itself. If available in continuous and adequate
supply, sources of waste heat, such as process water or warm ventilation
exhaust, may also provide a heat source of a usefully higher grade. Some of
these sources are available at a more-or-less constant temperature, while the
temperature of ambient air is, of course, highly variable according to the
climate and pattern of weather experienced at a particular site.
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Figure 4.5 Schematic of a vapour-compression air-to-water heat pump.



4.3.3 Coefficient of performance
A ‘practical’ ideal heat pump cycle is shown in Figure 4.5b. When operating
in equilibrium, the First Law of Thermodynamics requires that:

Q
.

C = Q
.

E + W
.

(4.2)

where Q
.

C = the rate at which energy is rejected from the cycle at the con-
denser (kW); Q

.
E = the rate at which energy is absorbed into the cycle at the

evaporator (kW); W
.

= the rate at which work is input to the cycle at the 
compressor (kW).

Equation 4.2 is applicable whether we are considering a refrigeration plant
or a heat pump. In the case of the former the measure of performance that
is of interest is the ratio of the rate of cooling at the evaporator (Q

.
E, the use-

ful ‘output’) to the power input at the compressor (W
.

, which must be 
purchased). This ratio, Q

.
E/W

.
, is termed the coefficient of performance (COP)

of the refrigeration plant. COP is a pure ratio. For a heat pump the measure
of performance that is of interest is the ratio of the rate of heat rejection at
the condenser (Q

.
C, now the useful output) to the power input at the com-

pressor, and the ratio Q
.

C/W
.

is the COP of the heat pump. Dividing through-
out equation 4.2 by W yields:

(4.3)

Substituting the above definitions of COP:
(4.4)

Where confusion is possible, COP is typically qualified as COPCooling or
COPHeating as necessary. The value of COP that can be attained by a heat pump
depends not only on its design but also on the operating temperatures. A heat
pump operating between evaporating and condensing temperatures of 5°C
and 35°C respectively might achieve a COPHeating of c.5. This means that each
kWh of useful heat requires the purchase of 0.2kWh of electricity. This com-
pares very favourably with direct electric heating (which has an effective
‘COP’ of unity), and may be comparable with heat generated by a conven-
tional boiler plant fired on natural gas – although peak-rate electricity typi-
cally costs between 2.5 and 5 times the cost of natural gas. However, such a
potentially favourable COPHeating is unlikely to be achieved in practice in an
air-to-water heat pump. There are several reasons for this. Firstly, practical
heat exchangers require a temperature difference of some 5K between the
working fluid and the heat source or sink. Hence a condensing temperature
of 35°C would only allow LPHW to be generated at a maximum of c.30°C,
which is of limited use in most building services space heating applications.
At the same time, for an evaporating temperature of 5°C the ambient air
would need to be at a temperature of at least 10°C if the design rate of heat
transfer was to be achieved at the evaporator. In winter, when space heating
demands are greatest, UK ambient air temperatures fall well below this. (The
implications of this for the sizing and operation of heat pumps are discussed
further later in this chapter.) Reducing the evaporating temperature and/or
increasing the condensing temperature (the latter being almost invariably
essential if the heat pump is to generate LPHW at a temperature suitable for
a conventional space heating system) results in a significant fall in the COP
of the heat pump.

COP COPHeat R rigeration pump ef= + 1

˙
˙

˙
˙

Q
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Q
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For practical application it is essential that the measure of performance of
a heat pump takes into account the fan and pump power necessary to provide
air flow across the evaporator and water flow through the condenser, both
of which are essential to its operation. An appliance coefficient of perform-
ance is therefore defined as the ratio of heat output to the effective power
input at stated conditions.3 Under this definition the effective power input is
taken to include the power input to the compressor and to all control and
safety devices, the power input to the heat pump ‘defrost’ cycle, and the pro-
portional power input to the fans and pumps that transport the heat source
and sink fluids within the heat pump. The concept of the appliance COP of
a heat pump is mirrored by the energy efficiency ratio, the ratio of total heat
energy dissipated by the heat pump to the total energy supplied to it4. Ulti-
mately, as in the case of boiler efficiency, the value of COP that is crucial to
the energy use (and cost) and carbon emission of a heat pump is the seasonal
COP, the value that is attained as an average over the whole heating season.

The absorption cycle may also be applied to a heat pump. In this, refrig-
erant gas leaving the evaporator is absorbed by a liquid, and the pressure of
the resulting solution is increased by a pump. The significant input of elec-
trical power required to the compressor in the vapour-compression cycle is
therefore replaced by a much smaller power input to a refrigerant/absorbant
solution pump. However, a significant input of heat is then required (at a 
relatively high temperature) to drive the refrigerant vapour back out of 
solution. The absorption cycle is therefore heat-operated, whereas the vapour-
compression cycle is work-operated. At the time of writing absorption-cycle
plant in UK building services applications is essentially limited to water
chillers. While some units may provide condenser heat recovery, and certain
direct-fired types may function as chiller/heaters (not heat pumps), discussion
of such units does not lie within the scope of this book. We may note,
however, that the maximum COPCooling of such commercially-available chillers
is low (typically in the range 0.6–1.2, depending on the design of the unit),
although in principle absorption-cycle heat pumps may ultimately be attrac-
tive from the perspective of primary energy use.

For a more detailed explanation of heat pump/refrigeration cycles the inter-
ested reader is referred to any one of a number of standard texts on engi-
neering thermodynamics or refrigeration.5,6

4.3.4 Refrigerants
Vapour compression heat pumps have typically employed the hydrochloro-
fluorocarbon (HCFC) refrigerant R22. While considered to have a very good
performance in heat pumping applications, the ozone depletion potential
(ODP) that results from the (albeit low) chlorine content of this refrigerant
has led to a phase-out of its use in new refrigeration plant and heat pumps
(and ultimately in existing plant). Ozone depletion potential expresses the
capacity of a molecule to destroy ozone in the stratosphere region of 
the earth’s atmosphere. R22 exhibits an ODP of 0.05 relative to that of the
former chlorofluorocarbon (CFC) refrigerant R11, which is taken to have an
ODP of unity. New applications for heat pumps should therefore employ suit-
able replacement refrigerants. The two most widely used examples of these
are R134a and R407c. The former is a hydrofluorocarbon (HFC) refrigerant,
while the latter is a ternary blend (i.e. blend of three) of the HFC refriger-
ants R32 (23%), R125 (25%) and R134a (52%). Both are non-toxic and
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have zero ODP. The low pressures and high volume flow rates characteristic
of R134a make it more suited to vapour compression machines employing
centrifugal or high-speed screw compressors, while the high pressures and
low volume flow rates characteristic of R407c make it more suited to vapour
compression machines employing reciprocating (positive-displacement) com-
pressors. The non-azeotropic nature of R407c means that it experiences a
temperature ‘glide’ during evaporation and condensation (since the pure
components of the R407c mixture do not boil or condense at exactly the
same temperature), and this effect must be taken account of in the design of
heat exchangers for this particular working fluid. Different manufacturers
have their own technical preferences regarding the use of R134a and R407c.

4.3.5 Application to LPHW heating systems
Several factors have significant implications for the application of heat pumps
to LPHW heating systems. The first is that the temperature at which LPHW
can be generated by a heat pump is typically limited to 50–55°C by the pres-
sure at which the refrigerant system can operate. The higher the LPHW flow
temperature required from the heat pump, the higher must be the condens-
ing temperature and pressure. The use of very high pressures will result in an
expensive heat pump.

Perhaps more significantly, however, as the ambient temperature falls in
colder weather, both the rate of heat transfer to the evaporator and the com-
pressor input power fall, thereby reducing the rate of heat output that the
heat pump can supply. This is, of course, exactly the converse of the increase
in space heating load that accompanies such a reduction in ambient temper-
ature. It is typically not economic to size a heat pump to meet the heat output
required by the heating system under UK winter design conditions that may
lie in the range from, say, -1°C to -4°C. The concept of a balance tempera-
ture is therefore applied to heat pumps. Under this concept the object is to
size the heat pump to supply most (only) of the total heat required during a
typical heating season. The balance of the heat requirement is then supplied
by a supplementary heat generator. The balance temperature is the outside
air temperature at which the heat pump just satisfies the load requirement of
the heating system, and in the UK typically lies in the range 1–4°C. On this
basis, for a balance temperature of 4°C and internal air temperatures in the
range 19–22°C, a heat pump would typically provide from approximately
two-thirds to three-quarters of the design heat load, based on a range of exter-
nal design conditions from -4°C to -1°C. The concept of balance tempera-
ture is illustrated in Figure 4.6. The actual value of the balance temperature
is a complex function of the capital costs of the heat pump and the supple-
mentary heat generator, the appliance COP of the heat pump, the efficiency
of the supplementary heat generator, maintenance costs and the design of 
the heating system. The optimum balance temperature should therefore be
determined by an appraisal of the life-cycle cost and environmental impact
of various combinations of heat pump and supplementary heating capacity.
LPHW heating systems employing heat pumps are designed as bivalent
heating systems, in which heat is generated by two separate means; one is the
primary means while the other is the secondary (or supplementary) means.
The heat pump is naturally the primary means of generating heat.

What happens below the balance point? Under the balance-temperature
concept two approaches are possible. Under the first or bivalent alternative
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approach the heat pump is simply switched off at a predetermined ambient
temperature at which it is known that the output of the heat pump is inad-
equate to satisfy the load on the heating system. The secondary means of gen-
erating heat then takes over the full heating load and must of course be sized
to cope with the design load. It should of course be remembered that in the
presence of substantial casual heat gains the heat pump will not simply cease
to cope with the demand of the heating system as the ambient temperature
drops below the balance temperature. Under the second or bivalent supple-
mentary (bivalent parallel) approach, below a predetermined ambient tem-
perature the output of the heat pump is simply progressively supplemented
by the secondary means of generating heat. Both means of generating heat
operate simultaneously to satisfy the load on the heating system. In the UK
climate the balance temperature is inevitably below the mean temperature
that exists throughout a typical heating season. Coupled to this, the number
of ‘design days’ are relatively few and design heating loads do not, in any
event, take any account of the casual heat gains that (although unpredictable
from a ‘worst-case’ design perspective) inevitably exist in an occupied build-
ing. Hence the secondary means of generating heat will normally be required
to operate for a relatively limited proportion of a typical heating season.
While under design ambient conditions a heat pump may supply only
50–55% of the design heating load, leaving the balance of 45–50% to be
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made up by the secondary means of generating heat, over a typical heating
season the total energy supplied by the latter may represent only one-half to
one-third of this percentage, i.e. from 15–25% of the total, and the use of
direct electric heating employing a simple ‘flow boiler’ may therefore be
acceptable and certainly represents a low-cost option.

At low ambient temperature the heat output of an ‘air-source’ heat pump
is also adversely affected by the need for a defrost cycle. Below ambient tem-
peratures of c.5°C cooling of the air by the evaporator will result in freezing
of its moisture content and the build-up of a layer of frost on the heat trans-
fer surfaces. Since for an air-source heat pump the evaporator will typically
take the form of a compact heat exchanger employing closely-spaced finned
tubes, any build-up of frost will lead to an undesirable restriction of the air
flow across the evaporator. The build-up of frost must therefore be periodi-
cally dispersed. This may be achieved by various means. One such method is
to simply shut down the heat pump but allow the evaporator fans to con-
tinue to circulate ambient air across the evaporator to defrost it. Alterna-
tively, hot refrigerant gas from the compressor may be bypassed to the
evaporator, or the latter may be warmed externally by suitably-placed elec-
trical resistance heating elements. Whichever of these means is employed to
perform the defrost cycle, up to several percent of the seasonal energy input
to the heat pump will be used for the purpose, the heat output of the heat
pump will be reduced and the seasonal COP will be lowered. The secondary
means of generating heat may also be required to make up for the loss of
heat output from the heat pump during its defrost cycles. The range of
ambient temperature which may result in ‘frosting’ of the evaporator is
increased if the latter is undersized. Any increase in the need for the opera-
tion of the defrost cycle will penalise the seasonal operating costs of the heat
pump.

Whether by design or ‘accident’, boilers typically provide substantial over-
load heating capacity that can be used for preheating or in the event of failure
of one boiler in a multiple installation. This is not the case with heat pumps,
where the provision of overload capacity is uneconomic. It may therefore be
necessary to extend building preheat periods in cold weather. Since the sec-
ondary means of generating heat operates at a conversion efficiency of only
unity, it may be preferable to run a heat pump continuously where this can
avoid or minimise the use of the secondary heat generator for preheating,
particularly where the heat pump can be operated on ‘off-peak’ electricity. In
the event of failure of the heat pump the heating system must rely on the sec-
ondary heat generator, and under the bivalent supplementary approach the
size of the latter may therefore be increased to provide an element of standby
capacity that is perhaps sufficient to satisfy the heating load at the seasonal
average ambient temperature. In any event the capacity of the secondary heat
generator should be provided in suitable stages to allow a rapid and flexible
response to a demand for heat.

Since the practical temperature at which LPHW can be generated by an
air-source heat pump is rather less than is typically associated with conven-
tional boiler installations, there are implications for the design of the heating
system and the type and sizing of heat emitters. The performance of a heat
pump is sensitive to the temperature of water returning from the heating
system, while the heat output of emitters is sensitive to the flow temperature
from the heat pump and also becomes more sensitive to the temperature of
the space served, as flow temperature reduces. The power-law relationship
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that exists for the heat output from conventional radiators means that the
heat output to a space will be substantially reduced (by a factor of 0.5 or
more) at the lower flow and return temperatures that may typically be
employed with an air-to-water heat pump, when compared with conventional
boiler-generated flow and return temperatures of 82°C and 71°C. This subject
is considered in more detail in Chapter 6. Heat pumps are therefore more
suited to heating systems that can employ lower water temperatures, such as
underfloor heating, or where the emitter area may be substantially increased
to compensate for lower water temperatures. Where specific zones of a build-
ing cannot adequately be served at the flow temperature from the heat pump,
it may be possible to heat these independently by alternative means or to
provide local supplementary (‘top-up’) heating.

A heat pump will typically be installed in a primary heating circuit from
which individually-pumped heating load circuits draw their flow needs, so
that interaction between the circuits is avoided and the needs of both the heat
pump and the load circuits may be optimised. For smaller heat pumps, capac-
ity control may be achieved by on/off cycling, while larger machines have
typically employed step control based on cycling or offloading of multiple
compressors. The temperature associated with the high-pressure cut-out of
the heat pump will typically form the reference point for defining the design
flow temperature and control differential. It is recommended that the
maximum flow temperature leaving the condenser should provide a margin
of 8K below the operating point of the high-pressure cut-out.7 The design
flow temperature to the heating system will be offset below this as necessary
to allow control of the output of both the heat pump and the secondary means
of heat generation, with a suitable ‘dead’ band between operation of the heat
pump only and simultaneous operation of both means of heat generation.

Since a heat pump employs a compressor, and this will frequently be of
reciprocating type, likely levels of noise and vibration need to be considered
and taken account of in the design of an installation.

4.3.6 Cost and environmental performance
The mechanical complexity of a heat pump ensures that it carries a substan-
tial capital or ‘first’ cost premium over a boiler of equivalent heat output to
water. The extent of this premium naturally depends in part on the particu-
lar equipment compared, but may be of the order of two to three times the
cost of the reference conventional (non-condensing) boiler plant. However,
as far as energy costs are concerned, where a supply of natural gas is unavail-
able and the use of boilers fired on oil is either unacceptable or impractical,
heat can be generated both more efficiently and cheaply by an electric heat
pump than by direct electric heating. If the COP of the heat pump is better
than approximately 2.5, the cost per kWh for ‘daytime’ heat output will be
lower than the cost of off-peak electricity used at a conversion efficiency of
unity. The exact breakeven point with the cost of off-peak electricity natu-
rally depends on the actual purchase cost.

A comparison with the energy cost of a conventional LPHW boiler instal-
lation fired on natural gas can be made by considering the total requirement
over a typical heating season for heat output from the boilers or from a heat
pump and a secondary means of heat generation based on an electric flow
boiler. For simplicity this will ignore any design differences in the way that
the heat output from the boilers and heat pump is used, and any capital cost
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differences associated with this. Let A, B and C represent respectively the per-
centages of the seasonal requirement for heat output that are provided by
operation of the heat pump on peak-rate electricity, its operation on off-peak
electricity and operation of the electric flow boiler. Then a balance will exist
between the energy costs of the boiler and heat pump installations when:

(4.5)

where E1 = purchase cost of peak-rate electricity (£ kWh-1); E2 = purchase
cost of off-peak electricity (£ kWh-1); G = purchase cost of natural gas 
(£ kWh-1); COPSeasonal = seasonal COP of heat pump; hBoiler,Seasonal = seasonal
efficiency of boiler plant (%).

Substituting nominal values of 60%, 20% and 20% for the proportions of
the seasonal heat output provided by the heat pump using peak-rate elec-
tricity (purchased at 5pkWhe

-1), the heat pump using off-peak electricity (pur-
chased at 2.5pkWhe

-1) and the electric flow boiler (using electricity purchased
at 5pkWhe

-1), a boiler seasonal efficiency of 80% and a purchase cost of (1.2p
kWh-1) for natural gas, the seasonal COP for the heat pump that is neces-
sary to achieve energy cost parity with the boiler plant may be determined
as 7, which is unlikely to be achieved. This calculation assumes that the sea-
sonal COP may be equally applied to operation of the heat pump on both
peak-rate and off-peak electricity. The effect of electrical maximum demand
charges are also ignored, although a heat pump will naturally be better-off
in this respect than simple direct electric heating. If the purchase cost of
natural gas is increased to (1.35pkWh-1) and the seasonal efficiency of the
boiler plant is reduced to 70%, the seasonal COP for energy cost parity
reduces to slightly under 4 (c.3.77). Increasing the purchase costs of electric-
ity, or the proportion of the season’s heat output provided by the electric flow
boiler, naturally requires an increase in the seasonal COP if energy cost parity
with the gas-fired boiler plant is to be achieved. Conversely, reducing the pro-
portion of the season’s heat output provided by the flow boiler is beneficial.
However, we have already seen that there are reasons fundamental to the
sizing of the heat pump which may preclude this and whereby a reduction in
the use of the flow boiler may adversely influence the seasonal COP that can
be attained by the heat pump. The format of equation 4.5 is unable to reflect
such effects. Where the comparison is made with a boiler plant fired on more-
expensive LPG, the seasonal COP for energy cost parity will be substantially
reduced. Actual energy costs may be analysed by considering either side of
equation 4.5 in isolation, and multiplying it by the specified seasonal heat
output.

A similar expression to equation 4.5 may be derived for parity of carbon
emission between the heat pump and boiler installations for the same total
heat output, and this is expressed by equation 4.6. In this instance it is only
necessary to distinguish between the proportions of the total season’s heat
output provided by the heat pump and the flow boiler respectively.

(4.6)

where CEFe = carbon emission factor for electricity (0.12kgCkWh-1)8; Heat
pump % = percentage of season’s heat output provided by the heat pump;
COPSeasonal = seasonal COP of heat pump; Secondary % = percentage of
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season’s heat output provided by the electric flow boiler; CEFg = carbon emis-
sion factor for natural gas (0.052kgCkWh-1)8; hBoiler,Seasonal = seasonal effi-
ciency of boiler plant (%).

Substituting values of 80% and 20% respectively for the percentages of
the season’s heat output provided by the heat pump and the flow boiler, and
a boiler seasonal efficiency of 80%, a seasonal COP of approximately 2.34
is required to achieve carbon emission parity with the gas-fired boiler plant.
At boiler seasonal efficiencies of 70% and 60% this reduces to c.1.91 and
c.1.53 respectively.

Finally, the common working fluids for vapour compression heat pumps,
the refrigerants R134a and R407c, are both powerful greenhouse gases, with
a global warming potential (GWP) respectively of 1300 and 1610 times that
of carbon dioxide taken over a time-scale of 100 years. Strictly-speaking any
comparison of the environmental impact of different equipment and refrig-
erants in a heat pumping application should compare the total equivalent
warming impact (TEWI) of each option. This represents the overall global
warming effect that may be expected to result from the operation of the heat
pump over its entire life cycle, and is composed of both a direct contribution
and an indirect contribution. The direct contribution to the TEWI of the heat
pump installation arises from actual leakage of refrigerant from the machine
throughout its life, which is also taken to include its disposal at the end of
its operating life. The indirect contribution to TEWI of the heat pump instal-
lation arises as a result of the total carbon emission associated with the life-
cycle input of electrical energy to the heat pump, and is naturally a function
of the seasonal COP that is attained by the installation.

4.4 Energy crops and bio-diesel
So-called ‘energy crops’ represent an interesting concept in renewable energy
sources, giving a ‘grow-burn-grow’ cycle. Photosynthetic growth is princi-
pally based on the availability of carbon dioxide, water and sunlight. Carbon
dioxide is therefore removed from the atmosphere during the ‘growth phase’,
and is returned to it during the subsequent ‘burn phase’. There is thus the
potential to reduce carbon emissions when energy crops are substituted for
fossil fuels. The latter represent carbon dioxide that was removed from the
atmosphere in a growth phase that has been separated from the burn phase
across a long geological time-scale, so that now only the burn phase remains.
Energy crops are a ‘renewables’ technology that is considered to be ready for
UK application. Currently the species most likely to be employed in any such
application are short-rotation willow coppice and miscanthus.

As far as building services space and water heating applications are con-
cerned, the handling and combustion of energy crops as a boiler fuel for indi-
vidual building applications appears to be associated with significant practical
disadvantages in comparison with natural gas and oil, and it is unclear as yet
how (or if) these could be overcome in practice. If the ‘harvest’ of energy
crops can be substantially affected by extreme weather conditions (drought,
flooding, etc.) or the action of plant pests or diseases, there may also be an
issue regarding continuity of supply, unless ‘dual-fuel’ installations are 
possible. It would seem likely, therefore, that the sphere of application of
energy crops will be in electrical power generation or other applications
requiring large-scale heating, rather than individual building services 
applications.
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So-called bio-diesel may be considered as a particular form of energy crop
in that it is fuel that is derived from a plant crop such as rapeseed. Since 
bio-diesel is a liquid fuel that may be burnt directly by a boiler and burner
combination of suitable design, its potential for use in building services appli-
cations appears to be less problematic than that of other energy crops, assum-
ing that considerations of fuel cost, combustion process and emissions can
be satisfactorily addressed. At the time of writing it is not known whether
any demonstrations of the use of this renewable source have been made.

4.5 Waste as a fuel
Ignoring questions of content, calorific value and emissions, the solid form
of community waste (waste from households, commerce and business rather
than industrial waste) puts it at a fundamental disadvantage in comparison
with gaseous or liquid fuels in mainstream building services applications. Its
potential sphere of application is therefore likely to be confined to electrical
power generation or large-scale CHP and district heating. Use of community
waste as a fuel in such applications may be influenced by government and
European Union policies towards the ‘landfilling’ of such waste.
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5 Flueing

5.1 Purpose of the flue
The basic products that result from the complete combustion of a hydrocar-
bon fuel in a boiler are carbon dioxide and water. Carbon dioxide is a natural,
if minor, constituent of the atmosphere at c.0.03% by volume. A maximum
concentration of c.0.1% by volume is typically considered acceptable for
sedentary occupancy within a building, while concentrations between 2–3%
by volume are deadly to human beings. Its concentration in the combustion
gases discharged from a boiler typically vary from c.9–10% for natural gas
boilers to c.12–13% for oil-fired boilers. Therefore the combustion gases
cannot be allowed to collect and concentrate near ground level. Water vapour
is another natural constituent of the atmosphere, in small and varying quan-
tities. When condensation of water vapour in the combustion gases occurs
on contact with ambient air it visibly identifies the presence of the gases, and
may still be misinterpreted by building occupants and members of the public
as ‘smoke’. If combustion of the fuel is for any reason incomplete, carbon
monoxide will also be produced, in lieu of some of the carbon dioxide, and
this is toxic to human beings at very low concentrations. The production of
carbon monoxide should of course be minimal from a burner that is both
functioning correctly and set up with an appropriate proportion of excess
combustion air. In some instances where oil-fired boilers are employed, par-
ticles of unburnt carbon may also be produced, and these may be discharged
to atmosphere with the combustion gases as a ‘smut’. Finally, depending on
the chemical composition of the fuel, smaller quantities of other ‘noxious’
compounds are also produced as pollutants. Of principal concern among
these are sulphur dioxide and the oxides of nitrogen that are loosely termed
‘NOx’, although other substances may be present if the boiler combustion air
is itself contaminated. The production of sulphur dioxide is typically only a
factor in the design of flues for oil-fired boilers. In any event, if the pollutants
that may result from the combustion of boiler fuel are allowed to ‘concen-
trate’ near ground level, their effects are harmful to human health and par-
ticularly to those who suffer with respiratory problems. The pollutants are
also harmful to the environment.

A boiler flue provides the means for removing the ‘spent’ combustion gases
(or flue gases) from a boiler to a position where it can safely and effectively
disperse them into the general atmosphere. Dispersal of the gases is typically
achieved by a combination of flue height above the building and efflux veloc-
ity from the flue. The efflux velocity is the average velocity of the gases at
outlet from the flue. It is important to recognise that the flue typically cannot
exert any influence on the level of pollutants discharged by a boiler. In the
UK boilers flues are subject to both statutory legislation and local authority
regulation.

5.2 Flue and chimney
Flue and chimney are both terms that are widely used. Where a flue may rise
directly from a boiler to its termination above the building, there is no 



distinct chimney. Where a flue must run ‘horizontally’ (in practice there is
typically a requirement for a minimum gradient) before rising vertically to its
termination above the building, we will regard the vertical element of this
flue system as the chimney.

5.3 Types of flue
Four principal types of flue system may be identified:

• Natural-draught flues
• Mechanical-draught flues
• Balanced flues
• Dilutant flues, or flue dilution systems as they are more commonly termed.

Mechanical-draught flues include induced-draught, forced-draught and 
balanced-draught systems, while balanced flues may be subdivided into 
horizontal and vertical (balanced-compartment) types.

5.4 Flue draught
The draught of a flue or chimney may be defined as the difference between
atmospheric pressure and the internal pressure at some level in the flue.
Chimney draught is the draught that exists at the base of the chimney.
Draught may be derived naturally or mechanically. Natural draught is
draught that derives from the buoyancy effect caused by the difference
between the density of the hot gases inside the flue (lower) and the ambient
air (higher). Mechanical draught is draught that is generated by a fan.

Natural draught is a function of the temperature of the combustion gases
leaving the boiler (the flue gas temperature), the temperature of the ambient
air, and the height of the flue or chimney. For any given flue gas temperature
the natural draught will therefore be greater under winter operating condi-
tions when the ambient air temperature is low than under summer operating
conditions when it is high. The two extreme (maximum and minimum)
draught conditions will be represented by the winter and summer design
ambient temperatures respectively. Natural draught is a function of the dif-
ference in height between two points in a flue or chimney, and horizontal 
sections of flue do not contribute to it.

The value of natural draught, in Pa per metre of flue or chimney height, is
given by the expression:

(5.1)

where TREF = a common reference (absolute) temperature for air and flue gas
densities (K = °C 273); g = acceleration due to gravity at the earth’s surface
(9.81ms-2); rAir = density of air at TREF (kgm-3); rFlue gas = mean density of flue
gases at TREF (kgm-3); TAir = air absolute temperature (K); TFlue gas = flue gas
absolute temperature (K).

For approximate calculations it will typically be acceptable to regard the
reference density of flue gases to be the same as that of ambient air. In this
case equation 5.1 may be simplified to:

(5.2)

where qAir = air temperature (°C); qFlue gas = flue gas temperature (°C).
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In equation 5.2, air and flue gas temperatures may be expressed in °C in
the numerator since for subtractions the ‘273s’ in the absolute temperatures
cancel each other out. Corresponding temperatures in the denominator must,
however, remain absolute (K = °C + 273). For conventional (non-
condensing) boilers with fan-assisted or forced-draught natural gas burners,
flue gas temperatures at the full design firing rate of the burner will typically
lie in the range 190–250°C. For some high-efficiency modular boilers this
may reduce to c.125°C, while for condensing boilers it may be as low as 45°C
during condensing operation. Where a draught diverter is employed, as will
typically be the case for boilers employing atmospheric natural gas burners,
flue gas temperatures downstream of the draught diverter may be reduced to
a level of approximately 130–160°C. Flue gas temperature will typically tend
to fall when high/low/off or modulating burners are firing at a reduced rate.
Flue gas temperature also depends on the mean water temperature in the
boiler, taken as the average of the boiler flow and return water temperatures.
Where the water temperature in the boiler falls at a constant heat output,
flue gas temperature will also fall. A change in the water temperature in the
boiler of 10K will typically result in a 5–8K reduction in flue gas tempera-
ture. Where ‘baffles’ are fitted in the combustion gas passages of the boiler
block, their removal (or their inadvertent omission following removal for
cleaning of a boiler) will result in an increase in flue gas temperature. Any-
thing that reduces the transfer of heat from the combustion gases will tend
to cause an increase in flue gas temperature and a reduction in boiler effi-
ciency. Therefore, flue gas temperature will increase if the gas-side heat trans-
fer surfaces of the boiler are dirty. Figure 5.1 plots the approximate natural
draught obtained by solution of equation 5.2 for flue gas temperatures of
190°C, 125°C and 45°C over a range of ambient temperature from -4°C to
20°C.

The draught generated by the buoyancy of the flue gases is used to offset
the pressure losses associated with the flow of gas through the flue system.
As in the case of air flowing in ventilation or air-conditioning ducts, there are
two components to these pressure losses. The first of these is due to ‘pipe’
friction, and may be expressed as:

(5.3)

where Friction Factor = a non-dimensional parameter that is a complex func-
tion of the relative roughness of the flue ‘pipe’ and the flow regime, as rep-
resented by the Reynolds number for the flow in the flue pipe; VP = velocity
pressure based on the mean velocity of the flue gases (Pa); P = perimeter of
the flue cross-section that is in contact with (‘wetted by’) the flue gases (m);
A = cross-sectional area of the flue (m2).

For flue gas temperatures in the range 180–340°C values of the friction
factor for various flue constructions and diameters are set out in the CIBSE
Guide1. For flues of various cross-sections the ratios of perimeter to cross-
sectional area are:

Circular 4/diameter
Square 4/length of side
Rectangular 2 ¥ (width + height)/(width ¥ height)

In all cases the relevant dimensions of the flue are expressed in m. The veloc-
ity pressure of the flue gases (i.e. their kinetic energy per unit volume) may
be expressed as:
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(5.4)

where rFlue gas = mean flue gas density at TREF (kgm-3); vFlue gas = mean veloc-
ity of flue gases (ms-1); TREF = reference (absolute) temperature for flue gas
density (K = °C + 273); TFlue gas = flue gas absolute temperature (K).

For approximate calculations it will again typically be acceptable to regard
the reference density of flue gases as the same as that of ambient air, and 
if we assume this to have a nominal value of 1.2kgm-3 at 20°C (293K), 
equation 5.4 may be simplified to:

(5.5)

For a flue gas temperature of 293K (20°C) this becomes the expression famil-
iar to HVAC designers dealing with ducted air systems, (VP = 0.6 ¥ veloc-
ity2). At a flue gas temperature of 45°C, such as may be encountered during
condensing operation, the velocity pressure of flue gases will not be too dis-
similar to this, at approximately (0.55 ¥ flue gas velocity2). However, at a
flue gas temperature of 190°C this will reduce to approximately (0.38 ¥ flue
gas velocity2), a reduction of c.37%.

For typical flues of circular cross-section with a smooth internal (‘gas-side’)
surface finish, such as welded steel, approximate values of frictional pressure
loss rate at a flue gas temperature of 190°C and a flue gas velocity of 6ms-1

may vary from 1.6Pam-1 for a flue of 150mm nominal internal (‘gas-side’)
diameter to 0.7Pam-1 at a nominal internal diameter of 300mm and 0.3Pam-1

at a nominal internal diameter of 600mm. At a flue gas temperature of 45°C
the corresponding values are 2.3Pam-1, 1.0Pam-1 and 0.4Pam-1 respectively.
For the flue of 150mm diameter this value is greater than the natural draught
available, per vertical metre of flue or chimney, at -4°C ambient temperature.
In such a case it would either be necessary to reduce the frictional pressure
loss rate by increasing the diameter of the flue, or to employ mechanical
draught (or a mixture of the two). Increasing the diameter of a flue reduces the
flue gas velocity by a factor of (smaller diameter/larger diameter)2, and hence
reduces the velocity pressure of the flue gases by a factor of (smaller diame-
ter/larger diameter)4. For a given flue gas velocity a larger-diameter flue will
have a lower friction factor due to its reduced relative roughness. However,
for a given diameter the friction factor increases as flue gas velocity decreases
below 6ms-1 due to changes in the nature of the flow regime (‘Reynolds
number effects’) – by c.8–10% between 6ms-1 and 3ms-1 and c.16–20%
between 6ms-1 and 1.5ms-1. Typically for an increase in flue diameter of up
to twice the original diameter the combined influence of the change in relative
roughness and Reynolds number effects is likely to be negligible. Friction
factors and their relationships to flue diameter and gas velocity will be modi-
fied for flues of other cross-section, and where the assumption of ‘smoothness’
for the gas-side surface finish is affected by techniques of manufacture or
installation.

The second component of the pressure losses associated with the flow of
gas through the flue system arises from the turbulence generated at changes
of direction and shape in the flue, at junctions in the flow, such as occur at
the entry of a primary flue into a common flue header or at the entry of a
flue into a chimney, and finally at the flue outlet. In common with building

Velocity
vFlue pressure Pa
T

 gas

Flue gas

( ) =
Ê
ËÁ

ˆ
¯̃

175 8
2

.

Velocity v
T

TFlue Flue
REF

Flue
 pressure Pa  gas  gas

 gas

( ) = ¥ ¥ Ê
Ë

ˆ
¯0 5

2
. r

Flueing 141



services practice generally where fluid conduits run full, the pressure losses
in the flue ‘fittings’ that function as bends, tees, etc. are accounted for by
allowing for each such fitting a loss of pressure equivalent to the product of
a characteristic velocity (or ‘dynamic’) pressure at some point in the fitting
and an empirically-determined velocity pressure loss factor that is character-
istic of the type of fitting. Typical values of the velocity pressure loss factors
for various flue fittings are given by the CIBSE and BSRIA1,2

It is of course the cross-sectional area of a flue that produces its volume
flow rate capacity at any flue gas velocity. For natural gas at a gross calorific
value of 38.6MJm-3, each kW of rated heat input is equivalent to an input
rate of 2.59 ¥ 10-5 m3 s-1 of natural gas. If this volume flow rate of natural
gas is burnt with sufficient excess air to produce flue gases with a nominal
CO2 content of 9% by volume, the corresponding volume flow rate of flue
gases in m3 s-1 may be approximated by (1.222 ¥ 10-6 ¥ flue gas absolute tem-
perature). Strictly-speaking this is only applicable at or reasonably near to
sea level, and a correction for the effects of altitude should be made above
c.600m above sea level. For a given rated heat input to the boiler an approx-
imate flue diameter may be determined from the expression:

(5.6)

where Flue diameter is in mm; Rated heat input is in kW; TFlue gas = flue gas
absolute temperature (K = °C + 273); vFlue gas = mean flue gas velocity (ms-1).

For flue gas velocities of 6 and 7.5ms-1, the approximate flue diameter in
mm then becomes (Rated heat input ¥ flue gas absolute temperature)0.5 mul-
tiplied by factors of 0.51 and 0.455 respectively. On the same basis the
approximate maximum rated heat input for a given flue diameter would be:

(5.7)

where Flue diameter is in mm.
For flue gas velocities of 6 and 7.5ms-1, equation 5.7 yields approximate

solutions of [flue diameter (mm)2 ∏ flue gas absolute temperature] multiplied
by factors of 3.86 and 4.823 respectively.

Since in an economic installation a flue or chimney cannot be perfectly insu-
lated, some heat loss will occur over its vertical height and this will result in
the flue gases being discharged from the chimney at lower temperature than
that at which they enter its base. The buoyancy forces of the flue gases are
therefore typically based on the mean of their temperatures entering and
leaving the chimney. The magnitude of the temperature drop experienced by
the flue gases may be assessed from the energy balance:

(5.8)

where U = overall thermal transmittance of the chimney (Wm-2 K-1); A = total
surface area of the chimney to which U is referred (m2); qFlue gas, mean = mean
flue gas temperature, i.e. (qFlue gas, entering + qFlue gas, leaving ) ∏ 2 (°C); qAir = ambient
air temperature (°C); B = the product [mass flow rate (kgs-1) ¥ specific heat
(kJkg-1 K-1)] for the flue gases, with the value of specific heat being that at
constant pressure and at the mean flue gas temperature; qFlue gas, entering = tem-
perature of flue gases entering the chimney (°C); qFlue gas, leaving = temperature
of flue gases leaving the chimney (°C).

UA BFlue Air Flue Flueq q q q gas, Mean  gas, entering  gas, leaving-( ) = ¥ -( )

Rated
Flue vFlue heat input kW

 diameter
T

2
 gas

Flue gas

( ) =
¥Ê

Ë
ˆ
¯0 643.

Flue
Rated

vFlue
 diameter

 heat input TFlue gas

 gas
= ¥

¥Ê
Ë

ˆ
¯1 247

0 5

.
.

142 Heating Systems, Plant and Control



Equation 5.8 may be transposed to yield an expression for the leaving 
flue gas temperature:

(5.9)

Once the leaving flue gas temperature has been established, the ‘gas-side’
surface temperature of the inner skin of the flue may be established by pro-
portioning the temperature difference at the flue outlet across the total
thermal resistance of the flue construction, so that:

(5.10)

where U = overall thermal transmittance of the chimney (Wm-2 K-1); hsi =
gas-side surface heat transfer coefficient of the flue (Wm-2 K-1); qFlue gas, leaving =
temperature of flue gases leaving the chimney (°C); qFlue inside surface = gas-side
surface temperature of the inner skin of the flue at a point immediately 
adjacent to the flue outlet (°C); qAir = ambient air temperature (°C).

Equation 5.10 may be transposed to yield an expression for the gas-side
surface temperature at outlet from the flue:

(5.11)

In some instances it may be necessary to provide a means of controlling the
draught within a flue. Variations in draught may result from variations in
ambient air temperature, changes in the number of boilers firing in a multi-
ple-boiler installation or changes in the firing rate of boilers employing
high/low/off or modulating burners. Control or stabilisation of draught will
typically be required where boilers employ atmospheric natural gas burners,
and in this respect the function of draught diverters was described in Chapter
2. Where boilers employ fan-assisted or forced-draught natural gas burners
or pressure-jet oil burners, the use of draught stabilisers is typically not
favoured for several reasons. First, the draught stabiliser admits air from the
boiler plant room, which is at a much lower temperature than the combus-
tion gases, into the flue. In extreme circumstances the flue gases may reach
the acid or water dew-point temperature before leaving the flue outlet, leading
to corrosion of the flue and the possible formation of ‘smut’ in the case of
oil firing, although the dilutant air will have some effect in actually lowering
the dew-point temperatures of the flue gases. Avoidance of the acid dew-point
is particularly important where grades of fuel oil with high sulphur content
are burnt, albeit that this is typically rare in modern commercial building
services applications. However, under such circumstances the use of modu-
lating flue dampers is preferable, since this avoids the introduction of cool
air, albeit that the damper works in a harsh environment. Second, if improp-
erly set up, the action of the draught stabiliser may reduce the capacity of
the flue or chimney to handle the products of combustion. Finally, it may lead
to a positive-pressure condition existing at the base of the chimney. Con-
versely, an advantage that is claimed for the use of a draught stabiliser is that
the flue or chimney is ventilated following the cessation of burner firing.
While it is sometimes suggested that a draught stabiliser reduces the heat loss
due to the flow of combustion air through a non-firing boiler, this is better
dealt with by the use of a fully-closing combustion air damper (in the case
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of a fan-assisted or forced-draught natural gas or pressure-jet oil burner) or
a flue damper (in the case of an atmospheric natural gas burner).

In most cases a flue damper is a basic two-position device to achieve shut-
off of the flue pipe when a boiler is not firing. The desirability of this with
regard to reducing heat loss from the boiler has already been noted. The use
of flue dampers is not, of course, restricted to boilers with atmospheric
natural gas burners. In the case of an installation of multiple boilers with
forced-draught burners, cooler air drawn through a non-firing boiler will mix
with the hot combustion gases from firing boilers and reduce their tempera-
ture and buoyancy. It must not, of course, be possible for a burner to com-
mence firing against a closed flue damper, and if closure of the damper during
firing is possible due to malfunction or failure, this must result in an imme-
diate shut-down of the burner. In some types of atmospheric natural gas boiler
a two-stage flue damper may be provided that is linked to high/low/off control
of the burner, being fully open at full burner output and partially open at the
low firing rate. In this situation the effect of the added resistance to the flow
of flue gases that results from the partially-open flue damper is to reduce the
induction of combustion air and more closely match it to the burner’s low-
firing requirements, to the benefit of boiler efficiency. The control provisions
for the damper must naturally ensure that the burner may not operate at full
output unless the flue damper is fully open. A flue damper operates in a harsh
environment of high-temperature flue gases, and its construction must reflect
this. Avoidance of this harsh environment is one reason why an approach
may be favoured which moves shut-off of the combustion air path through
the boiler to the burner side when forced-draught natural gas and atomizing
oil burners are employed.

5.5 Natural-draught flues
Natural-draught flues will typically find building services application with
cast-iron sectional LPHW boilers that employ atmospheric natural gas
burners. In this case the buoyancy of the hot combustion gases leaving the
boiler must be strong enough to draw combustion air into the combustion
chamber of the boiler, overcome the pressure drop associated with the flow
of the combustion gases through the boiler to the outlet connection to the
flue, overcome the pressure drop associated with the flow of gases through
the flue system and finally ensure that the latter are discharged from the flue
outlet at an adequate velocity. The principle is illustrated schematically in
Figure 5.2.

Where the combined pressure drop associated with the induction of com-
bustion air and the flow of the combustion gases through the boiler block is
low, variations in natural draught may have a significant effect on combus-
tion. Provisions for draught stabilisation are therefore typically required
where natural-draught flues are employed. Since natural draught is totally
dependent on the buoyancy generated by the hot flue gases, it is essential to
minimise the heat loss between the boiler and the outlet from the flue. This
will particularly be the case where flue gas temperatures are low.

5.6 Mechanical-draught flues
In an induced-draught flue (Figure 5.3) an induced-draught fan located at or
closely downstream of the outlet connection from the boiler to the flue deals
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with the pressure losses associated with the induction of combustion air into
an atmospheric natural gas boiler, and with the flow of combustion gases
through the boiler block. The pressure losses associated with flow through
the flue may either be offset by the induced-draught fan itself or conven-
tionally by natural draught. The impeller of the induced-draught fan oper-
ates in the harsh environment of the flue gases, and should therefore be made
of a non-corrodible material, such as aluminium or stainless steel. It must be
possible to inspect the fan periodically for any build-up of deposits on the
blades of the impeller, which may lead not only to a drop in performance
but, potentially more seriously, to the generation of an out-of-balance con-
dition. The design of the fan casing should naturally not allow the accumu-
lation of condensate. Even in the case of conventional (non-condensing)
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Figure 5.2 Principle of operation of a natural-draught flue.



boilers this will occur on start-up and may also occur under some low-load
conditions. The induced-draught fan must be interlocked with the burner, so
that firing is inhibited until operation of the fan is proven and terminated
immediately in the event of fan failure. Since the resistance of the flue system
to the flow of gases increases with reducing flue gas temperature, the motor
of the induced-draught fan must be sized to cope with the increased load
experienced under ‘cold-start’ conditions. A fan from a standard product
range is unlikely to match the precise duty required for a particular combi-
nation of boiler and flue. An induced-draught fan will therefore typically be
selected with a margin of excess duty that must be trimmed out during the
commissioning process. Unless the fan speed is adjustable, provision must be
made to achieve the required flow rate of combustion gases from the boiler
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Figure 5.3 Principle of operation of an induced-draught flue.



via an adjustable bleed of air from the plant room into the flue at the fan
inlet. Finally, if operation of the boiler on natural draught alone remains 
possible in the event of failure of the induced-draught fan, a bypass may be
provided, with bypass dampers interlocked with the fan.

In a forced-draught flue (Figure 5.4) the burner fan offsets the pressure
losses associated with the supply of combustion air and the flow of combus-
tion gases through the boiler block. The burner fan may provide either a
neutral (zero) or positive pressure at the boiler outlet connection to the flue.
In the former case the pressure losses associated with flow through the flue
are offset conventionally by natural draught. In the latter case the mechani-
cal draught available at the boiler outlet to the flue may be utilised either to
reduce the requirement for natural draught (and potentially, therefore, the
height of the flue or chimney) or, where necessary, to increase the velocity of
the flue gases (either generally or only the efflux velocity) for the same 
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Figure 5.4 Principle of operation of a forced-draught flue.



availability of natural draught. Forced-draught flues will typically be
employed where cast-iron sectional boilers are fitted with fan-assisted or
forced-draught natural gas burners or oil pressure-jet burners.

In a balanced-draught flue (Figure 5.5) the boiler (gas-side) and flue pres-
sure losses are apportioned between the burner combustion air fan and an
induced-draught fan. The two fans must be controlled to maintain a speci-
fied ‘balance’ point of zero pressure either in the boiler combustion chamber
or at the outlet connection to the flue.

The effect of variations in natural draught will inherently be less for
mechanical-draught flues than for natural-draught flues, and will be minimal
where the flue is designed without significant reliance on buoyancy forces.
The use of draught stabilisers is therefore typically unnecessary in such
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Figure 5.5 Principle of operation of a mechanical balanced-draught flue.



systems. Appropriately-designed induced-draught and forced-draught flue
systems have the potential to ensure more-or-less optimum combustion 
performance under all load conditions. Since fans are essentially constant-
volume-flow-rate devices, where mechanical-draught flues are employed at
altitudes in excess of approximately 600m above sea level, the volume flow
rate of flue gas to be handled by the fan, for a given rated heat input, should
be corrected for the effects of altitude. An increase of c.4% for every 300m
above sea level is typically considered appropriate.

5.7 Balanced flues
In a balanced flue the air inlet and flue gas outlet are located in the same
pressure zone, so that wind pressure affects both more-or-less equally. This
is typically achieved by combining both air inlet and flue outlet within the
same flue terminal, the air inlet being concentric to (around) the flue outlet.
The terminal of a balanced flue is therefore less sensitive to location and wind
effects. The term ‘concentric’ has been used for convenience, since the air inlet
is typically positioned around the perimeter of the flue gas outlet at its centre.
However, neither are of necessity circular in cross-section.

Balanced flues may be of horizontal or vertical type. The former have tra-
ditionally been used for ‘room-sealed’ and ‘wall-hung’ domestic natural gas
boilers. In this case the boiler is mounted directly on an external wall, with
a short balanced flue extending through the adjacent wall to terminate outside
the building (Figure 5.6). This type of balanced flue handles only the com-
bustion air for the burner. Ventilation to limit the temperature of the boiler
enclosure is dealt with by separate natural ventilation openings at low and
high level. In many instances the boiler is in any event located within the
dwelling itself, typically in a kitchen or utility room. In such applications 
the balanced flue provides a very compact, and hence economical, solution,
the extent of the flue comprising the terminal itself and a short ‘concentric’
sleeve of length just sufficient to extend through a typical domestic cavity-
wall construction. The balanced flue arrangement allows the incoming com-
bustion air to be pre-heated by the outgoing flue gases. This improves boiler
efficiency and the reduction in the discharge temperature of the flue gases is
beneficial, since the flue terminal is typically located at more-or-less head
height (the height of the wall-hung boiler is limited by the need for access to
controls and for periodic inspection and servicing). Since the flue terminal is
typically an angular metal device, there is a risk that occupants of the build-
ing may be hurt by inadvertently walking into it. This may be avoided by
fitting a simple metallic mesh ‘basket’ around the terminal. The terminal
must, of course, prevent the ingress of small birds, vermin and insects gen-
erally. Fan assistance may be applied to allow the siting of a boiler remote
from an outside wall, and in this instance the balanced flue and its terminal
may be of fairly small diameter.

Despite its primary sphere of application to domestic boilers, wall-mounted
LPHW boilers with premix natural gas burners are available for room-
sealed, balanced-flue use, offering a design heat output to water in the range
50–70kW. Such units are therefore suitable for ‘light commercial’ heating
applications. Naturally the necessary design heat output may be built up by
operating several such units in parallel, each being provided with an indi-
vidual balanced flue. In this instance the balanced flue connection will typi-
cally be made off the top of the boiler, and may either be turned through 90°
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to terminate through an adjacent outside wall or run vertically to terminate
above roof level. Such systems typically rely on the positive pressure made
available by the premix fan at the boiler connection to the flue, and diame-
ters of as little as 75/125mm may be possible for the concentric flue gas and
combustion air inlet ducts.

Figure 5.7 illustrates schematically a vertical balanced flue arrangement for
the type of conventional installation of multiple floor-standing boilers that is
commonly encountered in commercial space and water heating applications
covering the whole size range. Following the balanced-flue principle the air
inlet and flue outlet are in the same pressure zone at the top of the chimney,
and are thus affected equally by wind pressure. However, in this case the flue
terminal not only provides an air inlet for combustion air but also both an
air inlet and exhaust for ventilation air to limit plant room temperature.
Strictly-speaking, therefore, such a system combines the functions of both a
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Figure 5.6 ‘Horizontal’ type of balanced flue.
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boiler flue system and a boiler plant room ventilation system. This requires
two fundamental changes from the simple ‘domestic-type’ of balanced flue.
First, the handling of both air inlet and exhaust flows cannot be achieved in
a simple concentric arrangement, and therefore requires internal division or
‘segmentation’ of the air duct around the flue. Second, and probably the most
fundamental of the two, since both combustion and ventilation air is pro-
vided by the balanced-flue system, the plant room in which the boilers are
installed is ‘sealed’, with no other ventilation openings permitted. The boiler
plant room therefore becomes a balanced compartment, and this is the term
by which such systems are now formally identified under British Standards.
Doors to the plant room must be self-closing and flush-fitting, with effective
draught sealing measures applied. Apart from during ingress or egress of per-
sonnel, doors to the plant room should remain shut and notices to this effect
will typically be prominently displayed. If any door opens from the plant
room on to an occupied space, a suitable control interlock will typically be
required to terminate and inhibit further firing of any boilers in the event that
the door is inadvertently left open for longer than is required for simple
ingress to or egress from the plant room.

The flue terminal in such a system typically takes the form of a multi-sided
‘penthouse’ or similar arrangement of air inlet louvres disposed around a
central vertical flue discharge. The terminal is internally divided or ‘seg-
mented’ around the chimney. The ‘concentric’ arrangement of a flue within
segmented air ducts is extended only as far as necessary to ensure that input
air for combustion and ventilation reaches the plant room and ventilation
exhaust air is received from it. The configuration of the flue terminal and seg-
mented air ducts is flexible to suit the needs of the building and its structure,
within the limits of what can be physically formed, fabricated and installed.
The design of the flue terminal will typically be a considerable improvement
visually over more conventional flue outlets and terminals, and can accom-
modate most architectural preferences (at a price, of course).

In operation the flow of the boiler combustion gases through the central
flue may employ either natural-draught or mechanical-draught techniques. 
In calm ambient conditions the flue natural draught, or the action of the
induced-draught or forced-draught fans, will tend to support an inflow of air
through one or more of the segmented air ducts, while the temperature dif-
ference that will inevitably exist between the plant room and ambient air will
act to both enhance the inflow of air and generate an exhaust of air from the
plant room via the remainder of the segmented ducts. The action of wind will
be to force outside air through the inlet louvres on the windward side of the
terminal and through the associated duct segment to the plant room, with air
being exhausted from the plant room to discharge through the louvres on the
leeward side of the flue terminal. Again the action of natural or mechanical
draught will support the inflow of air while the temperature difference
between the boiler plant room and ambient air will support both the inflow
and exhaust process. While the duct segments that carry air to and from the
plant room may change with the prevailing direction of the wind, the prin-
ciple is that there will always be sufficient segments carrying out each func-
tion to meet the needs of the boiler plant. The boiler plant room acts as a
ventilation ‘balance plenum’ or ‘balance chamber’, and this can only be suc-
cessful if the plant room is sealed from the action of any other ventilation
systems or the effects of significant infiltration or exfiltration.

This type of balanced-flue system may be employed where the boiler plant
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room does not have an external wall, or where the provision of conventional
natural ventilation openings at low and high level may be structurally diffi-
cult or inappropriate due to local sources of external pollution. A principal
benefit of the system is that it allows a design solution to be employed that
remains based on natural air movement in circumstances in which a mechani-
cal system might otherwise be necessary. Since the system depends entirely
on the use of high-level ventilation openings, the free area of the flue termi-
nal is typically increased in comparison with that required for conventional
high-level natural ventilation openings (by a factor of 2.5 or more, depend-
ing on the practice of the particular manufacturer).

5.8 Flue dilution systems
In a flue dilution system the combustion gases from one or more boilers are
discharged via individual short primary flues into a common ‘header’ duct
that is connected to atmosphere at both ends via louvred openings. A fan,
which is located downstream of all primary flue connections from the boilers,
draws a sufficient volume flow rate of ambient air through the duct to dilute
the combustion gases to a degree that allows their discharge from the build-
ing at relatively low level on an external wall of the boiler plant room. The
degree of dilution is measured by the volumetric content of carbon dioxide
(CO2) at the flue outlet, which must typically be equal to or less than 1%.
The principle is illustrated schematically in Figure 5.8.

The degree to which the combustion gases from the boiler or boilers must
be diluted to achieve a maximum CO2 content of 1% by volume at the dis-
charge from the header duct will naturally depend on the fuel used to fire the
boilers. In the case of natural gas a dilution factor of approximately 10, rel-
ative to the stoichiometric combustion volume, will be necessary, which trans-
lates into a flow rate of diluted flue gases equivalent to approximately [2.7 +
(0.01 ¥ temperature of diluted flue gases in °C)] l s-1 per kW of boiler rated
input. This represents a factor of slightly in excess of 100 relative to the rate
of gas input to the burner. In the case of LPG the dilution factor will be higher.
The temperature of the combustion gases will naturally also be diluted. The
mixed temperature of the diluted combustion gases at the outlet from the
system will vary with the ambient temperature. However, it is unlikely to
exceed 50°C even at ambient temperatures up to 20°C for primary flue gas
temperatures up to 200°C. In a space heating application a single boiler will
naturally be firing for less of the time as the ambient temperature increases.
In a multiple-boiler installation fewer boilers will be firing, so that for a nom-
inally constant volume flow rate of dilutant air the extent of both CO2 and
temperature dilution will increase. In the case of a condensing boiler the tem-
perature of the diluted combustion gases at outlet from the system is unlikely
to differ by more than c.10K from that of the ambient air itself, even if the
boiler is operating in non-condensing mode.

The ambient air intake and diluted flue gas discharge are both located on
the same external wall of the boiler plant room, so that the effects of wind
pressure are balanced. The intake of air for flue dilution is independent of
the supply of air to the plant room for combustion or ventilation to limit
temperature, and it is preferable if the conventional openings that are required
at low and high level for these functions are located on different walls to the
flue dilution openings. The motor of the flue dilution fan will typically require
a supply of cooling air, which may be ducted from outside the building or
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drawn directly from within the boiler plant room. In the latter case the free
area of low-level ventilation openings in the plant room will need to be
increased (one manufacturer recommends a twofold increase) to allow for
the additional air flow required. Since it is essential to avoid the possibility
of recirculation of the diluted flue gas discharge leading to a build-up of com-
bustion gases in the system, the system intake and discharge openings should
be horizontally separated. In the case of a single boiler, a minimum separa-
tion of at least 2m is likely to be required, and this will naturally be consid-
erably exceeded where multiple boilers are employed. Where the available
horizontal separation between the openings is limited, a vertical separation
may also be introduced. In this instance, since the warm diluted flue gases
will naturally tend to rise once discharged into ambient air, it will be prefer-
able for the diluted flue gas discharge to be positioned uppermost. It will in
any event be preferable for the discharge to be directed at an angle of approx-
imately 30° above the horizontal. Intake and discharge openings should be
located so that any risk of inadvertent blockage or obstruction can be con-
trolled, and it is of course preferable that any such risk should inherently be
minimal. The discharge should not, of course, be directed into an enclosed
area, such as an internal courtyard, or beneath a ‘canopy’ or overhang. The
peak concentration of CO2 in the diluted flue gas discharge depends on the
thoroughness of the mixing that occurs between the flue gases and the dilu-
tant air. This mixing commences in the header duct upstream of the flue dilu-
tion fan and continues through the fan itself and in the downstream discharge
duct. It is therefore essential to ensure that an adequate mixing distance is
available between the discharge from the flue dilution fan and the outlet from
the system, and 2m is again likely to be the minimum acceptable. If adequate
mixing cannot be ensured by such means, it may be necessary to increase the
volume flow rate of dilutant air. Use of mean diluted-gas velocities in excess
of approximately 7.5ms-1 in the flue dilution header may give rise to noise
problems.

The use of flue dilution systems is favoured for boilers that are fired on
natural gas or LPG, where the sulphur content of the fuel is minimal. Use
may be particularly relevant to condensing operation with natural gas, since
the high dilution of the flue gases inherently lowers their dew-point temper-
ature so that it approaches that of air at the diluted temperature. However,
since condensing boilers typically (although not, it must be said, universally)
employ induced-draught fans, these must be balanced with the flue dilution
system to avoid fan interaction. Since the static pressure in the header duct
is increasingly negative from the ambient air intake to the fan suction, this
will naturally tend to translate into a suction at the boiler outlet connection
to the primary flue. It may therefore be necessary to stabilise the draught at
the boiler outlet in order to avoid a condition of excessive suction arising. In
the case of atmospheric natural gas boilers the situation is not too dissimilar
from what exists in a conventional natural-draught flue (merely the source
of the suction at the boiler outlet has changed), although the operating limits
of the particular boiler will need to be considered, and its suitability for a
flue dilution application discussed with the manufacturer at an early stage in
the planning of the installation. However, for conventional boilers with 
fan-assisted or forced-draught natural gas or oil pressure-jet burners, it will
typically be necessary for a draught stabiliser to be installed in the primary
flue connection from each boiler.

Precautions will be necessary against corrosion of the flue dilution system.
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Flue dilution fans will typically employ impellers manufactured from alu-
minium or mild steel coated with ‘aluzinc’. Fan casings may employ stainless
steel or, again, mild steel coated with ‘aluzinc’ and painted with a polyester
paint suitable for a high-temperature working environment. It is especially
important that condensate does not collect in the fan casing, which will result
in accelerated corrosion. Where condensation may occur in the flue dilution
header duct itself, this should be fabricated from stainless steel. Provisions
for condensate drainage (via a suitable trap) should in any event be made to
drain the header downstream of the boiler primary flue connections. If con-
struction of the flue dilution header employs ‘mixed’ materials, it is essential
to avoid direct (surface-to-surface) contact between dissimilar metals, which
will again produce accelerated corrosion.

The flue dilution system must include provision for regulating the volume
flow rate of dilutant air. At its simplest this may take the form of a conven-
tional throttling damper positioned downstream of the ambient air intake, or
alternatively a fan may be employed in which the speed is adjustable during
commissioning of the system. Burner controls must be interlocked with the
flue dilution fan to inhibit burner firing unless operation of the flue dilution
fan is proven, and to terminate firing on fan failure or in the event of a restric-
tion in the dilution air flow. This is typically achieved via an air flow switch.

For boiler plants with rated heat input below approximately 1MW 
(1000kW, which therefore covers a wide range of typical commercial space
heating applications) the diluted flue gases may be discharged as low as 2m
above ground level if certain criteria are met regarding efflux velocity of the
diluted flue gases and separation from other buildings, opening windows and
other air intakes not associated with the boiler plant.

5.9 Sizing of the flue
In the UK, constraints on the location of flue outlets and the sizing of boiler
flues typically focus on the requirements of the Clean Air Acts and their asso-
ciated Memoranda, on Building Regulations and on local authority require-
ments, although environmental protection legislation may also be relevant.
Future legislation from the European Union is also anticipated. General
design requirements and good practice recommendations are also addressed
by various British Standards and the publications of the former British Gas.
In the UK the Guide published by the Chartered Institution of Building 
Services Engineers encapsulates the procedures and practices recommended
by the building services profession. The Guide also provides a source of ref-
erences to much of the relevant documentation on standards and require-
ments1. All quantitative information given in this section is for the purposes
of discussing the factors that are typically involved in the sizing of a boiler
flue or chimney. It is not intended for use in the design of any specific instal-
lation, which should always be based on reference to the latest editions or
versions of the relevant publications. Texts age, and the material content or
interpretation of published standards change.

Satisfactory performance of the flue or chimney depends on appropriate
sizing and dimensioning. Constraints on this typically take the form of
minimum requirements for height of a flue or chimney and for the efflux
velocity from its outlet, and are more stringent when boilers are fired on fuel
oil than when fired on natural gas or LPG, since these latter fuels have 
negligible sulphur content. In situations where an ‘interruptible’ natural gas
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supply is backed-up by oil as a standby fuel for ‘dual-fuel’ burners, the oil-
firing case may provide the limiting constraints. The location of the flue or
chimney outlet will also typically have to maintain a minimum vertical and
horizontal separation respectively above the roof of a building and from any
opening window or air intake.

If the efflux velocity from the flue outlet is weak, there is a risk that con-
ditions of down-draught or inversion may occur. In the former a ‘plume’ of
cool flue gases ‘spills’ downwards on the downwind side of the flue or
chimney. In the latter a cold down-draught occurs internally within the flue
on its upwind side. A down-draught condition inevitably compromises the
purpose of the flue by generating a concentration of flue gases at ground level.
The influx of cold air into the flue that is associated with a condition of inver-
sion leads to corrosion of the flue. Efflux velocity may be increased by the
use of outlet cones or nozzles, the increase in the efflux velocity, relative to
that in the flue itself, being inversely proportional to the reduction in cross-
sectional area effected by the outlet cone. The use of a ‘cone’, however, results
in the introduction of an additional pressure loss associated with the flow 
of flue gases, and one that is proportional to the fourth power of the
(inlet/outlet) diameter ratio of the ‘cone’. If the mean flue gas velocity in the
flue is increased by 50% by the introduction of an outlet cone, the pressure
drop associated with this will be slightly in excess of 2.25 times that for a
simple untapered flue outlet. A maximum included angle of 30° is recom-
mended for an outlet cone.

The height of a flue or chimney that is required to provide a given natural
draught may be determined from the ratio of the sum of the pressure losses
associated with gas flow through the flue at the design firing rate of the boiler
(in Pa) to the available draught in Pa per vertical metre of flue. The HVAC
designer has, at his or her disposal, the ability to vary the configuration and
size of the flue to match the pressure loss through it to the available natural
draught. In appropriate circumstances mechanical draught may be introduced
and its contribution varied (within practical limits). Mean flue gas velocities
will typically lie in the range 3.5–12ms-1, with values at the lower end of the
range being appropriate for natural-draught flues in the height range up to
c.12m and values in the middle of the range appropriate for forced-draught
flues in the same range of flue height. At substantially greater flue heights
values of flue gas velocity in the mid-to-upper part of the range will be more
appropriate1. With well-insulated flues or chimneys, a temperature drop of
c.1Km-1 may be experienced, so that the entry velocity to the chimney will
more or less approximate to that at its outlet.

For our present purposes two cases of flue or chimney sizing are worthy
of note. The first is the case of a natural gas boiler served by a single chimney
that rises through or adjacent to a building, which is a situation commonly
encountered in commercial building services applications. As far as the impli-
cations of the Clean Air Acts and their associated Memoranda are concerned
in the UK, the height of such a chimney will typically be determined by the
height of the building, with an additional height correction that is related to
the rated heat input to the boiler in Megawatts (i.e. kW ∏ 1000). The height
correction therefore inherently accounts for boiler efficiency. This height cor-
rection, in metres, has a value of [0.816 ¥ (rated heat input in MW)0.6], and
is always positive. However, the height of the chimney should not in any event
be less than the height of a ‘free-standing’ chimney (i.e. one not rising through
or adjacent to the building, but separated from it by a horizontal distance),
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which is defined by [1.36 ¥ (rated heat input in MW)0.6] or 3m, whichever is
the greater (3m will be the greater for rated heat inputs up to approximately
3.74MW). The second case of particular interest in typical building services
applications is that in which closely-spaced multiple boilers employ individ-
ual flues. While we will not analyse the rules that apply to multiple chim-
neys, it should be noted that in this situation the height of each flue must be
increased above the corrected height that would apply if treating each of the
flues in isolation. In either case the final chimney height may be overridden
by the need either to generate natural draught or to comply with Building
Regulations or local authority requirements.

Where boilers are fired on fuel oil and the total rate of emission of sulphur
dioxide (SO2) is less than 0.38gs-1, the height of a single flue or chimney will
typically be determined by reference to the requirement for generation of
natural draught, but subject to the proviso that the flue or chimney should
not terminate less than 3m above the building to which it is attached or adja-
cent. The Guide published by the Chartered Institution of Building Services
Engineers details a procedure for the sizing of flues or chimneys for boilers
fired on high-sulphur fuels1. These include fuel oil grades ‘E’ and above,
which have sulphur content in excess of 2%, although the popularity of
natural gas as a boiler fuel has made the use of such fuels comparatively rare
in modern building services applications.

As far as efflux velocities from the flue or chimney outlet are concerned,
the requirements of the Clean Air Acts are typically interpreted to mean that
a minimum efflux velocity of 6ms-1 should be provided from a natural-
draught flue or chimney, where this serves a boiler plant with rated heat input
up to 2.2MW (i.e. 2200kW). This level of heat input naturally covers a wide
range of typical commercial building services space and water heating appli-
cations. However, it may not be possible to achieve this level of gas velocity
throughout the flue or chimney in an installation that relies on natural
draught, especially where flue gas temperatures are low, as is the case both
for condensing boilers and for some high-efficiency modular boilers. Hence
the use of a flue outlet cone or nozzle may be necessary, with the flue system
being generally designed on a lower mean gas velocity. In the case of induced-
draught or forced-draught flues the recommended minimum efflux velocity
is increased to 7.5ms-1 for plant with a rated heat input up to 9MW (i.e.
9000kW), with a progressive increase up to a value of 15ms-1 at a rated heat
input of 135MW – although the lower range of heat input should be more
than enough to cover virtually all building services applications for space and
water heating that are likely to be encountered in practice. Where boilers
employ burners with high/low/off control, the minimum recommended efflux
velocity should be achieved with burners operating at their low firing rate.

Again where boilers are oil-fired, the temperature throughout the flue or
chimney should not fall below the acid dew-point during normal firing.
Should this occur, an acid film may form on the inner surface of the flue, to
which unburnt carbon and other solid deposits and corrosion products will
tend to adhere as a loose-layered agglomerate that may become dislodged on
changes in boiler firing rate and carried from the flue (as ‘smut’) by the flow
of gases. For LPHW heating boilers the acid dew-point typically lies in the
temperature range 115–140°C, with ‘acid corrosion’ reaching a maximum
level at approximately 30–40K below this. The effect is typically negligible
where ‘sulphur-free’ natural gas or LPG are used as the boiler fuel.
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5.10 General design and construction of the flue
While boiler flues may be of single-skin construction, in modern commercial
space and water heating applications they are typically of ‘twin-wall’ con-
struction, comprising an inner and outer skin separated by a layer of thermal
insulation (or in some instances simply an air gap). The layer of thermal insu-
lation is typically a minimum of 25mm thick, with additional increments of
25mm possible up to a maximum of 100mm. Modern practice typically 
considers a minimum 50mm thickness of insulation to be preferable, while
use of a 100mm thickness is rare. Levels of thermal insulation may be more
critical where high-efficiency modular boilers transfer more heat from the
combustion gases, resulting in a lower flue gas temperature and a consequent
reduction in the available buoyancy forces. The material of the flue should
be able to withstand rapid changes of temperature, and should have a low
thermal capacity to minimise the heat-up time during which condensation
may occur within the flue. The system of construction and installation must
be able to accommodate repeated cycles of thermal expansion and contrac-
tion, and should be economic to manufacture and install and simple to inspect
and maintain. In induced-draught and forced-draught flues, where part or all
of the flue may be under positive pressure, it is essential that the construc-
tion and jointing of the flue are effectively ‘gas-tight’. Not only is contain-
ment of the products of combustion of paramount importance because of the
associated health and safety considerations, but also due to the risk of damage
being occasioned by the egress of water vapour held in the flue gases. This
may wet the flue insulation and permeate into adjacent areas of the building
fabric where condensation (slightly acidic) subsequently occurs. In such cir-
cumstances the sections of the flue will typically employ continuously-welded
longitudinal seams, leaving just the transverse or ‘cross-joints’ between indi-
vidual components to be site-made using one or another proprietary form of
‘socket-and-spigot’ jointing system. However, while leak-tightness may be
most significant in positive-pressure flues, it is nevertheless also a significant
issue in natural-draught flues, since the ingress into the flue of dilutant exter-
nal air will cool the flue gases and reduce the available draught.

The inner skin of a twin-wall flue is in contact with the combustion gases,
and therefore faces a harsh working environment. Smooth-wall, thin-gauge
aluminium sheet may be used with boilers employing atmospheric natural gas
burners and flue gas temperatures up to c.260°C, while stainless steels of
varying grades are suitable for all the common boiler fuels and burner types.
However, some grades of stainless steel may not be suitable for applications
where either a saline atmosphere or a high level of atmospheric pollution
exists. The former is naturally likely to be encountered in coastal locations.
The highest (and therefore most expensive) grade of stainless steel is the 
austentitic grade ‘316’. The outer skin of a twin-wall flue may employ alu-
minium, stainless steel or ‘aluminised’ (aluminium/zinc-coated or ‘aluzinc’)
steel. Where boilers are fired on an ‘alternative’ fuel, such as waste, a specific
flue construction may be required. In current practice brick, block or masonry
chimneys are unlikely to be used in typical commercial building services
applications. Flexible flue liners may be employed for the refurbishment of
existing chimneys, or to suit the needs either of new boilers or of a change
of fuel.

Where multiple boilers are employed, it is preferable, wherever possible,
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to provide each boiler with an individual flue. This avoids the difficulties typ-
ically associated with maintaining adequate efflux velocity from a common
chimney under part-load operation, and the risk of non-firing boilers expe-
riencing ‘back pressure’ where induced-draught or forced-draught flue
systems are employed. Failing this, multiple boilers may connect to a single
chimney via a common flue ‘header’.

In order to limit the pressure loss associated with the flow of flues gases,
boilers should be located as close to the chimney as possible. Flues of circular
or square cross-section are preferable, but where rectangular cross-
sections are unavoidable, aspect ratios (width of the cross-section divided by
its height) should be less than approximately 1.5. Short-radius bends and
abrupt changes of cross-section are undesirable – the pressure loss associated
with a 30° bend is approximately one-third of that associated with a 90°
bend, and a similar relationship exists between a sharp bend and an ‘easy-
sweep’ version. Since ‘straight’ (90°-to-the-vertical) connections of one
section of flue to another have the highest pressure drops, connections of
boiler primary flues into a common header, or of a flue into a chimney, should
be swept at an included angle to the direction of gas flow of 45° or less. Such
connections should in any event not protrude into the header or chimney.
Where atmospheric natural gas boilers incorporate a draught diverter, a
minimum height will typically be required above this before any change of
direction is permitted in the flue or a connection made to a common flue
header. This is typically of the order of 0.5m or so, but boiler manufacturers
will specify precise requirements for their products. Where a flue must run
‘horizontally’ to connect to a chimney, it is preferable if it can be arranged to
slope slightly upwards toward the chimney. Since condensation is to be
expected on start-up of the plant, and potentially under low-load conditions,
a suitable ‘fall’ will in any event be required (a minimum slope of 2.5° is typ-
ically recommended) to a suitable drain point, which should be trapped.
Joints in the flue should be installed in such a manner as to direct condensate
to the drain point without local accumulation or leakage, and long individual
lengths of flue will justify separate drainage provisions. Resealable gas-tight
access and cleaning doors will typically be required at locations which may
include bends, the ends of horizontal runs of flue and at the base of a chimney.
In some instances pressure-relief or ‘blow-out’ doors may be required. The
base of the chimney should not be left open since this will increase the pres-
sure drop associated with the flue connection by at least a factor of two. The
depth of the chimney below the lowest flue connection, or the connection of
the common header, should be just sufficient to allow the necessary provisions
for drainage, inspection and cleaning. Should any additional depth be neces-
sary, it should be ‘infilled’ to minimise both gas turbulence and heat loss, and
to avoid any risk of such ‘dead’ space generating harmonic pulsations. The
routes of flues and chimneys will naturally have to maintain appropriate sep-
aration from combustible materials. Last, but by no means least important,
careful attention must be given to the support of all sections of the flue system.

The location of the flue outlet should avoid any zones of wind pressure
that are likely to cause conditions of down-draught, inversion or ‘wind
suction’. In this respect the effects of the building itself, local land contours,
adjacent buildings and even trees should be considered. Attention to detail
will be required to ensure weatherproofing where a flue or chimney pene-
trates the roof structure of a building. Internal flues and chimneys suffer
reduced heat loss. However, where the chimney must be external to the build-
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ing, it is preferable for it to be located on the leeward (downwind) side of
the building, where it will be sheltered from the effects of the prevailing wind.
External chimneys should be as slender as structural considerations permit.

5.11 Flues for condensing boilers
Condensing operation with natural gas results in certain characteristics that
need to be taken into account in the design of the flue systems that serve this
type of boiler plant. Fundamentally, the temperature of the combustion gases
leaving the secondary heat exchanger is low (typically of the order of 45°C)
during condensing operation, and will not be substantially higher (perhaps
only by some 20K) when not condensing. The natural buoyancy of the flue
gases is therefore low. Unless an induced-draught fan is employed, which is
typically but not exclusively the case, any heat loss from the flue gases is
undesirable. Where an induced-draught fan is employed, single-skin con-
struction may be employed for the flue.

The combustion gases typically leave the secondary heat exchanger of a
condensing boiler in a saturated or near-saturated condition. Hence the occur-
rence of a condensate ‘plume’ is to be expected at the flue outlet, and the nui-
sance potential of this should be taken into account when siting the outlet.
Flue terminals are considered to accentuate the formation of a condensate
plume and should not be necessary where the flue is well-drained. The flue
outlet should, however, be protected against the ingress of birds and debris,
to which end a suitable wire mesh is typically a functional solution. A high
efflux velocity may be required from the flue outlet to reduce the risk of con-
ditions of down-draught or inversion occurring. Condensation will occur
within the flue system, and it is therefore particularly important to apply
throughout the system the general good-practice provisions for drainage and
trapping of condensate described under section 5.10. The internal bore of the
flue should be smooth and should not permit the accumulation of conden-
sate at joints or in other local crevices or traps, where re-evaporation could
lead to locally-enhanced levels of acidity and an ‘aggressive’ condensate.
Joints need to be watertight to avoid leakage of condensate, and gas-tight to
avoid leakage of flue gases (and the water vapour they still carry) where the
flue operates under a positive pressure.

Condensate formed within the flue will in any event be slightly acidic (pH
value 3–5). In industrial applications it will be advisable to check on the likely
presence of contaminants in the combustion air, as may lead to the forma-
tion of an ‘aggressive’ condensate. The material of the flue must be not only
impervious to the passage of condensate through the material, but also resist-
ant to attack by its acidic nature. Austentitic stainless steels, such as grades
‘304’ and ‘316’, and aluminium in commercial-purity (99%) sheet are 
generally considered appropriate materials, with some types of aluminium
exhibiting better resistance to ‘pitting’ corrosion than stainless steel2. In some
instances the use of polymeric materials, such as ‘ABS’ plastic, may be accept-
able for the flue where the maximum flue gas temperature that can be encoun-
tered in non-condensing operation is within the capability of the material,
and its use is permitted. Hard plastic materials, such as unplasticised
polyvinyl chloride (uPVC) and polypropylene (ABS) are in any event favoured
for use in condensate drains. Conventional site drains using vitrified clay will
also be impervious to the condensate. In the UK, disposal of the condensate
from natural gas condensing boilers to a public sewer is typically acceptable,
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unless its temperature is excessive. In any event it will typically be good 
practice to dilute the condensate with other drainage flows within the 
building.
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6 Room Heat Emitters

6.1 Introduction
Room heat emitters are the interface between the heating system and the
building, including its occupants. More than any other aspect in the design
of the heating system, the selection, location and control of the heat emitters
will determine the occupants’ thermal comfort. In addition, there will be an
impact on running, maintenance and capital cost; space requirements; appear-
ance; and safety. It is important, therefore, that the designer of heating
systems has a clear understanding of these issues so that the most appropri-
ate emitter will be chosen and properly utilised.

This chapter looks at all these issues, starting with a brief physical descrip-
tion of the various types of room heat emitter applicable to centralised hot
water heating systems. These have been collected into five groups based on
physical construction:

• Natural convectors
• Fan convectors
• Radiators
• Radiant panels
• Underfloor

In order to understand the performance and methods of control of heat emit-
ters, it is necessary to apply the principles of heat transfer theory. It is pre-
sumed that the reader has some prior knowledge of this. Readers without
prior knowledge are advised to read one of the many standard texts1. To assist
in the fluency of this chapter, much of the theory (and the inevitable mathe-
matics) have been placed in appendices at the end of the chapter which can
be treated as supplementary reading. Information on thermal comfort is less
available. As an understanding is essential in the design of heating systems,
an appendix on thermal comfort has also been included.

6.2 General description of heat emitter types
6.2.1 Natural convectors

Convectors give out heat by convection only (or virtually so). This is achieved
by locating the heating element within a case through which air flows to the
room. As the case surface temperature is very close to the room temperature,
radiant heat output is negligible. The air flow is achieved entirely by buoy-
ancy (natural convection) and convectors are sometimes referred to as
‘natural convectors’. The heating element consist of a finned tube through
which hot water flows. The fins increase the effective heating surface area in
contact with the room air but also increase resistance to air flow. The size
and spacing of the fins is designed by the manufacturer to optimise heat trans-
fer rate and results in large, thick fins spaced well apart. Typical installations
are shown in Figure 6.1.

Increasing water flow temperature significantly increases heat output rate.
In the past, medium pressure hot water and steam have been used but with



modern buildings requiring far less heating, simpler (and safer) LPHW
systems are fast becoming the norm.

Perimeter convectors
Perimeter convectors consist of a finned tube contained within a case. The
case is not merely for decorative or protective purposes; it plays an impor-
tant role in improving heat output rate. Room air enters through the bottom
of the case and leaves by the top. The finned tube is located just above the
air inlet (see Figure 6.2). This results in a column of warm air (a ‘stack’)
within the height of the case. The taller the case, the greater the stack height,
air flow rate and heat output rate.

Such convectors are normally run along external walls in a continuous
length. A common approach used in the past in office buildings with exten-
sive glazing involved a case height of about 500mm so that it could be accom-

166 Heating Systems, Plant and Control

Figure 6.2 Perimeter convector.

Figure 6.1 Natural convector.



modated beneath the window cill but provided high heat output rates. Man-
ually adjustable vents are often incorporated in the air outlet to provide local
but crude occupant control. Only the case is continuous: the finned tube has
a maximum practical length. As the length is increased, so the water tem-
perature reduces and heat output rate reduces. For this reason connections
are made every 2m or so.

Skirting heating is so called because the case is only about 100mm high and
so can be run along the top of the skirting. This is less obtrusive but has a rel-
atively low heat output rate. However, significant reductions in heating require-
ments brought about by the regularly updated Building Regulations2 have
made this form of convector increasingly applicable. Finned tubing can also be
incorporated within architect designed cases providing great freedom in use.

Automatic zone control is usually by means of two- or three-port control
valves and room temperature sensors. This is frequently used in combination
with outdoor temperature compensation of the flow water temperature (see
section 6.7).

Trench heating
Where full height glazing makes conventional wall-mounted perimeter or
skirting heating undesirable (for example in the foyers of modern commer-
cial buildings), the finned pipe may be located within a floor trench. Air enters
and leaves by a single grille, flush with the floor and strengthened to allow
occupants to walk on it. Heat output rate per metre is less than for wall-
mounted convectors due to the reduced stack height and increased resistance
to air flow. The grille is often designed to be rolled up to give easy access to
the heating element. Careful consideration needs to be given to air venting
and draining.

Trench heating is also commonly used in public greenhouses (for example
the Princess of Wales conservatory at Kew Gardens where the floor grilles
double up as public walkways). Large diameter unfinned pipes are used to
avoid dirt build-up. Similar systems have also been installed in churches,
though this is not usually the best choice of heat emitter for this type of build-
ing, as will be seen later.

6.2.2 Fan convectors
Fan, or ‘forced’, convectors may be floor, wall or ceiling mounted and consist
essentially of a fan and a heating coil within a case. (Fan convectors provide
heating only, while the term ‘fan coil unit’ is normally reserved for units which
can provide both heating and cooling.) Large fan convectors used in industrial
buildings are often referred to as ‘unit heaters’. In addition, heating coils
(‘heater batteries’) may be duct-mounted with the air flow provided by a central
fan. Fan convectors are often used above shop doorways, discharging down-
wards to offset the cold draught through the frequently opened door. These
should not be confused with ‘air curtains’ used in industry to create a wall of
air over open doorways to reduce ingress of cold outdoor air.

In most cases, the coil is constructed from small gauge copper pipe with
closely spaced thin aluminium fins. The pipe may be serpentine to create a
number of passes or may consist of a number of parallel tubes connected to
manifolds (see Figure 6.3). This provides a very compact emitter in compar-
ison to the natural convectors as the need to design for low airflow 
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resistance is removed. (An exception is fan-assisted trench heating; some 
manufacturers produce a fan assisted version to greatly increase heat output
rate whilst using the same finned pipe as the natural convection model.)

Heat output is normally controlled by throttling the flow rate of hot water
using two- or three-port valves. Provided the convector merely recir-
culates room air, the water flow temperature can be outdoor compensated.
Occasionally, control is achieved by modulating the air flow rate, though 
this can give rise to complaints of noise and poor air distribution by 
occupants.

6.2.3 Radiators
These emitters give out heat to the room both by convection and radiation,
despite their name. In fact, most ‘radiators’ produce far more convection than
radiation, and confusingly those which produce substantially more convec-
tion than radiation are sometimes referred to as ‘convectors’. The surface
emissivity affects radiant heat output rate. Most paint finishes, regardless 
of colour, have high emissivities (typically 0.9 to 0.95) but some metallic 
finishes can have much lower values and should be avoided unless used in
conjunction with certain varnishes3.

They are easily the most common form of heat emitter used in virtually
every type of building. An indication of their popularity is the large number
of manufacturers in Europe. They may be constructed from modular cast-
iron or aluminium sections, though the most popular, due to low capital cost,
is the pressed steel panel. An example is shown in Figure 6.4.

Heat output rate is controlled by water flow rate throttling, nearly always
by means of inexpensive thermostatic radiator valves (TRVs) fixed to indi-
vidual radiators. This is best used in conjunction with flow water tempera-
ture compensation as will be shown in section 6.7. As the surface of the
radiator is normally accessible to occupants, it is important that excessive
water flow temperatures are not used so that these are normally limited to
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LPHW. Occasionally, the radiator may be installed within a purpose designed
grille for aesthetic or safety reasons, though this greatly reduces overall heat
output rate and almost entirely eliminates radiant heat output.

Radiators are conventionally located below windows to improve thermal
comfort. This has the combined effect of offsetting radiation losses to the rel-
atively low surface temperature of the glass and the cold down-draught that
would otherwise occur, though this does result in slightly higher energy costs.
It is preferable that radiator shelves are used which deflect the rising warm
air convection current away from the surface of the window as it is sub-
stantially above room temperature and would increase heat loss rate. In
domestic premises, it is particularly important that curtains do not trap this
current of warm air against the window.

Pressed steel panel radiators
The pressed steel panel radiator consists of two thin corrugated sheets of steel
(formed by pressing) which have then been welded together to form a series
of vertical, parallel channels connected by a header at top and bottom
through which water can flow. Such radiators are available as a single, 
double or triple panel construction set face to face. The corrugations form
the waterways, strengthen the panel and increase the total surface area, so
improving heat output. Fins may also be fixed to the rear surface (and
between panels). This significantly increases convection output but has no
effect on radiant heat output. So, although the total heat output is increased,
the proportion of radiant heat to total falls quickly. Such radiators are often
confusingly referred to as ‘convectors’ by manufacturers. The panel is fixed
to the wall leaving a clearance of about 50mm to allow convection from the
rear surface.

Column radiators
Column radiators were traditionally fabricated in cast-iron (very similar to
the design of the heat exchangers for cast-iron sectional boilers), but are now
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also available in aluminium and steel in a wide range of designs. Essentially,
they consist of a number of identical hollow vertical sections which are joined
together side by side to form a radiator of whatever length is required. These
radiators are usually much heavier than the panel type and are floor stand-
ing. The design of the traditional column radiator results in most of the heat
output being convective.

Pipework connections
Four pipework connections are provided to both types of radiator: top and
bottom at each end. Ideally, the flow connection should be made at the top
and the outflow at the bottom on the opposite side (known as top bottom
opposite end (TBOE)). Hot water will then flow across the top header and
be distributed reasonably evenly through all the vertical channels. As the
water cools down so its loss in buoyancy will assist with the flow downwards
towards the lower header. A top connection is not as convenient as a bottom
connection, so it is common practice to connect flow and return to opposite
bottom ends (BBOE). This reduces the heat output rate of the radiator (see
section 6.3.3).

Connections to the radiator are normally made using angle valves. It is
common practice to install a tamper-free angle valve on the flow side, which
has been adjusted to give roughly the desired flow rate. As will be discussed
later (section 6.7.1), the water flow rate has little effect on heat output rate
and only approximate balancing is required. The return connection is made
using either a manual throttling angle valve to provide some control to the
occupant over the heat output rate, or preferably a thermostatic radiator
valve. Both also double up as isolating valves.

Radiators are a natural collecting point for air in the system. Iron (steel)
will also corrode in oxygenated water to form iron oxide and hydrogen gas.
The air and hydrogen will displace the water and reduce heat output rate. A
vent is provided so that these gases can be removed (‘bled’).

6.2.4 Radiant panels
A typical construction of radiant panel is shown in Figure 6.5. This consists
of a metal plate, to the back of which is bonded a copper or steel pipe through
which the hot water flows. This is then insulated so that the heat output is
concentrated through the front face. Thus, a given size of panel will produce
less heat output than a radiator as the effective area is reduced but the pro-
portion of radiant heat to total heat output will be greater. The panel may
be wall or ceiling mounted, often flush with the wall or ceiling finish to
provide an unobtrusive heating system, or where ceiling height permits, sus-
pended from the ceiling. The same constraints on surface temperature apply
as for radiators where these are accessible to occupants. For conventional
ceiling heights, although out of reach, relatively low surface temperatures are
still required to prevent thermal discomfort (see section 6.4) at head height
from the radiant heat. The higher the water flow temperature, the greater the
heat output rate for a given panel so that in industrial buildings and sports
halls etc. with high ceiling heights, high water flow temperatures are pre-
ferred. This also offers reduced running costs as will be discussed in section
6.5. As the construction is very simple, curved or flat-faced panels are pos-
sible. These are usually painted in the same colour as the wall or ceiling. The
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same consideration as to surface emittance applies as to radiators, but more
so given the higher proportion of radiant heat. Horizontally mounted ceiling
panels will have a lower heat output rate than vertical wall mounted panels
due to natural convection being reduced in the former.

For wall-mounted panels, the water pipe is usually in the form of a ser-
pentine to give good distribution of heat with a simple construction. Ceiling
mounted panels are often in the form of narrow strips running the length of
the room or around the perimeter where it is more convenient to use a number
of parallel pipes connected to flow and return headers. Heat output from wall
panels can be controlled in the same way as radiators.

6.2.5 Heated floors
A heated floor usually comprises a number of plastic hot water pipes laid on
top of a concrete slab onto which the screed has been poured. The slab is
insulated on the underside. The screed is covered with a suitable floor cov-
ering. It is also possible to incorporate heating into suspended wooden floor
structures. Typical construction is shown in Figure 6.6. For ground floors,
the installation of adequate insulation over the whole of the floor is essen-
tial, with particular attention being paid to the joint between floor and walls.

With solid floors the pipework must be safe against leakage as repair is
prohibitively expensive. A plastic pipe is used incorporating an oxygen
barrier. This is laid out and fixed to the slab before the screed is poured. To
provide even heating, a number of parallel circuits must be used which are
terminated at flow and return distribution headers. The screed thickness may
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need to be increased so as to avoid cracking. The circuits must take into
account any expansion joints in the slab.

There is a strict limit on the surface temperature of the floor covering to
prevent occupant discomfort. It is recommended that upper limits of 25°C
be used where the occupants are often seated, due to prolonged contact with
the floor. For transient areas, 28°C may be used. To achieve this, low water
flow temperatures are required, making underfloor heating particularly suited
to condensing boilers. However, such low surface temperatures reduce the
heat output rate that may be achieved to between 50 and 80W/m2 (see section
6.3.4). This may not be sufficient to meet the heat loads of some rooms. In
particular, heated floors are popular in office entrance foyers, especially where
full-height glazing has been used. The heated floor removes the need for
trench heating (which itself has a low heat output rate) or radiators in front
of the glass, but will not necessarily provide sufficient heat due to the high
heat loss rate through the extensive glazing. Additional heating of some form
is required. In addition, with concrete floor constructions, the thermal weight
of the floor leads to a very slow response. As a consequence, underfloor
heating is sometimes used as background heating with a fast-acting top-up
system, usually a fan convector. The underfloor heating is run continuously
and the fan convector operated as required.

Heat output of heated floors is by both convection and radiation. Excel-
lent levels of thermal comfort can be achieved (as will be discussed in section
6.4), and in high ceilinged rooms running costs can be reduced. The main
advantage of the heated floor is probably its unobtrusiveness. Provided the
water flow temperature is not excessive, there is no danger in siting furniture
etc., although this will reduce effective area and heat output rate.

Control is by means of a proprietary mixing station which contains a
mixing valve and circulation pump for each zone. Due to the thermal mass,
floor heating systems have special considerations compared to other heat
emitters and will be dealt with in detail in section 6.8.

6.3 Typical heat output rates
Manufacturers quote heat output rates for a standard set of conditions under
which the emitter has been tested in accordance with British and European
Standards. These conditions are unlikely to be those under which the emitter
will operate. It is useful therefore to be able to make corrections to the 
manufacturers’ data. Heat output rate of a particular emitter type and size
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depends on the emitter mean surface temperature and the room temperature.
The mean surface temperature of the emitter in turn depends on the flow and
return water temperatures. Tests are therefore carried out at standard flow
and return water temperatures of 90° and 70°C. These are higher than would
be used normally, so manufacturers’ data overestimates heat output in most
cases. Some manufacturers obligingly quote heat output for lower flow and
return temperatures. Convective heat output depends on the room air tem-
perature flowing onto the emitter; radiant heat output will depend on the
surface temperatures in the room. To overcome this problem, tests involving
radiators and radiant panels should be carried out in rooms with uniform air
temperature and with all room surfaces at the same temperature as the air.
The room temperature can then be quoted as a single value without ambi-
guity. The following sections discuss how manufacturers’ data can be adjusted
for actual operating conditions, and typical heat output rates are presented
below in graphical form for various types of emitter under a range of 
conditions.

6.3.1 Natural convectors
Heat output rate follows the empirical relationship:

(6.1)

where Q is in W or kW; k is a constant for the particular emitter; w (°C) is
the mean water temperature; (this is given by the arithmetic mean of the flow
and return temperature. It is customary to assume that the mean surface tem-
perature of the emitter is approximately equal to the arithmetic mean of the
flow and return water temperatures. This can lead to large errors in some
cases and is discussed in Appendix 6.2); qai (°C) is the indoor air tempera-
ture; L (m) is the length of the emitter and n is a constant. The value of n is
typically about 1.33. These relationships are found from studying test data
and are discussed further in Appendix 6.2.

Equation 6.1 can be written in terms of both the standard conditions (on
which manufacturers’ data is based) and the actual conditions at which the
emitter is to operate:

(6.1a)

So that the heat output rate at the actual operating conditions is given by:

(6.1b)

Figure 6.7 shows typical heat output per linear metre for a 100mm deep
trench heater, a skirting perimeter heater (180mm high) and a typical wall
convector (480mm high). All three are based on the same size heating element
(50mm wide by 70mm high fins). It is clear that the heat output rate of the

Q Qactual
w ai actual

w ai

n

=
-( )

-( )
Ï
Ì
Ó

¸
˝
˛standard

standard

q q
q q

Q
Q

actual w ai actual
n

w ai
n

w ai actual

w ai

n

standard
standard standard

=
-( )

-( )
=

-( )
-( )

Ï
Ì
Ó

¸
˝
˛

q q

q q

q q
q q

Q kLactual w ai
n

actual
= -( )q q

Q kL w ai
n

standard standard
= -( )q q

q

Q kL w ai
n= -( )q q

Room Heat Emitters 173



trench is very much less than the wall convector and for this reason is some-
times used in conjunction with other heat emitters where trench heating alone
cannot meet all the requirements but some local heating is required at the
base of full-height glazing. Also clear is the importance of the case height
used with wall mounted convectors on heat output rate as it is this which
determines the stack height.

6.3.2 Fan convectors
These emitters obey an equation of the form:

(6.2)

where Q is the heat output rate (in W or kW); qw,in and qa,in are the entering
water and air temperatures respectively (°C); mcp represents the product of
mass flow rate and specific heat for either the water or the air, whichever is
the smallest (W/K or kW/K); E is a property known as the ‘effectiveness’ of
the convector (dimensionless). Provided the flow rates of the air and water
remain constant, the effectiveness is constant and the heat output directly
proportional to the temperature difference (qw,in - qa,in).

This is a similar equation to that for a natural convector although there
are important differences. Firstly, it is not an empirical equation but can be
derived from a study of heat transfer theory4 with expressions for effective-
ness given as functions of the air and water flow rates and the heat transfer
properties of the emitter. Values of effectiveness range from 0 to 1 with typical
values being about 0.6. High values of effectiveness are desirable for heat
transfer but result in higher fan power, fan running costs and noise genera-
tion. The optimisation of fan convector design is a complex engineering
problem. Secondly, the heat output rate depends not on the mean water tem-
perature but the entering (flow) temperature. This is more likely to be known
than the mean water temperature, making equation 6.2 particularly useful.
Thirdly, exponent (n = 1.33) used in the natural convection equation has 
disappeared (or we could say is equal to 1).

The heat output rate at actual operating conditions can be found from that
at standard conditions quoted by the manufacturer in the same way as for
the natural convector:

Q mc Ep w in a in= -( )˙ , ,q q
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(6.2a)

Heat output rates vary considerably from manufacturer to manufacturer and
model to model and are strongly dependent on air flow rate, so no typical
values are presented for this type of emitter.

6.3.3 Radiators and radiant panels
The heat output properties of radiators and radiant panels are similar and
will be discussed together. The heat output rate is found from test data to
follow an empirical power law similar to natural convectors:

(6.3)

where k is a constant for a particular emitter; Af (m2) is the face area of the
radiator or radiant panel seen from the front; qroom is the ‘room temperature’
which assumes that the room surface temperatures and room air temperature
are the same. The value of n is found to be about 1.3. Again, heat output
rate at non-standard temperatures can be determined using the same method
as for convectors given by equation 6.1b. As mentioned in section 6.2.3, the
heat output rate depends on pipework connection arrangements. TBOE con-
nections are the normal test method arrangement and can lead to heat output
rates as much as 20% greater than BBOE.

Typical heat output rates (taken from manufacturers’ literature) per square
metre of face area are given in Figure 6.8. Strictly, the heat output rate 
varies with the height of the emitter when mounted vertically as this affects
the natural convection. To overcome this, a typical height of between 450
and 600mm has been used unless otherwise stated. As can be seen, the heat
output rate for a radiator is significantly increased by adding fins or further
panels. A column radiator 75mm deep has a similar heat output rate to a
single panel with fins radiator and a 140mm deep column similar to a double
panel with fins. Radiant panels produce only about half the heat output rate
of a single panel (no fins) radiator. This is to be expected as the radiant 
panel has only half the surface area exposed to the room of a single panel
radiator.
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Radiant heat output
As we shall see later, the percentage radiant heat is important. Manufactur-
ers do not normally quote the radiant component but it can be estimated
using the standard equation for radiation:

(6.4)

where QR is the radiant heat output rate (W); e is the emissivity of the 
emitter surface; w is the mean water temperature (K) (strictly, the mean emitter
surface temperature should be used, but, as previously mentioned, it is com-
monly assumed that this is approximately equal to the mean water tempera-
ture); Tr is the room mean radiant temperature (K); s is the Stefan-Boltzmann
constant (equal to 6.67 ¥ 10-8 Wm-2 K-4). Note the use of absolute temperature.

However, for the range of temperatures we are interested in, the above
equation can be approximated to an acceptable accuracy (less than 2% error)
by the simplified equation:

(6.4a)

Again, notice the similarity to the convection equation. The exponent (1.21)
is less than that for pure convection (1.33), so that as the mean water tem-
perature is increased, the convective heat output increases at a faster rate than
radiant, at least over the range of temperatures normally encountered with
LPHW heating systems.

It is important in estimating radiant heat output that the correct area is
used. For a double panel radiator, for example, only the front surface can
‘see’ the room. There will be no net radiation between the panels as they will
be at the same temperature. There will be some radiant output from the rear
surface to the wall, but this will be greatly reduced due to the wall surface
immediately behind the radiator being close to the panel temperature (and
should be provided with a reflective film).

Radiant heat output has been calculated for each of the emitters shown in
Figure 6.8 at various mean water temperatures and divided by the total heat
output rate to determine the percentage radiation output. The results are pre-
sented in Figure 6.9. Clearly, the radiant panel is the only emitter in the group
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Figure 6.9 Fraction of radiant heat output from radiators and radiant panels.



that produces most of the heat radiantly, with the ceiling panel producing the
highest proportion. However, this is at the expense of a reduced overall heat
output rate. Ceiling mounted panels have low convective output as they are
installed in the horizontal plane rather than the vertical plane with the heated
surface facing downwards. Conversely, the increased total heat output of the
radiators achieved by adding fins has increased the convective heat output,
not the radiant heat output and it is for this reason that some manufactur-
ers refer to their finned panel radiators as ‘convectors’.

6.3.4 Heated floors
The heat output from a heated floor is best represented by the equation:

(6.5)

where A is the floor area (m2); h is a combined (i.e. radiant and convective)
surface heat transfer coefficient (Wm-2 K-1); qf is the temperature of the floor
finished surface (°C). In practice, h is found to have a value of typically 
10W/m2 K, so that for a finished surface temperature of 28°C and a room
temperature of 20°C, the heat output rate is 80W/m2 as mentioned in section
6.2.5. Where the floor is partly covered by furniture and fittings, the surface
area (A) used in equation 6.5 will need to be reduced accordingly.

6.4 Effect on thermal comfort
The room occupant will lose heat to the room and room air by a mixture of
convection, radiation and evaporation of water (see Appendix 6.1). The latter
is not usually an issue with heating systems, so a simplified comfort temper-
ature index can be defined in terms of the room air and radiant temperatures
only:

(6.6)

where qai and qr are the room air temperature and the room mean radiant
temperature respectively (°C). This is the dry resultant temperature index
used by CIBSE, often referred to as ‘comfort temperature’. Values of around
20°C are recommended by CIBSE for sedentary occupants5; for other activ-
ities higher or lower values of comfort temperature apply.

Similar temperature indices are used in Europe and North America. The
current International Standard on thermal comfort6 uses operative tempera-
ture, which is almost identical to dry resultant temperature in the specifica-
tion of the predicted mean vote method of assessing thermal comfort. This
latter takes into account metabolic rate and clothing levels.

However, in order to feel thermally comfortable, not only must the occu-
pant’s total heat loss rate be acceptable, i.e. correct qc, but both the room air
temperature and mean radiant temperature must be within acceptable limits
(as must air velocity). Most importantly, both temperatures will depend on
the room construction and the type of heat emitter used.

Although we talk of the room air temperature and the room mean radiant
temperature, in reality these are not single values but will vary from point to
point within the room. Hot and cold surfaces (such as heat emitters and
windows) will cause room air currents, including draughts, to form. Air 
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temperatures will tend to be above room average near ceiling level and lower
at the floor due to stratification. Ideally, the heat emitter will reduce cold
draughts while preventing excessive air temperature difference between floor
and ceiling. CIBSE recommend a maximum air temperature gradient of about
1.5K/m.

Radiant temperature is directional and depends on the shape factor
between occupant and room surface. Discomfort arises when the radiant field
is highly asymmetric. In poorly insulated buildings, wall surface temperatures
in winter can be very low (see Appendix 6.2 for a method of determining
room surface and radiant temperatures) and lead to both low mean radiant
temperature and highly asymmetric radiant temperature in the horizontal
direction. Large areas of single glazing are a particular problem, giving rise
to a false sensation of draught and hence termed ‘radiation draught’. Modern
construction standards have mostly eliminated this problem with insulated
wall surface temperatures being only one or two degrees below room air tem-
perature, although large areas of standard double glazing can still cause prob-
lems. In winter, the inside surface temperature of standard double glazing will
fall to about 10°C. CIBSE recommend a maximum asymmetry of radiant tem-
perature of 10K in the horizontal direction. Smaller values can be tolerated
in the vertical direction, with CIBSE recommending a maximum of 5K.

Purely convective heating will lead to a higher room air temperature than
mean radiant temperature and increase stratification. Room air movement in
the lower part of the room can be reduced so that the room feels stuffy, which
can be exacerbated by a reduction in room air humidity, particularly with
ducted systems. Mixed radiant and convective systems overcome these prob-
lems to some extent, depending on the mix. However, emitters with high
surface temperatures will lead to localised hot spots of radiant temperature.
Heated ceilings, unless above the typical height of 2.4m of most buildings,
should not be more than about 5K above floor temperature. Desks should
not be placed too near radiators or radiant panels.

Asymmetric radiant temperature can be reduced by appropriate location
of the heat emitter, whether convective or radiant/convective. For this reason,
emitters are best placed on external walls and in particular below windows.
Convective systems will cause a relatively strong upward plume of warm air,
helping to raise the wall or window surface temperature and countering the
down draught. Radiant/convective systems will produce a weaker plume but
have the advantage of raising the radiant temperature in that direction.

Heated floors can give particularly high standards of thermal comfort. Not
only do they provide both convective and radiant heat, but they help over-
come the problem of stratification and elevate foot temperature above head
temperature. Figure 6.10 shows vertical temperature profiles for various heat
emitter types.

More stringent building regulations have resulted in reduced heat loss rates
overall and have reduced the difference between air and radiant temperatures
so that with modern buildings the dry resultant, air and mean radiant tem-
peratures will be almost equal.

6.5 Heat loss rate and energy consumption
The steady-state heat loss from a room is given by the equation:

(6.7)Q UA NVei ao ai ao= ( )[ ] -( ) + -( )Â q q q q0 33.
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where S(UA) is the sum of the products of U value and area for each of the
room’s external surfaces (W/K) and is often referred to as the fabric heat loss
coefficient; N is the infiltration rate (hr-1) and V is the volume of the room
(m3) giving Q in Watts. The first term represents heat loss to outside and is
therefore based on the indoor environmental temperature, qei. The environ-
mental temperature is related to the room air and room mean radiant tem-
perature by:

(6.8)

Strictly speaking, the outdoor environmental temperature should also be
used, but in the design of heating systems it is assumed that the environmental
and air temperatures outdoors are the same. The second term represents heat
loss due to infiltration and so is based on the indoor air temperature qai. The
term 0.33NV is known as the infiltration heat loss coefficient. However, as
heating systems are designed to provide an acceptable dry resultant temper-
ature, the above equation can be modified to give:

(6.9)

where the factors F1cu and F2cu are simply temperature ratios used to elimi-
nate the indoor air and environmental temperatures:

(6.10)

Notice that when qei = qai = qc then F1cu = F2cu.
For a given dry resultant temperature, the environmental temperature and

air temperature in the room will depend on the thermal properties of the
structure and infiltration rate and also on the proportion of radiant/
convective heat output of the installed heat emitter. Therefore, F1cu and F2cu

will depend on these structural and heat emitter properties. Equations for
determining F1cu and F2cu are given in CIBSE7. Thus, the steady state heat loss
will not only depend on the thermal properties of the room but also the type
of heat emitter employed. Figure 6.11 shows the heat loss from two typical
buildings, a factory and an office, together with the mean radiant tempera-
ture and air temperatures as a function of emitter radiant output based on
achieving a dry resultant temperature of 19°C.
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Figure 6.10 Room air temperature profile for heated floor.



In the case of the factory, which has a relatively high infiltration heat loss
coefficient (0.33NV) compared to fabric heat loss coefficient (S(AU)), an
emitter with a high radiant output results in a low air temperature (low value
of F2cu) and a high radiant temperature (high value of F1cu) leading to a lower
total heat loss rate. A lower heat loss rate will result in lower annual running
costs whilst maintaining the same comfort temperature. For this reason,
ceiling radiant panels are frequently used in factories and other buildings
where infiltration dominates. Also, of course, ceiling panels take up no floor
space and are safe from mechanical damage.

In comparison, the typical office has similar values of infiltration and fabric
heat loss coefficients and so varying the proportion of radiant heat output
has little effect on either air or radiant temperatures and virtually no effect
on heat loss rate.

The above analysis assumes a uniform air temperature throughout the
room. In reality, stratification will lead to increased temperature at high level
in the room. Buildings with high ceilings/roofs, such as factories, will result
in greater heat losses through the roof as a result. A radiant heat emitter 
will therefore have a further running cost advantage as stratification will be
reduced.
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6.6 Safety issues
Where the emitter surface can be touched by the occupants, it must be ensured
that such surface temperatures will not lead to burns. This is particularly
important where the occupants are very young, sick or frail. For primary
schools, hospitals and old people’s homes there are regulations limiting the
exposed surface temperature to about 45°C. Such a low surface temperature
will have important impact on the heat output rate and therefore area of
emitter needed.

Care also needs to be taken to avoid sharp obtrusive edges and finger traps,
especially where children are present. Radiators are often enclosed in a dec-
orative case with grilles to allow room air movement over the heated surface.
This may allow a higher mean water temperature to be used but it still reduces
total heat output rate and virtually reduces radiant heat output rate to zero.

6.7 Controlling heat output rate
The heat emitter must be sized to meet the peak heating load (at design con-
ditions) of the room. This involves determining the design steady-state heat
loss rate (equation 6.7 or 6.9) and applying a plant ratio factor to allow for
the thermal capacitance of the structure where intermittent heating is used.
This is discussed in detail in Chapter 10. The emitter will be required to
provide full heat output at start-up, but solar gains and internal gains due to
occupants, lighting and equipment will quickly reduce the heat load. Even in
winter, shortly after occupation commences, heat gains in modern buildings
can exceed fabric and infiltration heat losses. At other times of the year, the
outdoor temperature will be substantially above the winter design tempera-
ture and fabric and infiltration heat loss will be significantly reduced. It is
essential therefore that the heat output rate of the emitter can be efficiently
controlled both to ensure thermal comfort and to reduce energy consump-
tion. The latter is recognised in the current Building Regulations8, which
require adequate room temperature control (see section 6.7.3).

The heat output rate of any heat emitter can be achieved in one of two
ways: modulating the water flow rate whilst maintaining the flow water tem-
perature; modulating the flow water temperature whilst maintaining the
water flow rate. (Fan convectors may be controlled by modulating the air
flow rate, although water side control is more common.)

6.7.1 Modulation of water flow rate
This is usually achieved by means of a two-port valve which throttles the water
flow rate in response to a room temperature sensor. For radiators and radiant
panels, thermostatic radiator valves (TRV) are invariably used. These are low
cost, self-actuating valves requiring no wiring: one TRV per emitter is used. For
natural convectors a two-port valve connected to a room temperature sensor
is common. Occasionally, three-port valves are used to divert water away from
a group of emitters, controlled from a room sensor. Regardless of how the flow
modulation is achieved, the response of the emitter is the same.

Figure 6.12 shows how heat output varies with water flow rate. Appendix
6.2 describes how this graph was produced. The axes used represent frac-
tional heat output and flow rate, i.e. the ratio of actual heat output (or flow
rate) to the design value at full duty. The curve is based on a flow 
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temperature of 80°C and a design return water temperature of 70°C. As can
be seen, the response curve is highly non-linear: a large reduction in water
flow rate results in only a small reduction in heat output rate. The curve
becomes more linear as the design flow and return temperature difference is
increased.

Such non-linearity requires a valve characteristic which will produce a large
reduction in flow rate for a small valve stem movement. Such valves are avail-
able but are relatively expensive. They might be used for controlling a group
of emitters but are not economically attractive propositions for individual
emitters. Less expensive valves need to be virtually closed to give a signifi-
cant reduction in heat output rate. Furthermore, as the two-port valve closes,
the pressure drop across it increases and so the valve has to close further.
This is discussed in Chapter 7. This results in poor controllability and pos-
sibly a valve that is unable to shut off completely.

6.7.2 Flow temperature modulation
Flow temperature modulation is achieved by the blending of return water
with the flow using a three-port ‘mixing’ valve (see Chapter 7). The response
of the heat emitter to a change in flow water temperature is shown in Figure
6.13. As can be seen, unlike the two-port throttling valve, the response is very
nearly linear so good control is achieved. Unfortunately, such valves and
control systems are relatively expensive. As such, this system is used for con-
trolling large groups of emitters.
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Figure 6.13 Variation of heat output rate with water flow temperature.



6.7.3 Combined flow rate and temperature modulation
Good control is achieved by combining the two methods. As the outdoor
temperature increases above the design value used for sizing, so all the emit-
ters in the building will experience a reduction in heat demand as the fabric
and infiltration heat loss rate reduces. Flow temperature modulation can
therefore be carried out centrally by scheduling it to outdoor air temperature.
This is known as ‘outdoor temperature compensation’ and is discussed in
detail in Chapters 7 and 10. Local (zone) two-port valves, controlled by the
local room temperature (e.g. TRVs), then modulate the water flow rate to
each emitter in response to changing solar and internal heat gains. The
amount of throttling now required by each two-port valve is greatly reduced
and overall control improved. This combination of central and local control
is specified in the Building Regulations.

6.8 Underfloor heating
The construction of heated floors results in considerable differences to the
performance and operation of other types of heat emitters:

• The surface temperature (exposed to the room) will be at a significantly
lower temperature than the mean water temperature. The water flow tem-
perature required will need to be carefully determined in order to provide
the desired floor surface temperature, crucial for thermal comfort.

• There may be a significant downwards flow of heat which will not con-
tribute to the heating of the room.

• The spacing of the hot water pipework and the temperature difference
between flow and return must not result in excessive variations in temper-
ature across the floor surface area.

• The thermal capacitance of the floor together with the small temperature
difference between floor and room will result in a very slow response to
control changes in water flow rate or temperature.

6.8.1 Upward heat flow
Under steady-state conditions (i.e. when the floor has been in operation for
some time with the room and water flow temperatures constant), then the
heat output rate from the finished floor surface to the room must equal the
heat output rate upwards from the heating pipe through the screed and floor
covering. If we assume that the temperature of the screed in the plane of the
heating pipework is at a uniform temperature, qpp, then from equation 6.5:

(6.11)

where 

where Qup (W) is the same as Q in equation 6.5 A is the floor area (m2), x
and l are thickness (m) and conductivity (W/mK) and the subscripts c and s
represent the floor covering and screed respectively. Then:
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So the required temperature in the plane of the pipework is dependent on the
resistance of the screed and floor covering. For example, for a 50mm screed
thickness above the pipework (l = 0.41W/mK) and a 25mm marble floor tile
(l = 2.0W/mK), with a desired floor surface temperature of 25°C and a room
at 20°C, the temperature in the plane of the heating pipework is:

If, instead of the marble, a 25mm wood block floor was used (l =
0.14W/mK), then qpp would need to be 45°C.

There will be little resistance between the water in the pipework and the
surrounding screed so the required mean water flow temperature will be only
slightly higher than qpp. This analysis is based on one-dimensional heat flow
and will only hold to acceptable accuracy if there is only a small tempera-
ture difference between the flow and return water temperatures and pipe
spacing is not excessive. Circuits are normally set out using many short pipe
lengths in parallel to prevent excessive temperature differences. The manu-
facturer’s expertise is usually required to design these circuits.

6.8.2 Downward heat flow
With the temperature in the plane of the pipework known, the downward
heat flow through intermediate floors can be found using an equation of the
same form as 6.11:

(6.13)

where qroom is now the temperature of the room or space below, Rdn repre-
sents the structure below the pipework plane. The latter must include a
surface heat transfer coefficient for the underside of the floor (i.e. ceiling).
This will be significantly less than the value used for upward heat flow from
the floor surface as natural convection is greatly reduced. A typical value is
6Wm-2K. This is based on still air conditions.

For solid or suspended ground floors, this approach cannot be used. In the
former, there is no definitive depth as the floor is in contact with the earth.
In the case of the latter, the temperature in the floor void is not known. For
solid floors, the 1986 edition of the CIBSE Guide9 gives some guidance and
suggests that a fictitious value of downward conductance be used based on
outdoor air temperature. Such calculations indicate a downward heat loss of
typically about 12Wm-2, assuming an insulation thickness of 50mm (poly-
styrene) over the whole floor area.

6.8.3 Thermal capacitance
Solid floors will have a time constant of several hours and it may be worth
considering continuous operation of the heated floor, particularly where the
floor provides only background heating.

Where intermittent operation is used, there will be a swing in room tem-
perature which can be estimated from the following equation9:
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(6.14)

where room is the daily swing in room temperature (°C). For a solid ground
floor, F is equal to 0.7. S(AY) is the sum of the product of area (A) and admit-
tance (Y) for all the surfaces in the room excluding the floor. This is similar
to the fabric heat loss coefficient (S(AU)) but represents the flow of heat into
the room surfaces rather than through them to outside. Note that all the room
surfaces need to be considered (excluding floor), not merely those of the exter-
nal fabric (walls, windows, etc.).
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Appendix 6.1 Thermal Comfort

We humans (in common with other warm-blooded animals) need to main-
tain our deep-body core temperature (about 37°C) within tight limits. Just a
few degrees below and we have hypothermia; a few degrees above and we
have fever. This is a very small range compared to variations in outdoor 
temperature so, not surprisingly, our bodies have evolved a very sophisticated
method of controlling core temperature. In comparison, skin and limb 
temperature can vary over very wide temperatures without physical harm,
although this does lead to a feeling of thermal discomfort.

Heat and work energy is generated within our body by chemical reaction,
our metabolic rate. About 120W of heat is produced at rest, rising to perhaps
ten times this amount during extreme exertion (e.g. sporting activities). In
order to maintain our core temperature near constant we have to lose heat
to our surroundings at very nearly the same rate as it is generated. If we lose
heat too slowly we feel ‘warm’ and our body’s mechanisms strive to increase
heat loss rate by various means. Likewise, if we lose heat too quickly our
body tries to compensate and we feel ‘cold’.

We lose heat to our surroundings through our skin and breath by a mixture
of sensible and latent heat exchange. Sensible heat is lost by radiation and
convection from the skin and through breathing out warm air. Latent heat is
lost through the evaporation from the skin of water vapour and through the
moisture-laden breath. Most importantly, our bodies are able to change the
ratio of latent to sensible heat, within limits, allowing us to live in a wide
range of thermal environments.

The rate of latent heat loss depends on the partial pressure of water vapour
in the air and to a lesser degree on air velocity. At typical room air temper-
atures, if the relative humidity remains between about 35% and 65%, the
partial pressure of water vapour will be such that the latent heat loss rate is
not significantly affected. Below about 30%, a sensation of dryness occurs as
latent heat loss rates increase and the body will respond with a drop in skin
temperature to compensate. In addition, static electricity often causes prob-
lems. At about 70% relative humidity, the rate of evaporation of water from
the skin is reduced, leading to pools of water remaining and a sensation of
clamminess. Skin temperature increases to compensate.

Fortunately, during the heating season, the %RH in most buildings will
remain between 35% and 65%. Although the outdoor moisture content is
low, provided there is not excessive ventilation for the number of occupants,
the moisture given off by the occupants leads to acceptable relative hu-
midity. Excessive ventilation can lead to too low a humidity, in which case
humidification is required. Where moisture loss by occupants is high (e.g.
squash courts), high rates of ventilation are required.

Heat loss rate by convection and radiation is much more sensitive to room
conditions than latent heat, and as only the former is normally affected by
the type of heat emitter used, this is of much greater interest to the heating
system designer. Also, as heat transfer by convection and radiation occurs at
the skin, this combined rate of heat loss affects skin temperature, which is
one of our key thermal comfort indicators. However, as we will see, not only



must the sum of convective and radiant heat loss be within limits to achieve
comfort, but there are also limits on each of the two separate rates.

The convective heat loss rate depends on skin temperature, air tempera-
ture and local air velocity. Increasing the air velocity over the occupant’s body
increases the convection coefficient. For this reason a desk fan will provide
a cooling effect in summer even though the air temperature is no different to
that in the room. In winter, such an airflow would lead to discomfort. Certain
parts of the body, in particular the neck and ankles, are especially sensitive
to excessive air velocity. Local air velocities should normally be limited to
about 0.1m/s in winter to avoid draughts. At the same time, velocities below
about 0.05m/s can lead to sensations of stuffiness.

Radiant heat loss rate depends on skin temperature and room mean radiant
temperature. This latter is a complex function of room surface temperatures
and emissivities and the geometric relationship between occupant and each
surface, including the heat emitter surface. This is discussed more fully in the
section below.

All forms of heat loss rate depend, of course, on the amount and type of
clothing worn.

Provided the room humidity is between 35% and 65%, when sitting at rest
we feel comfortable when:

(6.15)

where qa is air dry bulb temperature (°C), qr the mean radiant temperature
(°C) and v the local room air velocity (m/s). This is an empirical relationship
and is referred to as the ‘dry resultant temperature index’ or more commonly
‘comfort temperature’ and given the symbol qc (°C). It is the comfort tem-
perature index recommended by CIBSE. There are a number of other 
temperature indices used to measure thermal comfort. In North America
‘operative temperature’ is used.

As already mentioned, air velocity in rooms needs to be about 0.1m/s
during heating to avoid sensations of draught or stuffiness, in which case:

(6.16)

So, if we are to feel comfortable (seated at rest and normally clothed) the
heat emitters must maintain the average of the room air and room surface
temperatures at about 21°C. Under other circumstances the desired comfort
temperature will be different. See CIBSE (1999)11 for a list of recommended
comfort temperatures for different building types and activities.

Even so, there is a limit on the individual values of air and room surface
temperatures that are acceptable. As a general rule, for sedentary occupants,
the difference between air temperature and mean surface temperature should
not be more than 5°C. In most modern buildings with even moderate
amounts of insulation, the difference will be much smaller than this. Older
buildings with either uninsulated solid walls or large expanses of single
glazing can result in low mean radiant temperatures and thermal discomfort,
which can be partly offset by raising the air temperature.

In addition, there are limits on the vertical variation of air temperature
(stratification) and spatial variation in surface temperature (asymmetric 
radiation). Again, for sedentary occupants, vertical air temperature gradient
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should not exceed about 2K/m, with the higher temperature at floor level (to
avoid the cold feet warm head syndrome) while vertical and horizontal dif-
ferences in surface temperature should not exceed about 5K and 10K respec-
tively. Large areas of single glazing close to occupants can lead to excessive
radiant asymmetry and the sensation of a draught even though there is little
air flow. This problem is often referred to as ‘radiation draught’.

The choice of heat emitter must therefore address the thermal comfort
requirements of the occupants, which depend on their activity level and the
thermal properties of the building structure. Heat emitters also have a large
impact on both stratification and asymmetric radiation. For example, a high
temperature radiant panel could lead to excessive radiant asymmetry in the
wrong application, or a warm air system could lead to unacceptable stratifi-
cation. Selecting appropriate heat emitters is essential if thermal comfort is
to be achieved.
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Appendix 6.2 Emitter Heat Output 
Rate Analysis

This appendix looks in detail at the heat output rate of emitters, using fun-
damental relationships for both natural convection and radiation, and so is
applicable to natural convectors, radiators and radiant panels. The effect of
changing flow water temperature and water flow rate is then analysed.

Fundamental equations
The radiation output can be expressed by the standard equation:

(6.17)

where AR (m2) is the area of the radiator relevant to radiation (usually the
front only). Tm and Tr refer to the mean surface temperature of the radiator
and the mean temperature of the room surfaces (also known as mean radiant
temperature) respectively (K). The factor � is a combined function of shape
factor between the emitter and the room surfaces and the emitter and room
emissivity (dimensionless). As the emitter is completely surrounded by the
room and has a small surface area in comparison with the room, � is equal
to the emissivity of the radiator, typically 0.9.

The convection output is given by:

(6.18)

where A is the total surface area of the radiator (m2), qm is the mean surface
temperature of the radiator and qa the room air temperature (°C). The con-
vective heat transfer coefficient hc (W/m2K) is determined by the equations
for natural convection:

(6.19)

where Nu is the Nusselt Number, Pr the Prandtl Number and Gr is the
Grashof Number.

In perfectly still air, both laminar and turbulent heat transfer will occur. In
practice, the room air movement in a heated room and the intentional design
of the radiator will lead to most of the heat transfer being turbulent.

Using the turbulent natural convection equation and the radiation equa-
tion, the heat output rate for a typical pressed-steel double panel radiator
(without fins) was calculated for a range of emitter mean surface tempera-
tures. The radiator dimensions used were 1m wide by 0.5m high. The mean
room surface temperature was assumed to be the same as the room air 
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temperature, which was kept constant at 20°C. The results are shown in Table
6.1.

As can be seen, the % radiation decreases slightly with a rise in mean radi-
ator temperature.

The extreme right-hand column is an attempt to fit the total heat output
rate to a single equation where k is some constant, and Dq = (qm - qi) where
qi is the room temperature. As can be seen, there is a very good fit, at least
at the higher temperatures. So, we may conclude that:

(6.20)

This is the empirical equation commonly used to describe radiators. The value
of k depends on the design and installation of the radiator. It is the basis of
the British Standard method of testing. As it is a much simpler approach than
using the fundamental equations, and as it gives good agreement, this sim-
plified equation has been used in the analysis which follows.

Mean temperature of radiator versus heat output rate
Expressing the part load as a fraction of design heat output (keeping room
temperature, qi, constant), equation 6.20 can be written as the ratio of tem-
perature differences in which the emitter constant, k, is eliminated:

(6.21)

where subscript ‘design’ represents the design (full load) value. From this, the
mean surface temperature of the radiator required to produce any fraction
of design heat output can be easily found from:

(6.22)

Note that this mean temperature is required regardless of how the radiator
is controlled.

The mean radiator surface temperature will be very close to the mean water
temperature. It appears to be common practice that the mean water temper-
ature is calculated as the arithmetic mean of the flow and return water tem-
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Table 6.1 Calculation of heat output rate for a typical radiator.

Mean radiator Qconvection Qradiation Qtotal % %
temp °C W W W radiation convection Q = KDq1.33

70 418 165 583 28 72 583
60 311 126 436 29 71 433
50 212 90 302 30 70 296
40 124 57 180 31 69 172
30 49 27 76 35 65 69
20 0 0 0 0



peratures. However, a simple examination shows that this cannot be the case.
Table 6.1 shows that a mean surface temperature of 40°C gives about 30%
of design heat output rate, based on a flow temperature of 80°C and a room
temperature of 20°C. To achieve an arithmetic mean water temperature of
40°C, the return water temperature would need to be 0°C. Of course, the
return water temperature can never fall below the room temperature. In
reality, as the water flows through the radiator its temperature will not drop
linearly but logarithmically. Accordingly, some form of log mean tempera-
ture difference (LMTD)11 should be used instead, which is common in heat
exchanger design. In addition, there is almost certainly some degree of mixing
of the water within the radiator, particularly at low flow rates. For perfect
mixing, the surface temperature of the radiator would be uniform over its
entire area and would be equal to the return water temperature (a ‘stirred
tank’ idealisation). It would seem reasonable therefore to assume that the
mean surface temperature of the radiator was somewhere between the arith-
metic mean of the water flow and return temperatures and the return water
temperature. In the analysis which follows, we will look at the two extreme
cases (designated ‘no mixing’ and ‘perfect mixing’), and assume the truth lies
somewhere between these two extremes. In the case of radiant panels and
natural convectors there will be no mixing of the water streams as the water
is contained within a small diameter serpentine pipe. However, a LMTD
would still be more appropriate.

From an energy balance on the water-side (assuming steady-state):

(6.23)

where is the mass flow rate of water (kg/s), Cp is the water specific heat
(J/kgK), qF is the water flow temperature and qR is the return water temper-
ature. This can be used to produce an alternative equation to 6.21 for the
part load fraction:

(6.24)

We can now examine the effect of changing either water mass flow rate, ,
or the flow water temperature, qF, the two principal methods of controlling
heat output rate. In both methods the return water temperature (in equation
6.24) will change, so we need to eliminate qR from the equation. There are
two possibilities, discussed above, regarding return water temperature. In the
case of there being no mixing within the radiator, the mean surface temper-
ature of the radiator can be taken as the arithmetic mean of the flow and
return water temperature, in other words:

(6.25a)

In the case of perfect mixing then:

(6.25b)

For both cases, we can then substitute for qm using equation 6.22 to give:
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(6.26b)

These two equations can be substituted into equation 6.24 so as to eliminate
qR. For the case of no mixing:

and as 

(6.27a)

A similar approach gives the equivalent equation for the case of perfect
mixing:

(6.27b)

Variable water flow rate, constant flow temperature
For variable flow rate control of the heat output from the radiator, the flow
temperature is maintained constant, i.e. qF = qF,design. Equations 6.27a and
6.27b can then be solved for various fractional flow rates (m/mdesign) to deter-
mine the fractional heat output rate (Q/Qdesign). As these are implicit equa-
tions, they must be solved by a process of iteration.

Figure 6.14 (a) shows such a set of solutions, based on a design flow and
return temperature of 80/70°C with a room temperature of 20°C. There is a
significant deviation between the two extremes possible at around 50% of
the design flow rate with the two extremes converging at 0% and 100% flow
as would be expected. As suggested earlier, the actual profile lies somewhere
between.

To get 40% of the design heat output we need only between about 5%
and 10% of the design flow rate. The control response is highly non-linear.
If the temperature difference between the design flow and return is increased,
the response becomes more linear. The solutions have been reworked for
80/60°C and presented in Figure 6.14 (b), where it can be seen that to achieve
the same 40% load, the fractional flow rate has increased to between about
10% and 20%. This implies that a larger design temperature difference
between flow and return is to be preferred as control of the emitter is
improved. The choice of flow and return temperatures will be discussed
further in the next chapter.
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Figure 6.14 (a) and (b) Variation of heat output rate with mass flow rate.

Figure 6.15 Variation of heat output rate with flow temperature.

(a)

(b)



Constant flow rate, variable flow temperature
In this case (m/mdesign) = 1 and so disappears from equations 6.27a and 6.27b.
These two equations can be solved (by iteration) for various values of flow
water temperature as shown in Figure 6.15. This is based on a design 
flow and return temperature of 80/70°C. Note that to make the ‘x’ axis
dimensionless and directly comparable with Figure 6.14, the flow tempera-
ture is represented as a fractional temperature difference using room tem-
perature. The response is much more linear than for the flow rate control and
there is negligible difference between the two extreme cases of perfect mixing
and no mixing.
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7 Heating Circuits

This chapter deals with the design of the pipework circuits and the various
items of equipment used to supply and regulate the heating water from the
boiler(s) to the heat emitters, etc. We begin with a discussion of the selection
of appropriate flow and return water temperatures and the impact this has
on the design and performance of the system. This leads on to an analysis of
insulation thickness. Various circuit arrangements are then considered,
together with methods of control including variable volume pumping. The
fundamentals of control and balancing are explained. The chapter then con-
tinues with a discussion of pipework expansion and the forces experienced
by pipework.

7.1 Choice of flow and return water temperatures
The pipework has to carry sufficient hot water to meet the heating load at
any instant in time. In practice, the circuits are designed for peak loads with
this peak heat load related to the design mass flow rate of water and design
flow and return water temperatures by the equation:

(7.1)

where Q is the peak load on the circuit, is the mass flow rate of water in
the circuit, Cpw is the specific heat of water and qF and qR are the design flow
and return water temperatures. The usual procedure is to choose qF and qR

and then determine . The choice of the flow and return temperature will be
determined by the following:

(1) Safety – the surface temperature of the exposed pipework and heat 
emitters must not constitute a hazard to occupants – see Chapter 6. Also,
HWS needs to be generated at sufficient temperatures to prevent growth
of Legionella bacteria – see Chapter 8.

(2) Comfort – surface temperatures of floors must be limited to 25° or 28°C
depending on application. Emitter surface temperature will also affect
radiant and air temperature – see Chapter 6.

(3) Structural – embedded pipework or panels must not damage the 
structure.

(4) Boiler type – condensing boilers require special consideration of 
return water temperatures to promote condensation. Conversely, non-
condensing boilers need to be protected from excessively low return water
temperature – see Chapter 3.

Except where items 1 to 4 demand lower flow and return temperatures, it is
all too common in the UK for ‘standard’ values to be used – invariably
82/71°C for LPHW systems. Yet these values are no more than a direct 
conversion from the 180/160°F preferred in the mid twentieth century. The
following are all strongly influenced by choice of flow and return 
temperatures and have an economic impact which should be considered at the
design stage:

ṁ

ṁ

Q mCpw F R= -( )˙ q q



(5) Emitter sizes – the heat output rate of emitters is a function of the mean
surface temperature so that as qF and qR are increased so emitter size
reduces – see Chapter 6.

(6) Pipe sizes – the greater the difference between qF and qR the smaller the
mass flow rate of water required and so the smaller the pipework – this
is discussed later in this chapter.

(7) Boiler control – the difference between qF and qR (differential) has an
impact on the control of boilers, particularly with sequence control of
multiple boilers – see Chapter 10.

(8) Efficiency – the higher the values of both qF and qR the greater the heat
loss rate from the pipework.

This last aspect is heavily dependent on the performance of the insulation
and the location of the pipework as discussed below.

7.2 Insulation of pipework
Insulation of hot water pipework to a minimum standard is required by 
the Building Regulations1 in order to reduce heat loss and consequential CO2

emissions from fossil fuels. Strictly, the current regulations exempt pipework
which will provide useful heating to the surrounding space at all times.
However, such situations would be rare. In any event, there are sound finan-
cial reasons to insulate hot water pipework.

The heat loss rate per unit length of insulated pipe is given by the equation:

(7.2)

where Do is the outside diameter of the insulation, w is the mean tempera-
ture of the water in the pipe and qa is ambient temperature. The U value is
similar to that used for a plane wall, but due to the geometry involves loga-
rithmic function of the insulation thickness and pipe diameter. It also depends
to some extent on the external surface temperature of the insulation. This is
explained in more detail in Appendix 7.1.

Figure 7.1 shows how the heat loss rate varies with insulation thickness
for various nominal pipe sizes. The heat loss rate (Q/L) is given per metre

q

Q
L

D Uo w a= -( )p q q

196 Heating Systems, Plant and Control

Figure 7.1 Heat loss rate and insulation thickness.



length of pipe per °C difference in water–ambient temperature difference. A
logarithmic scale has been used for Q/L due to the large range involved. It
can be seen that an uninsulated 300mm diameter pipe loses about 8 Watts
for every °C difference in temperature per metre length. So a 20m section
carrying water at 75°C with an ambient temperature of 20°C would lose 
(8 ¥ 20 ¥ (75 - 20) W) 8.8kW of heat. Were it insulated with only 25mm
of insulation the heat loss rate would be reduced to about 1.4W/m°C (an
84% reduction). Using twice the thickness of insulation would reduce the
heat loss rate to about 0.8W/m°C, not quite halving the loss. The law of
diminishing returns applies.

The values in Figure 7.1 were calculated using the rather complex heat
transfer equations described in Appendix 7.1. Using this data with curve
fitting methods has produced a reasonable approximation which is much
faster and easier to use:

(7.3)

where X is the insulation thickness and Di the inside diameter of the pipe,
both in mm. As with Figure 7.1, this only applies to insulation with a con-
ductivity of 0.04W/mK. This cannot be used to determine heat loss rate for
uninsulated pipes and applies only to insulation more than 25mm thick.

Alternatively, tables for both insulated and uninsulated pipes are given in
CIBSE2.

7.2.1 Economic insulation thickness
The question arises as to what thickness of insulation should be used. Obvi-
ously, thicker insulation reduces heat loss rate – although at a diminishing
rate – and so reduces annual fuel costs (assuming that the heat lost from the
pipe is not usefully used to heat the building). At the same time installation
costs increase. Is there an economic optimum thickness which results in a
lowest overall cost over some agreed time period?

The installation cost will depend on thickness and type of insulation and
diameter of pipe. Annual fuel costs due to heat loss will depend on fuel tariff,
boiler efficiency, hours of operation, hot water temperature, ambient temper-
ature, insulation thickness and conductivity, and pipe diameter. But the
annual fuel costs need to be converted into an equivalent cost based on some
definite time period (e.g. 5 years). To do this, the Present Value concept is used
which, in addition to a specified time period, needs to take into account inter-
est rate and fuel inflation rate. Equations used are set out in Appendix 7.1.

BRECSU has produced tables of optimum economic thickness for hot water
pipework insulation for a wide range of conditions3. However, given the large
number of variables involved, it is reasonable to ask how relevant these
figures are to a particular project.

Figure 7.2 has been produced for a 50mm pipe for the conditions shown.
It is clear that any thickness of insulation between about 15mm and 40mm
would give close to the minimum total costs. Further, when some of the
factors are varied, although the absolute value of total costs changes, there
is little difference in the shape of the curve, suggesting that the optimum is
not particularly sensitive to most factors. The greatest effect is due to oper-
ating time per year and the number of years. The installation cost had little
impact provided a period of at least three years was used.
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7.2.2 Environmental considerations
It is relatively easy to estimate the annual CO2 emissions attributable to heat
loss from pipework. This is given by the equation:

(7.4)

where t is the operating time per year (hours) and m is the mass of CO2 pro-
duced per kWh of fuel consumed giving Mco2

in kg of CO2 per metre length
of pipe per year. Values of m are given in Table 7.2. xbs is the seasonal boiler
efficiency.

Given the lack of sensitivity in the total cost to the thickness of insulation
used, it would appear to be an opportunity for heating design engineers to
make substantial reductions in CO2 emissions by choosing to install more
rather than less insulation, i.e. working to the right-hand side of the total cost
curve.

7.2.3 Other considerations
The above analysis is based on the assumption that the heat lost from the
pipework does not contribute towards the useful heating of the building.
Clearly in many cases it will to some extent (though perhaps not at all times
as required by the Building Regulations). Even so, unlike heat emitters, there
is no control over the heat output from pipework, which could lead to over-
heating in some instances.
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Figure 7.2 Heat loss rate from insulated and uninsulated pipes.

Table 7.1 Criteria used in Figure 7.2.

Time period 10 years

Fuel costs 1.5p/kWh
Boiler seasonal efficiency 70%
Hours operation per year 1000
qw - qa 55K
Interest rate 10%
Fuel inflation rate 3%
Installation costs for insulation £1/m for 10mm thickness

£4.2/m for 50mm thickness



Boiler duty includes an allowance for pipe heat loss rate: a figure of 10%
appears to be common. Economically optimised thicknesses of insulation (or
minimum thicknesses as specified by the building regulations) are unlikely to
lead to such high percentages. Although these need to be established for each
case, they are unlikely to exceed 2% or 3%.

As discussed in section 7.1, the choice of flow and return temperatures will
have an effect on size of pipes required. The mass flow rate is directly pro-
portional to the difference between flow and return temperature. Ignoring
any changes in water density (which would be negligible) we can say that the
volume flow rate required is also directly proportional to this temperature
difference. So, if the temperature difference was doubled, for the same water
velocity, the pipe cross-sectional area needed would be halved. As cross-
sectional area is proportional to the square of the internal diameter, then the
new internal diameter required would be reduced by a factor of 20.5, or Dnew

= 0.707Dold. Pipes come in standard sizes: for pipes smaller than about 
40mm, the above would normally only allow a reduction of one size, whereas
above 40mm it would be more likely that the pipe could be reduced by two
sizes.

Reduced flow rates also result in reduced running costs for the pumps. The
pump power is proportional to the product of the volume flow rate and 
pressure drop through the circuit. Whilst the flow rate is proportional to 
the flow/return temperature difference, the pressure drop may increase or
decrease slightly as pipe sizes are reduced.

7.3 Pipework arrangements
The following discussion is concerned only with two-pipe flow and return
systems for LPHW. In the past one-pipe systems have been employed but the
lack of balancing and control has made this method obsolete.

The complete heating circuit can be thought of as comprising two princi-
pal circuits: the primary and the secondary. The primary circuit contains the
boiler(s) and the secondary circuit distributes the hot water throughout the
building. This arrangement allows the primary to function, to some extent,
independently of the secondary. In particular, the flow rate through the sec-
ondary may vary, but maintaining a constant flow rate through the primary
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Table 7.2 Carbon Dioxide Emissions for a range of Fuels used for
Heating.

fuel CO2 emissions kg/kWh (useful heat output)

Natural gas 0.18
LPG (butane) 0.26
Gas oil 0.29
Light fuel oil 0.30
Electricity 0.46 (average)



is often preferred. This aspect is discussed in detail in Chapter 10. The present
chapter will be concerned with the secondary circuit which supplies the
various heat emitters and heating coils.

7.3.1 Secondary circuit
The secondary circuit is itself often broken down into a number of inde-
pendently operated parallel circuits. In a building containing a wide range of
heating systems there may be a separate circuit for each of the following:

• Radiators
• Underfloor heating
• Air handling units
• Terminal re-heat coils
• Hot water services.

Further, the radiator circuit might be broken down into two or more circuits.
There are several reasons for this. Some circuits will be required to operate

at different times of the day or year. For example, the underfloor heating will
probably run 24 hours/day in winter whilst the radiator system will run inter-
mittently. Hot water services and terminal re-heat will be required all year
round. Some circuits will have different flow temperature requirements, for
example the underfloor heating will operate at about 45°C compared to 80°C
for the others. Some circuits will have specific control requirements. The load
on the radiators will vary considerably with outdoor temperature and will be
better controlled if the flow temperature is reduced in warmer weather
(outdoor temperature compensation – see Chapters 6 and 10). Other systems
will require constant flow temperature. Finally, there may be advantages in
zoning the building to allow independent operation, for example north and
south wings or landlord’s and tenant’s services.

Both the primary circuit and each secondary circuit now require a dedi-
cated circulation pump. A typical arrangement is shown in Figure 7.3. In
practice, rather than use a single pump, a duty standby pump set would be
used.
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7.3.2 Compensated temperature circuit
As discussed in Chapter 6, radiators, radiant panels and natural convectors
are best controlled using zone controls combined with flow temperature 
regulation. The flow temperature is modulated downwards as the outdoor
temperature rises above the design condition, leaving the zone control valve
to respond to changing incidental gains in the particular zone. This allows a
relatively inexpensive zone control valve, such as a thermostatic radiator
valve, to be used. Figure 7.4 shows how flow temperature control is achieved.
A mixing valve is installed upstream of the circulation pump, allowing cooler
return water to mix with the constant temperature flow from the primary
circuit. The valve contains three ports. Ports A and B are designed so that as
A opens B closes in such a manner as to maintain a constant flow rate. Port
C remains fully open at all times. The instruction to modulate A and B comes
from the controller. This controller contains the function relating outdoor
temperature to required flow temperature (known as the schedule) and is 
provided with two input signals: the current values of outdoor and flow 
temperature. The controller calculates the required flow temperature from the
outdoor temperature input signal and compares this with the actual flow tem-
perature. It then sends a signal to the valve actuator to correct any error. The
flow temperature sensor provides a feedback signal. If the primary flow and
secondary return temperatures were always constant, then this sensor would
not be required. However, in practice the secondary return water tempera-
ture will vary with the heating demand on the circuit; the primary flow tem-
perature will vary with total system load depending on how the boiler
sequencing is controlled (see Chapter 10). In order for the mixing valve to
be able to achieve acceptable control, it is important that the valve is 
correctly sized and has the appropriate characteristics. This is discussed 
in section 7.5.

7.4 Variable volume flow
Any form of two-port (throttling) zone control valves, including TRVs, will
result in a variation in flow rate around the radiator circuit despite the use
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Figure 7.4 Flow temperature control.



of a dedicated circulation pump and temperature compensation. It is the zone
control valve which must respond to incidental gains. As was seen in Chapter
6, to reduce the heat output of a radiator by even a small percentage requires
a considerable reduction in flow rate. As virtually every zone will have some
incidental gains (lighting, people, equipment, solar), which are not taken into
account when sizing the heat emitters, there will always be appreciable flow
rate variation. The impact of this is most easily understood by reference to
the pump characteristic curve as shown in Figure 7.5. A mathematical treat-
ment is given in Appendix 7.2.

Any type of pump will have a pressure/flow rate curve similar to the ide-
alised curve shown. The pump will produce maximum pressure at no flow
and minimum pressure at maximum flow rate. The idealised curve can be
represented by the equation:

(7.5)

where P is the pressure produced by the pump, is the flow through the
pump and A and B are constants for a particular pump. In this example, 
A = 5 (kPa) and B = 2.5 (kPas2/L2). Note the units of B.

The pressure drop through the pipework circuit can be expressed by a
similar quadratic equation. (This is, strictly speaking, only true when the flow
is sufficiently turbulent (fully-rough) that the friction factor is no longer a
function of the Reynolds Number but only of the relative roughness of the
pipe wall. Water flow in heating systems closely approaches this ideal.)

(7.6)

where DP is the pressure drop through the circuit due to the flow rate , and
R is a measure of the resistance to flow offered by the circuit. The value of
R will vary depending on the degree of opening of the zone control valves.
As the valves close, so R will increase. The diagram shows two circuit curves.
The lower curve (full line) has a value R = 2.5 representing the circuit with
all valves fully open.

The pump must generate a pressure which exactly balances the pressure
drop through the circuit under all conditions. As the flow rate through both
the pump and the circuit must also be the same, the operating point of the
pump must be where the pump and circuit curves cross. For the case where

V̇

DP RV= ˙ 2

V̇

P A BV= - ˙ 2
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all valves are open this occurs at a flow rate of 1.0L/s and a pressure (or pres-
sure drop) of 2.5kPa. If the circuit now required a flow rate of only 0.75L/s,
then the valves would have to partially close until the ‘R’ value increased as
shown by the upper, dotted, circuit curve. There are two possible disadvan-
tages to this. Firstly, as can be seen from the graph, the pressure developed
by the pump increases as the flow rate reduces, in this case to about 3.6kPa.
Some valves, particularly those close to the pump, may be exposed to an
excessive pressure and may not be able to close, with subsequent loss of
control, and water velocities through these valves can be very high, leading
to noise and erosion. Secondly, the pump is wasting energy by producing
more pressure than is required.

One (partial) solution is to install a bypass in the circuit. This consists 
of a pipe joining the flow and return pipework, which includes a pressure-
actuated two-port valve. As the pressure across the valve increases, so the
valve opens to try to maintain a near constant flow rate, in effect cancelling
out the increase in resistance value R arising from the closing of the zone
control valves. The pump pressure developed is then maintained at close to
design value. For large circuits it is preferable to include a bypass in each
main branch in order to limit the local pressure rise. The bypass system will
improve control and prevent excessive water velocities through valves.
However, this is still wasteful of energy: the pump is delivering a greater flow
rate than is required. Heating circuits must be sized to meet the design
maximum demand. This design demand will only occur for a fraction of the
total operating time, mostly at start-up in the mornings. Even on a cold day
there will still be incidental gains. Variable volume pumping is required to
capitalise on this potential saving in pump running cost and offers improved
control by preventing overpressure.

7.4.1 Variable volume pumping
The input power required to a pump motor is given by:

(7.7)

where z is the overall efficiency of the pump and motor. When P is in kPa and
V in m3/s then W is in kW. For the moment we will assume that the efficiency
of the pump is constant. As the required flow rate reduces, so the pressure
drop through the circuit reduces if R can be held constant and as a result the
pump power reduces. Using the suffix ‘1’ to represent the full flow condition
and ‘2’ the reduced flow for condition, for equations 7.6 and 7.7 we have:

(7.8)

So, if the flow rate can be reduced without increasing R, pressure drop will
fall with the square of the flow rate, and the pump power with the cube of
the flow rate. For example, if the required flow rate is only half that at full
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load, then the pressure drop through the circuit is only one quarter of the
pressure drop at full flow rate, and the input power is only one eighth of the
full flow input power. This is a potentially very large saving in running cost
if the pump can be controlled to match the circuit requirements without the
need to increase the system resistance.

7.4.2 Variable speed drives
The speed at which a pump turns is related to the volume flow rate and pres-
sure developed by the following equations, known as the fan/pump laws
(being identical for both fans and pumps):

(7.9)

where N is the rotational speed. As with equation 7.8, suffixes ‘1’ and ‘2’
represent different operating conditions. Again, the power equation assumes
that the efficiency remains constant. Thus, pump speed control allows the
pump to exactly (in theory) match the change in pressure required in the
circuit for a change in volume flow rate: half the design volume flow rate is
achieved by running the pump at half the design speed, resulting in one
quarter of the pressure being developed (and only one eighth of the power
consumed). The pump curve of Figure 7.6 show the pressure-flow rate char-
acteristic at a number of speeds for the same pump used in Figure 7.5. If the
full speed characteristic of the pump is given by equation 7.5, then it can be
shown (see Appendix 7.2) that the characteristic at any fractional speed N
(i.e. 0 < N < 1) is given by:

(7.10)

In the past, a number of methods of speed control have been used. These
included gears and hydraulic and magnetically coupled clutches. These were
relatively expensive, bulky and inefficient due to mechanical losses. The
modern solution is to use a frequency inverter on the electrical supply to the
motor. Pump motors, as with most motors in (non-domestic) building 
services, are often 3-phase induction. The speed at which these motors rotate
is directly proportional to the frequency of the electrical supply. This is 
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Figure 7.6 Variable speed pump curves.



easily and inexpensively varied using a solid state device with very little energy
losses. Some pump manufacturers now supply their pumps equipped with
built-in frequency inverters.

Equation 7.8 gives the theoretical power saving assuming that the pump
efficiency remains constant. Pump efficiency will vary with rotational speed
as will the efficiency of the electric motor. The change in efficiency of the
pump with speed will depend on the design of the pump and its suitability
to the design flow rate and pressure drop. The manufacturer should be con-
sulted. The motor efficiency, and power factor, will also reduce as the load is
reduced. Modern developments in inverter technology have resulted in this
being minimised. A best practice publication4 suggests that for a typical
LPHW heating system in an office building, pump energy consumption could
be reduced by two-thirds using variable volume speed control.

7.4.3 Control of variable speed pumps
The aim of pump speed control is to minimise pump energy consumption
whilst ensuring that all zones are provided with sufficient heating water at
all times. Unfortunately, as the heating demand of each zone varies inde-
pendently and in an unpredictable manner, the only way of ensuring adequate
water flow to each zone is to design the system such that the design flow rate
is available at all times to each zone. This means overprovision and so wasted
pump energy with zone valves having to increase system resistance un-
necessarily. Alternatively, a compromise between energy savings and heating
provision can be considered, as discussed below.

The conventional method of modulating pump speed in response to chang-
ing heating demand involves sensing static pressure in the circuit. This is a
simple and as a consequence, inexpensive, method of control. As the heating
demand falls within a controlled zone, so the two-port valve serving the
emitter(s) in that zone will start to throttle back, causing a drop in flow rate.
This fall in flow rate will result in an increase in static pressure. The control
system responds to an increase in static pressure by reducing pump speed.
The static pressure varies throughout the circuit and with the pump speed
and zone valve positions. The question arises therefore where to locate the
pressure sensor. (A similar problem arises in the control of variable air volume
air conditioning systems5.) This requires an analysis of the system hydraulic
behaviour under various load conditions.

Figure 7.7 shows a simple heating circuit with three identical heat emitters,
each controlled by a two-port valve. The design water flow rate of each
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Figure 7.7 Simple circuit with three heat emitters.



emitter is the same as is the design pressure drop. Assume that emitter 1 forms
the index circuit. When the system is balanced, additional resistance will need
to be added to branches 2 and 3 in order to achieve equal flow rates through
each emitter when the zone valves are all fully open. In Figure 7.7 the resist-
ance of each section is represented by letters r1,2,3 and R1,2,3. r1,2,3 represent the
combined resistance of emitter, zone valve, regulating valve and pipework
between the flow and return pipe when the system has been balanced and all
zone valves are fully open. When the zone valves start to close, these resist-
ances will increase. R1,2,3 represent the fixed resistance of the sections of
pipework connecting the branches. These values remain constant at all times.
The relative values of r2 and r3 needed to balance the system are easily found
by equating the pressure drop at design flow rate. The pressure drop between
points B and C can be expressed using equation 7.6 for branches 2 and 3:

(7.11)

In other words, if the flow rates through each identical branch are to be equal,
then the regulating valve on branch 2 must be partially closed to provide an
additional resistance equal to R1. By considering the pressure drop between
A and D, a similar method leads to:

(7.12)

This shows that the added resistance needed to balance the branch increases
quickly moving towards the pump.

The total pressure drop around the circuit, and the pressure the pump must
develop, at design flow rate will be given by:

(7.13)

and the pump power (equation 7.7) by:

(7.14)

We now look at two possible positions for measuring and controlling pump
speed by static pressure. To simplify the comparisons, it would be more 
convenient to simplify the above equations by putting R1 = R2 = R3 = r1 giving
at design flow rate:

(7.15)

Across the pump
The differential static pressure needs to be set at a value given by equation
7.13. As zonal demand varies, so the pump speed is adjusted to maintain this
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pressure across the pump. If heat demand in zone one was to fall to zero
while zones 2 and 3 remain at full load, the pump speed would be reduced
to give this lower flow rate but at the same pressure. Assuming no change in
pump efficiency, the pump output power would be given by:

(7.16)

i.e. the pump power is reducing in proportion to the speed, not the speed
cubed.

The pressure difference across branch 3 will be given by:

(7.17)

an increase of 50% above the value at full circuit design flow rate. Thus zone
3 will have more than sufficient pressure available to provide design flow rate,
and the zone control valve will be partly closed.

At end of circuit
Going to the other extreme, the differential static pressure could be sensed
across the index branch, 1. The set point for the sensor would now be the
design pressure drop for this part of the circuit, i.e. DP = r1 1

2. The design
flow rate through branch 1 is therefore always guaranteed. Under the same
conditions as before, with zone 1 having zero demand and zones 2 and 3
requiring full load, we can examine how the pump behaves. In theory, it is
delivering two-thirds of the design flow rate. The pressure developed will
equal the pressure drop around the circuit given by:

This is a considerable saving compared to controlling with the sensor located
across the pump. At full design load the pump power is given by equation
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Figure 7.8 Differential pressure sensor location.

(7.18)



7.15, a saving of 73% at two-thirds flow rate. Unfortunately, the pump fails
to deliver the required flow rate to zones 2 and 3.

With no flow in branch 1, the pressure drop across r2 will be the same as
the set point for the sensor. But during balancing, r2 was increased to allow
for the resistance R1, (equation 7.11), in fact it was doubled. As a result, zone
two, with its control valve fully open, would receive only about 70% of the
required flow rate. Zone 3 would also suffer from lack of heating water. In
fact, equation 7.18 overestimates pump power as the required flow rate is
not achieved.

This analysis appears to suggest that the designer must install the differ-
ential static pressure sensor across the pump to ensure that all zones receive
sufficient heating water at all times, in the process sacrificing pump energy
savings. The situation is not as drastic as it at first seems, however. As was
seen in Chapter 6, the heat output of a heat emitter, such as a radiator, falls
only slightly with a large reduction in water flow rate. In addition, it is
unlikely that one zone will be at zero load whilst others are at full load. Of
course, the sensor could be placed at some intermediate point between pump
and end of index circuit. This will be a compromise between pump energy
savings and performance. The designer should consider the effect of locating
the sensor at various distances from the pump and assess the resulting risk
of underheating, balancing risk against potential energy savings. This is a
considerable design task and one that many designers would not have the
time or resources to carry out. Some assistance is available in a BSRIA soft-
ware package.6

If the sensor is located at the end of the index circuit, the set point could
be set higher than the design pressure drop across it. For large circuits, for
example circuits serving several floors, it may be advisable to use several dif-
ferential pressure sensors, one per major branch. The pump would then be
controlled from the worst case, i.e. any sensor recording a differential pres-
sure less than the set point for that particular sensor. Some manufacturers
have developed control systems to try to overcome the above problems related
to achieving good energy savings whilst providing acceptable system 
performance.

The above does not make a particularly strong case for using variable speed
pumps. The reality appears to be far removed from the apparent simplicity
and potential savings indicated by equation 7.9. There are, however, further
good reasons why variable speed pumps should be considered.

When selecting a pump for a particular circuit, the pump will invariably
be oversized. The design pressure loss through the circuit has probably been
overestimated (to be on the ‘safe side’), and pumps are only available in
certain sizes. At commissioning, the circuit will be balanced and then finally
regulated to give the design flow rate. For a fixed speed pump this is usually
done by partially closing the pump discharge valve. With a variable speed
pump, this is easily – and efficiently – achieved by reducing the maximum
speed. Reducing the flow rate by only 10% by this method results in a 33%
saving. In comparison, throttling at the discharge valve will save only a 
few %.

Two-port control valves will not operate correctly when subjected to exces-
sive differential static pressures with resulting overheating of the space. The
manufacturer will specify this maximum differential pressure. This can be
quite low for the small, and inexpensive, valves used commonly on heating
systems, particularly TRVs. The maximum differential pressures can easily be
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exceeded as valves start to close throughout the circuit. Pump speed control
helps to reduce the risk of this happening, particularly if the sensor(s) is
located well away from the pump.

As will be seen later, control valves need to provide a reasonably high pres-
sure drop even when fully open in order to have sufficient control authority.
This has substantial pump running cost implication. In constant speed
pumping, the pressure drop across an open two-port valve needs to be equal
to about 40% of that of the index circuit. With variable speed pumping, this
can be relaxed somewhat.

Finally, inverter driven variable speed pumps remove the need for starting
current control circuitry such as star-delta or autotransformer. The pump can
be started at low speed and gradually speeded up to give a ‘soft’ start. This
facility is usually provided as standard by the inverter manufacturer.

7.5 Control valves
Control valves are used to vary either the flow rate or the temperature of
water to a circuit or individual heat emitter. They do this in response to a
control signal from a controller. The controller and valve must be carefully
selected if good control is to be achieved. By good control, we usually mean
that the heating system will maintain the space temperature (or, for example,
water temperature in a storage cylinder) within the specified limits but
without rapid fluctuations. This section deals with the requirements of control
valves to achieve this objective. Controllers have additional requirements
which are outside the scope of this book. There are innumerable text books
on control theory, a few of which are directed specifically at heating systems
or building services7,8.

Although control valves may be used to control flow temperature, they do
so indirectly by regulating water flow rate, for example the mixing valve used
in temperature compensation (see section 6.7.2). To achieve good control, the
implication for all types of control valves is that they are able to adjust water
flow rate over the entire range from zero to design flow rate. Further, the
signal from the controller should result in a reasonable linear change in the
controlled property – room temperature – rather than the water flow rate.
The control signal is used to raise or lower the valve spindle; there is no actual
measurement of flow rate (feedback) so the effect of the spindle movement
on the controlled item is important.

For example, in a temperature compensated circuit, it is the water 
temperature which is the controlled item. The water temperature leaving the
three-port control (mixing) valve is given by the simple equation:

(7.19)

where subscripts F and R represent the flow and return water entering the
valve. Assuming that the flow and return temperatures remain constant, a
linear relationship between valve spindle movement and outlet water 
temperature requires a linear relationship between valve spindle position 
and the flow rate of water entering the flow (and return) port, as shown in
Figure 7.9. The relationship between water flow rate and valve spindle 
position is an important property of the valve and is referred to as its 
‘characteristic’.
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In contrast, a two-port valve used to control heat output from a heat
emitter would not benefit from a linear characteristic, as can be seen in Figure
7.10. As was seen in Chapter 6, the heat output rate of a heat emitter varies
logarithmically with water flow rate. So to achieve a linear relationship
between valve spindle position and heat output rate, an inverse characteris-
tic to the emitter is required.

However, the flow rate through a valve depends not only on valve spindle
position but also on pressure drop across it. As was seen in the previous
section, as a two-port control valve begins to close, so water flow rate through
it and the circuit reduces. This results in a rise in pump static pressure. The
resistance of the circuit, excluding the control valve, is constant, so as the
flow rate through it reduces, the pressure drop through it reduces rapidly,
with the square of the flow rate. The pressure drop across the valve there-
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Figure 7.9 Three-port mixing valve ideal response.

Figure 7.10 Control of heat emitter to give linear response.



fore increases significantly and the valve has to close further in response. A
pump with a steep pressure/flow curve will result in a large rise in pressure
for a small reduction in flow rate. The effect of the drop in pressure across
the rest of the circuit will depend on the relative resistance of it to the control
valve. Manufacturers need a method of describing the characteristic of a
control valve independent of the pump and circuit characteristics in which it
is installed. The heating system designer can then use this information to
determine the actual performance within the circuit. This is similar to the way
pumps are characterised. The manufacturer tests the pump under standard
conditions to produce a pressure/flow curve. The designer then uses this pump
characteristic to determine the pump performance when installed, knowing
the circuit characteristics. The following describes how the ‘inherent charac-
teristic’ of the valve is produced and how it can be used to determine the
‘installed characteristic’.

7.5.1 Valve inherent characteristic
This is the relationship between valve spindle position and water flow rate
when the pressure drop across the valve is maintained constant, i.e. unaf-
fected by the pump and circuit. This can easily be determined by installing
the valve in a test rig containing a manual regulating valve, a flow meter and
static pressure tappings at the inlet and outlet to the control valve. The flow
rate is measured for various valve spindle positions, using the manual regu-
lating valve to maintain a constant pressure across the control valve. Agreed
standard values of pressure drop are used9. The shape of the characteristic
depends on the shape of the plug and plug seating, as shown in Figure 7.11.
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The inherent characteristic can be represented algebraically by the 
function:

(7.20)

where s represents valve spindle position between 0 and 1, (0 = closed, 1 =
fully open). The subscript s refers to the flow rate at spindle position s and
subscript o the flow rate through the fully open valve.

The ‘quick opening’ valve provides most of the flow during the initial
opening of the valve. This is a very simple valve design and of little use in
the control of heating systems.

The linear valve characteristic is used in three-port mixing valves where a
linear relationship is required. Each inlet port would have this characteristic,
but acting in opposition to each other to maintain a constant leaving flow
rate, i.e.:

(7.21)

The logarithmic, or equal percentage, valve characteristic is used in the design
of two-port valves used to regulate heat output rate from emitters. It has a
characteristic of the form

(7.22)

7.5.2 Installed characteristic
The installed characteristic depends, as described above, on the pump and
circuit characteristics. The pump characteristic can be represented by the 
standard pump pressure/flow equation:

(7.5)

which is applicable to constant speed, unregulated pumps. The circuit char-
acteristic, excluding the control valve, can be represented by an equation
based on equation 7.6:

(7.23)

where R is the resistance of the circuit, excluding the control valve, which
can be calculated from the pressure drop at the design flow rate when the
control valve is fully open.

However, it is convenient to define a value known as the valve authority
(N) given by the ratio of the pressure drop across the control valve to the
pressure drop across the whole circuit, including the control valve, when the
control valve is fully open, i.e. at full flow rate:
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As previously discussed, the higher this ratio, the less the increase in pressure
drop across the valve when it starts to close. As will be seen, it is a useful
measure of the control valve’s ability to regulate flow rate, hence the use of
the word ‘authority’. (In determining the valve’s inherent characteristic, the
control valve has an effective authority of unity.)

It can be shown10 that the installed characteristic (g ¢) can then be repre-
sented by the equation:

(7.25)

i.e. it is a function of the control valve’s inherent characteristic, authority and
resistance when fully open, and the pump constant B.

Should the pump be speed controlled, as described in section 7.4.3, by
placing the differential pressure sensor across the pump, then the pump pres-
sure will be maintained constant. This is equivalent to setting the value of B
to zero, and equation 7.25 reduces to:

(7.26)

And if the idealised condition of unity authority could be achieved, this would
give an installed characteristic equal to the inherent characteristic. This, of
course, occurs in the index branch of a circuit utilising variable speed
pumping when the differential pressure sensor is located here rather than at
the pump.

If the installed characteristic as given by equation 7.25 is plotted, the result
of various values of valve authority and pump characteristic is immediately
clear, as shown in Figure 7.12a for an equal percentage valve. Figure 7.12b
shows the effect this has on the heat output rate of a typical heat emitter.

7.5.3 Recommended valve authorities
A high authority will lead to a more linear response between spindle lift and
the controlled variable. However, this requires a greater pressure drop across
the control valve and hence higher pump running costs. As usual, a com-
promise is required between performance and cost. CIBSE11 recommend a
minimum valve authority of 0.5 for two-port throttling valves (or three-port
mixing valves used to divert water) and a minimum of 0.3 for mixing valves
(used in a mixing application). However, the pump characteristic also needs
to be considered. A pump with a low value of B (‘flat curve’), or controlled
to maintain or, better still, reduce pressure with fall in flow rate (for example
speed control), will lead to improved control performance, and a lower valve
authority may be worth considering.

7.6 Forces acting on pipework
Various forces act on pipework and these need to be accommodated in the
design of both the pipework and supports. These forces arise from gravity,
fluid static pressure, fluid flow and thermal expansion.
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Figure 7.12 Installed characteristic.

Gravity will cause (horizontal) pipes to sag due both to the weight of the
pipe and the weight of the water in the pipe. This will result in bending
stresses within the pipework, which could lead to failure of the joints. The
spacing of pipe supports must be such as to limit the resultant stresses.

The static pressure of the water in the pipe will tend to push pipe sections
apart so that pipe joints are vulnerable to failure. At bends, particularly at
the base of risers, the static pressure can lead to very large forces, requiring
the use of substantial ‘anchors’ to prevent pipe movement and failure.

(a)

(b)



Closely related are forces exerted on the pipe due to the flow of the water,
characterised by a change in static pressure and, at bends, a reaction force
due to the inertia of the water. In most cases, these tend not to be as signifi-
cant as those in the previous paragraph, but nevertheless they still need to be
checked.

Finally, each time the heating system is started up, the water will be raised
in temperature by about 60K, as will the pipework. Just as the expansion of
the water must be accommodated by the design of the system (expansion
vessel or f & e tank), so too must the expansion of the pipework. Over this
temperature lift, each metre length of pipe will increase its length by about
1mm if free to do so. If prevented from doing so by the pipework supports,
large compressive forces will arise which could easily cause failure.

There is therefore a conflict between the need to rigidly fix the pipework
to resist the forces arising from gravity, static pressure and fluid flow, and to
prevent damaging forces arising from restricting expansion. As will be seen,
appropriate pipework layout and a combination of rigid and semi-rigid or
sliding supports are required.

7.6.1 Types of support
There are basically two types of pipework support – those that are designed
to prevent movement in any direction and those that allow movement in a
selected direction(s).

Anchors fix the pipework rigidly, preventing all movement. They incorpo-
rate a clamp which is firmly tightened around the pipe. To prevent excessive
heat loss by conduction and to spread the load imposed by the clamp over a
larger area, a sleeve of an insulating material is used. The anchor is then
secured to the building structure. On large pipes, the anchor may be welded
directly to the pipe.

Guides allow axial movement of the pipe whilst supporting its weight 
and preventing lateral movement. For larger pipes, Teflon pads, rollers and
tubular guides are available. These are designed to reduce friction between
the pipe and support so that negligible axial force due to pipe expansion
results. For small pipes, clips are used.

Hangers are used to support pipework from ceilings, etc. The drop rod,
depending on its length, will allow some axial and lateral movement.

7.6.2 Spacing of supports
For horizontal pipes, the spacing between supports will depend on the pipe
diameter and the pipe material. Larger diameter pipes will have a greater
cross-sectional area of pipe wall to carry the weight-induced forces so that
stresses will be less. Also, as pipe diameter increases, there is generally an
increase in wall thickness. So, even though the weight of pipe and water 
will be greater, larger diameter pipes can cope with greater spacing between
supports. CIBSE12 recommend pipe spacings for a range of pipe sizes and
materials. These are based on the resulting stress in the pipework not exceed-
ing 10% of the yield stress (or in some cases ultimate tensile stress) of the
particular materials. The reason for using a figure of 10% is not clear.
However, it is not usually the pipe material which would fail, but rather the
pipe joint.
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7.6.3 Expansion and contraction
The amount of axial (i.e. along the pipe length) expansion is given by the
equation:

(7.27)

where a is the coefficient of linear expansion of the material from which the
pipe is made (K-1); L is the original length of the pipe (m); Dq is the tem-
perature change of the pipe, (K). This gives DL in metres. Note that as a
is a property of the material, the axial expansion is independent of pipe 
diameter.

Pipes are normally installed at room temperature. When the heating system
becomes operational, the pipe will be heated to the water temperature and
so expand. It will contract when the heating system switches off and will go
through many cycles of expansion and contraction throughout its life. This
repeated cycling is one reason for eventual failure. The coefficients of linear
expansion for mild steel and copper are 11.3 ¥ 10-6 K-1 and 16.9 ¥ 10-6 K-1

respectively. Thus, a steel pipe 10m long and heated from 20° to 85°C would
expand, if unrestrained, by (11.3 ¥ 10-6 ¥ 10 ¥ 65) 0.0075m or 7.5mm,
whilst a copper pipe under same conditions would expand by about 11mm.

If, conversely, the pipes were fully restrained so that no expansion could
occur, then they would be subjected to a compression stress given by:

(7.28)

where E is the Young’s modulus of the material (N/m2) and the stress, s, is
in N/m2. Again, this stress is independent of the pipe diameter but it is also
independent of the pipe length. E for copper is about 100 ¥ 109 N/m2 so the
stress in the fully restrained copper pipe would be (16.9 ¥ 10-6 ¥ 65 ¥ 100 ¥
109) 110 ¥ 106 N/m2 or 110MN/m2.

The force (being given by the product of stress times area) will vary with
diameter:

(7.29)

For a 50mm (nominal) copper pipe, the outside and internal diameters are
54.0 and 51.6mm respectively, giving a cross-sectional area of 0.199 ¥ 10-3

m2 and hence the force would amount to (110 ¥ 106 ¥ 0.199 ¥ 10-3) 21900
N. This is equivalent to the gravitational force on a mass of 2200kg. The
anchors at each end of the pipe would need to be able to share this axial
force without deforming. In comparison, the mass of the pipe and water
would only be about 39kg for the 10m section. But note that the axial force
calculated is independent of length. Of course, if there were no guide sup-
ports between the two anchors then in practice the pipe would bend under
this axial force. In doing so the pipe length would increase so the stress in
the pipe and the force acting on the anchors would be reduced. This is the
principle behind the practical management of expansion in pipework.

Dog legs and loops
Figure 7.13 shows a simple method for allowing for expansion between two
anchors, known as a dog leg or set or pulled bend. Both a single and double
are shown. The solid line represents the pipe when cold and the dotted when
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hot following partially restrained expansion. For the stresses in the pipe to
be contained within an acceptable limit, the lengths of the set, L and h, must
permit sufficient expansion. CIBSE12 give minimum recommended values of
h relative to L for steel pipes undergoing various temperature changes (no
figures are given for copper). Although the stress induced is independent of
pipe diameter, the flexibility of the pipe is not. Therefore L and h are given
for various pipe diameters. For a 40mm steel pipe undergoing an 80K rise
in temperature and for L = 10m, the single set requires a minimum value of
h of 1.9m. For the double set this reduces to 0.48m – a significant reduc-
tion. Values for the double set assume that the set is symmetrical (a = b).
When this is not the case, CIBSE give correction factors.

Alternatively, a pipe loop may be used, as shown also in Figure 7.13.
Repeating the above example with a loop, CIBSE recommend a minimum
value of h of 0.17m on the basis that the loop is symmetrical and that 
g = L/2. Correction factors are available for asymmetric loops. Notice that
guides may be used in conjunction with a loop but not within the loop itself.
Guides must not be used anywhere between the anchors of dog legs.

In addition to giving recommended minimum values of h, CIBSE also
provide tables and equations for determining the forces resulting from
thermal expansion acting on the anchors.

Dog legs and loops are useful solutions for overcoming expansion prob-
lems, although they do take up a considerable amount of space. Fortunately,
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it is often possible to integrate dog legs into the natural layout of the
pipework, provided adequate clearance for the expansion at the corners is
available.

A common cause of pipe failure in heating systems occurs at branch con-
nections, as shown in Figure 7.14, for example from a riser. Expansion in the
main pipe can be considerable and unless the branch pipe has sufficient length
between the connection to the main and the first anchor, it will not have the
flexibility to take up the lateral movement. This can result in leakage at the
branch connection or at the heat emitter. Again, CIBSE give recommenda-
tions on minimum branch length. For suspended pipework, hangers will 
normally have sufficient in-built flexibility to allow for this movement of the
branch pipe. A more serious problem is connection to heat emitters, for
example when several emitters are connected to a long straight F + R mains
running at skirting level or emitters on each landing of a stairwell are con-
nected to a F + R riser. In each case the branches will be very short and could
result in failure of the pipe connections at the branch or emitter.

Expansion bellows
Expansion bellows allow lateral expansion without inducing high stresses.
The wall is made from corrugated steel so as to form a bellows which can
elongate and shorten. Placed between anchors, these bellows can take up all
of the expansion without a need for dog legs or loops. Guides should be
installed each side of the bellows to prevent lateral movement. Alternatively,
these may be incorporated into the design of the bellows by the manufac-
turer. In selecting bellows, the static pressure of the water must be taken into
account as this will both stiffen the bellows and cause it to elongate, so reduc-
ing its ability to deal with thermal expansion.

7.6.4 Forces arising from the fluid
The static pressure of the water in the pipe will impose a force on the pipe
wall, as will the inertia of the moving water. This is most noticeable at a pipe
bend. Appendix 7.3 shows how the net force acting on a 90° bend, as shown
in Figure 7.15, has a magnitude equal to:

(7.30)

and acts at 45° away from the bend. Ac is the cross-sectional area of the pipe
(m2), P the static pressure in the pipe (Pa, gauge), r the density of the water,
(kg/m3) and v the water velocity (m/s) giving F in Newtons.

F A P vc= +( )2 2r
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This equation demonstrates the relative importance of static pressure (P)
compared to inertia (rv2). Static pressures are usually in excess of 1 bar
(gauge), that is 100000Pa. Even at a velocity of 4m/s, which would be appro-
priate only in very large pipes13, the inertia term is only equivalent to about
16000Pa, or 16%. On pipes below 50mm, when velocities are normally
about 1m/s, the inertia accounts for only about 1% of the total force on the
pipe bend.

Heating Circuits 219

Force on
pipe

Figure 7.15 Forces acting on a bend with no flow.



Appendix 7.1 Heat Loss from Pipework

The equation to determine the heat loss rate from an insulated pipe is given
by the equation:

(7.31)

where qi is the mean water temperature in the pipe and qa the ambient tem-
perature. The term AU represents a combined surface area times ‘U’ value.
Unlike a plane wall which has a constant cross-sectional area at all 
points throughout its thickness, the surface area of an insulated pipe increases
with distance outwards from the inside surface of the wall. Any surface area
can be used provided that the same surface is used in the calculation of the
U value. When the outside surface of the insulation is selected as the 
reference area then:

(7.32a)

and when the inside surface area of the pipe is used then:

(7.32b)

where ri is the inside radius of the pipe and ro the external radius of the insu-
lation, l is the conductivity of the insulation and hi, ho are the internal and
external surface heat transfer coefficients. The numerical value of the product
AU is the same in both cases.

Both equations for U ignore the resistance of the pipe wall itself as this is
generally insignificant, being relatively thin and made of highly conductive
material.

For turbulent flow, the inside surface heat transfer coefficient may be deter-
mined from the general empirical heat transfer relationship:

(7.33)

In practice, hi is also normally very high relative to the other terms and can
be safely neglected. In such cases, the outside surface temperature of the pipe
is very nearly the same as the water in the pipe.

The external surface heat transfer coefficient is problematic in that it
depends not only on the surface finish but also on the surface temperature
and ambient conditions. Both radiant and convective heat loss take place at
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the outside surface so that ho is in reality a combined radiant and convective
transfer coefficient. The radiant heat transfer coefficient depends on the
(absolute) surface temperature and the emittance (see Chapter 6). Low 
emittance is achieved with the use of metallic finishes. The convective heat
transfer coefficient is affected by wind (air) speed and, being natural convec-
tion – i.e. driven by the increased bouyancy of the ambient air heated by the
warm surface – depends on the surface temperature. The value of ho can there-
fore vary considerably. For substantial amounts of insulation the resistance
afforded by the insulation will dominate the overall heat loss rate, and errors
in selecting an appropriate value of ho will not be great. As the thickness of
insulation increases so the external surface area will increase so that the sig-
nificance of the surface heat transfer coefficient will increase. Even so, for
conventional thicknesses of insulation the error introduced will not be sig-
nificant. However, for little, or no, insulation, the choice of ho is critical.

The following equations14 may be used to estimate ho:

(7.34)

The expression for hoC assumes natural convection for horizontal pipes in still
air conditions. For other cases, appropriate heat transfer relationships should
be used, usually of the standard form Nu = f (Re, Pr).

The economic thickness of insulation for a particular pipe size is deter-
mined by estimating the financial cost of producing the heat lost through the
insulated pipe over an agreed time period and adding this to the cost of
installing the insulation to give the total cost. This calculation is repeated for
several thicknesses of insulation to determine the lowest total cost and there-
fore the economic thickness. A financial method, such as Present Value, is
used where the time period is greater than three or four years to discount
future savings:

(7.35)

where C is the cost of installing the insulation (£), t is time (hours), year is
the time per year that the heating system is operating (hours), Q is the heat
loss rate from the pipe (kW), F is the cost of fuel (£/kWh), zb is the boiler
efficiency. cf is the cummulative discount factor based on the number of years
over which the assessment is to be made (N) and the real interest rate (i)
which in turn is given by:

(7.36)

It is common practice to use a constant value for boiler efficiency: seasonal
efficiency, zbs. Then, where the water flow and ambient temperatures are 
constant (or nearly so), the integral in equation 7.35 can be replaced by 
Q ¥ year/zbs. Where the flow water temperature varies (e.g. as a function 
of outdoor temperature) then a degree-day method is required to solve the
integral (see Chapter 11). As discussed in section 7.2, the heat loss rate 
from insulated pipes can be approximately expressed by the equation:
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(7.3)

It is reasonable to assume that the installed cost, C, can be expressed in the
form:

(7.37)

where A and B are constants. That is, the installed cost is a linear function
of insulation thickness and pipe circumference. Equation 7.35 can then be
written as a general function of X which can be differentiated to find the
minimum total cost:

(note the factor of 1000 is needed to convert W to kW)

(7.38)

giving a minimum total cost when

implying that the same thickness of insulation should be used for all pipe
sizes operating at the same water-ambient temperatures. This is in disagree-
ment with published tables of economic insulation thickness15, which suggest
that insulation thickness should increase as pipe diameter increases. This is
most probably due to the assumption made that installation cost was a linear
function of insulation thickness. It is more likely that the value of B used in
equation 7.37 will fall slightly as X increases, in which case it may be better
to use different values of B for ranges of pipe diameters.
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Appendix 7.2 Idealised Pump
Characteristics

The idealised characteristics allow a simple mathematical analysis to 
be carried out when considering control of flow rate. The pump and circuit
characteristics can both be represented as quadratic functions of flow 
rate:

(7.39)

The flow rate through both pump and circuit must be identical. Also, the
pressure produced by the pump must exactly match the pressure loss through
the circuit. Thus:

(7.40)

For a real pump, the values of A and B can be quickly found from the 
manufacturer’s data tables or graphs:

(7.41)

so, A is equal to the pressure at no flow. Likewise, when P = 0:

(7.42)

so, knowing A, B can be found at the zero pressure point where the 
maximum flow rate occurs. This is sometimes called ‘free delivery’ volume
flow rate.

For variable speed pumps, a characteristic for any speed can be derived
from the characteristic at full speed:
Let P = A - BV2 at full speed and PN = A¢ - B¢ 2

N at speed N

where 

At zero flow rate PN = A¢ and P = A
But from the pump laws, PN = N2P
So PN = A¢ = N2P = N2A i.e. A¢ = N2A

And, at zero pressure, 
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(7.43)

But, A¢ = N2A, so that 

Finally giving PN = N2A - B 2
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Appendix 7.3 Forces Due to Fluid Flow

From Newton’s Law (force = mass ¥ acceleration):

(7.44)

F is the net force acting on the body of mass m, v is the velocity and t is time.
So, for a moving fluid, this is the same as Force = mass flow rate ¥ change
in velocity. This is also the same as Force = rate of change of momentum and
is a much more useful form of Newton’s Law when dealing with fluid flow.
Notice that velocity, in this context, is a vector quantity (i.e. comprises 
both magnitude and direction). So, water flowing around a pipe bend will
experience a change in velocity as the direction changes, even though the 
magnitude (speed) remains the same.

The net force, F, acting on the water is equal and opposite to the force
experienced by the wall of the pipe, so we proceed by determining F. However,
F is also a vector quantity so we need to find both magnitude and direction.
We can do this by considering F to be equivalent to two component forces
acting at right angles to each other, Fx and Fy, and resolving the forces and
rate of change in momentum in these two directions.

Consider a right-angled pipe bend of constant cross-sectional area as
shown in Figure 7.15 and take the directions X and Y to be in the directions
of the arms of the bend:

In the X direction, net force acting on the fluid is given by PAc + Fx. The
rate of change of momentum in the X direction is given by (0 - v), that is,
the fluid ends up with no velocity in the X direction. So, equating the net
force with the rate of change of momentum:

(7.45)

This is negative, which implies it is acting in the negative X direction.
We can do the same in the Y direction:

(7.46)

This is the same magnitude as the X component and is acting in the positive
Y direction.

The resultant force F is found by combining Fx and Fy graphically, as shown
in Figure 7.15 to give:

(7.47)

References
1. Building Regulations (2002) Approved Document L, Conservation of Fuel and

Power. The Stationery Office, London.

F A P v

F
F

c

x

y

= +( )

= Ê
Ë

ˆ
¯ = ∞-

2

45

2

1

r

f tan

- + = -( )
fi = +( ) = +( )

PA F m v

F PA mv A P v
c y

y c c

˙

˙

0
2r

PA F m v

F PA mv PA Vv PA vA v A P v
c x

x c c c c c

+ = -( )
fi = - +( ) = - +( ) = - +( ) = - +( )

˙

˙ ˙
0

2r r r

ṁ
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8 Hot Water Services

Hot water service, HWS, is the generation and delivery of hot water for con-
sumption at outlets such as sinks, baths, showers, dishwashers, etc. Although
the water supplied is not required to be potable, it will still be used for
washing and so must be delivered, at the point of use, in a hygienic and pleas-
ant condition. In particular, great care needs to be taken to prevent bacterial
growth such as legionella. As biocides cannot be added high temperatures
need to be maintained, though not so high as to risk scalding. The design of
the system must also allow for the expansion of the water so as to prevent
explosions. These safety requirements are covered by regulations and codes
of practice. HWS systems consume significant quantities of both water and
energy and these are also dealt with in various regulations.

Regulations place restrictions on the design of HWS, yet there are still many
decisions that the designer must make. Should an instantaneous or a storage
system be used? Should the hot water be produced centrally or locally? Should
it be part of or separate from the space heating system? Should it be vented
or unvented?

The sizing of HWS also raises particular problems. Unlike a space heating
system, demand for hot water is erratic, being entirely at the vagaries of the
occupants.

Finally, water hardness is also a major issue. Unlike closed systems, the
water is continuously replaced so scale can quickly build up. Water soften-
ing is one way of preventing this but it is expensive in terms of salt con-
sumption and maintenance. In recent years magnetic ‘de-scalers’ have become
common.

This chapter looks at some of these issues, particularly those not covered
by regulations, such as the choice of system to use, the sizing of the system
and the energy consumption, where the designer needs more guidance. Solar
hot water is also discussed.

8.1 Instantaneous versus storage
The heat (energy) required to raise the temperature of water is given by the
well-known equation:

(8.1)

where M is the mass of the water, (kg); Cpw is the specific heat of water, 
(4.18kJ/kgK); Dq is the rise in water temperature,(K), when the energy, E, is
given in kJ. The power (rate of energy supplied) to achieve this in a given
time period, Dt is then:

(8.2)

Equation 8.2 is directly applicable to the heating of a fixed mass of water in
a storage vessel. However, it can easily be modified for a flow of water by
noting that the fraction M/dt is the same as mass flow rate. So, for an instan-
taneous HWS system:
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(8.3)

where is the mass flow rate of the water (kg/s).
It is revealing to compare the power requirements of a storage and an instan-

taneous system. For example, a 22mm tap serving a bath has a maximum flow
rate of up to about 0.3kg/s (note that 1kg of water is approximately 1 litre). A
typical delivery temperature is 55°C. In winter the water may enter the system
at 10°C. This gives an instantaneous demand (equation 8.3) of some 56kW.
Yet domestic storage systems are quite capable of supplying a hot bath using a
mere 3kW electric immersion heater. Obviously, an electric instantaneous
water heater to serve a bath is out of the question. Such high heat output rates
would also be uneconomic for domestic gas-fired water heaters. Domestic
combination boilers are limited to a HWS output of about 20kW. Spray taps
are frequently used for wash hand basins in non-domestic buildings because of
their very low rate, only about 0.015kg/s. As well as helping to conserve water,
a 3kW instantaneous electric heater is just sufficient to heat the water to an
acceptable temperature for a single tap. Even so, peak electrical demand would
be high in a building containing many such taps.

One disadvantage of the storage system is that it takes a finite time to reach
design temperature once all the hot water has been run off. This is known as
the recovery time and depends on the mass of water stored and the power of
the heating element. Equation 8.2 can be arranged to give the typical recov-
ery time of a domestic hot water cylinder (125kg water capacity) based on
a 3kW immersion heater for a 50K lift in temperature (storage temperatures
will be discussed later): Dt = 8700s or about two and a half hours. This is
rather a long time. Domestic immersion heaters are limited to 3kW for prac-
tical reasons regarding the design and cost of domestic electrical distribution
installations. When the HWS cylinder is served by the boiler, the heat
exchanger is rated at about 6kW to give a recovery time of nearer one hour.
Instantaneous systems do not suffer from this problem. Although the water
flow rate is limited, it is always available.

A second drawback of storage systems is that they occupy more space. The
designer could decide to install a smaller storage vessel. For the same heat
exchanger duty this would result in shorter recovery times but would increase
the number of times each day when hot water was not available. Alternatively,
a larger vessel could be installed of sufficient capacity to allow it to meet the
maximum demand during the day with continuous recovery. The size of
domestic hot water cylinders has become very much standardised, being a
compromise between physical space requirements and hot water availability.
For non-domestic HWS, the range of sizes of storage vessels and LPHW heat
exchangers available is considerable. In the past some designers have opted for
large storage volumes, but an increasingly common system nowadays is the
‘hot water generator’. This has a small water storage volume to meet
maximum demand for a few minutes combined with a direct, gas-fired heater
to give very short recovery times. Guidance on how to select appropriate
storage volumes and heat exchanger duties is given in section 8.2.

8.2 Central versus local systems
Instantaneous systems, other than domestic, tend to be localised since the
power demand is very great for even a few hot water outlets. Storage systems
may be centralised or localised.

ṁ
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Central systems offer potential capital cost savings compared to local
systems with duplicate plant distributed throughout the building. Conversely,
central systems require extensive pipework, longer and of larger diameter
than local systems. This added cost may outweigh savings in plant. As to
space requirements, central systems tend to be located in areas of low rental
value, for example basements, but do require distribution space. Only a
detailed cost analysis will determine which is the cheapest and this is likely
to depend on the value attached to space.

A more complete cost analysis should include running costs. Central
systems are likely to be less efficient due to heat loss from the more exten-
sive pipework. On the other hand, maintenance costs should be less.

In sizing plant and pipework, diversity is usually applied. Central systems
will be able to make greater use of diversity. This is discussed next.

8.3 Sizing
In order to design and size a HWS system, it is essential to be able to make
a realistic estimate of the hot water demand, both in the short and long term
(e.g. peak demand, average hourly, average daily). This is impossible to do
with any certainty for most buildings as we are dealing with the behaviour
of its occupants. The CIBSE provide empirical data for a range of buildings
types, and various sizing methods have evolved.

8.3.1 Peak instantaneous demand
Peak demand is needed to size instantaneous systems, and also the maximum
demand imposed on storage systems and the distribution pipework. This is
determined by the number of hot water outlets in use simultaneously. 
Binomial probability theory has been used to develop simple calculations
which do this. In essence, it calculates the maximum number of outlets that
are likely to be in use at any one time. For example, in a typical office build-
ing toilet containing say four wash hand basins, it is unlikely that the hot
taps to all four would be open at the same time. There is a diversity in use.
There is a possibility that all four could be used but only a very small prob-
ability. In building services, we do not usually design for the worst case as
this is not economic. Instead we design to an acceptable level of risk.

The following equation1 is an approximation to the binomial theorem
which determines the maximum number (m) of taps in simultaneous use out
of a total of n installed:

(8.4)

where p is the ‘usage ratio’ of each tap. The usage ratio represents the prob-
ability of any one tap being in use at any instant in time. It is given by the
simple ratio:

The value of x in equation 8.4 depends on the level of risk that the system
is to be designed for. CIBSE lists values of this factor for a number of 
risk levels. The commonly accepted level of risk for the design of hot water 
services is 1% for which x = 1.8.

p =
( )

( )
average time in use s

average time between successive use s

m np x np p= + -( )[ ]2 1
0 5.
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This equation is not restricted to hot water taps. It is applicable to any 
situation where there are a number of identical items operated independently
of each other and which may be in only one of two possible states. It is just
as applicable to the number of personal computers switched on at any one
time in a building or the number of lamps in a lighting scheme which will
fail on any one day.

Taking the example of the office toilet, let us assume that each tap is, on
average, in use for 30 seconds every 300 seconds (p = 0.1). Then the number
of hot taps in use simultaneously for sizing purposes is:

i.e. would size for two taps in use. There is only a 1% probability that more
than two out of the four taps would be in simultaneous use. The design hot
water flow rate can then be calculated knowing the design flow rate for an
individual tap. Further, if the office contained, say, 10 such toilets served by
the same HWS system, this same approach could be taken to determine the
total demand from all 40 hot water taps:

This represents a significant diversity. For large, central systems this process
is repeated for each branch with the diversity increasing towards the central
plant.

However, great care does need to be used in determining the usage ratio.
The value of ‘average time of use’ and ‘average time between successive use’
should be based on busy periods of the day, not the entire day necessarily. A
washroom in a factory will be very busy during relatively short breaks; all
the showers in a leisure centre might be in use at the end of a football match,
etc. A well known case is toilets at a theatre during intermissions. Clearly,
the designer must use some discretion in determining the appropriate usage
ratio.

This raises the question of the true risk of underestimating the peak
demand. In the first place, the theory assumes the tap is either on or off. In
reality, the tap is likely to be on at some intermediate position rather than
fully on (depending on the tap used). So demand will be less than design flow
rate. Secondly, should the number of taps in simultaneous use be underesti-
mated, water will still be received at each tap but at a reduced flow rate which
users may not notice. Although it is common practice to use a risk factor of
1%, there may well be a good economic case for designing to a higher risk.

Demand units
A major drawback with the above approach is that it can only be used with
identical hot water outlets. Where there is a mixture of fittings (different usage
ratios and different flow rates – for example wash hand basins and baths) on
a distribution network, an alternative approach is required. This involves pro-
ducing a ‘standardised hot water fitting’ and treating all other fittings as a
simple multiple of the standard. This procedure is known as demand units
and is used also for cold water outlets and discharge from sanitary fittings
(‘discharge units’). To simplify the procedure, sets of tables giving total
demand units against design flow rate are provided.2

m = ¥ + ¥ ¥ -( )[ ] = ª40 0 1 1 8 2 40 0 1 1 0 1 8 8 9
0 5

. . . . .
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.
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8.3.2 Time-averaged demand
Time-averaged demand is used to assess the storage capacity (volume) and
heating power requirements of storage systems.

Consider the example shown in Figure 8.1 which shows the average hourly
hot water consumption rate of an imaginary 12-bedroom hotel (for simplic-
ity ignoring catering). As expected, there is a peak in the morning and evening
arising from guests running baths. These figures have been arrived at simply
by estimating the number of baths that might be run each hour and allow-
ing for other uses, e.g. wash hand basins, showers. The time interval of one
hour was used purely for convenience. From this, cumulative consumption 
is produced. This totals 2400 litres per day. Using this cumulative demand
curve, we will examine several hot water generation rates and determine the
minimum storage volume needed to just satisfy demand.

Begin by considering a generation rate which exactly matches the average
rate for the day, that is 2400 litres in 24hr or 100 litres/hr. This is repre-
sented in Figure 8.1 by a straight line of gradient 100 litres/hr which has been
positioned on the graph so that it just touches the cumulative demand curve
but never falls below it. With this system the hot water production rate must
be constant (otherwise it will fail to produce 2400 litres in 24hr). When
demand is less than 100 litres/hr water is stored. When demand exceeds 
100 litres/hr then water is taken from the store. The storage volume required
is equal to the greatest difference between the cumulative demand curve and
the amount generated. This is about 580 litres and occurs at about 6 am.
Such a system would just meet demand. At 11 pm the store is completely
emptied. To produce 100 litres/hr would require a heat exchanger of ap-
proximately 6kW. Recovery time would be nearly 6 hours.

Now consider a system with a generation rate of 240 litres/hr. It is assumed
that the heat exchanger is controlled so as to maintain the desired storage
temperature. By trial and error it can be determined that a storage volume
of 160 litres is needed to just satisfy demand. Its output curve then closely
follows the cumulative demand curve. The heat exchanger would require a
duty of about 14kW. Recovery time would be less than one hour.
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Higher hot water generation rates would fit the demand curve more closely
and require still smaller storage volumes. A perfect match between the pro-
duction curve and demand curve would require an instantaneous system with
no storage. This is 400 litres/hr (which occurs at 8 am), about 24kW. These
options have been plotted on a graph to produce Figure 8.2 and produce a
classic sizing curve. This allows intermediate values of generating capacity to
be paired with minimum required storage volume. Note, however, that the
graph cannot be extrapolated below 100 litres/hr. No matter how great the
storage volume, the system would never be able to generate sufficient hot
water during the course of 24 hours.

These options represent the system sizes which would just meet the pre-
dicted cumulative demand. But how good is the prediction? There may be
times when peak hourly demand is greater than estimated, even though daily
demand is not exceeded. The designer will need to allow for some margin of
error. This could be done by increasing hot water generation rate, storage
volume or both. At the same time, excessive oversizing will increase capital
costs and is likely to increase running costs. In the past, the evidence suggests
that hot water systems were grossly oversized. There have been a number of
studies in the past3 which have attempted to provide design data using actual
installations and computer models. CIBSE has produced a series of sizing
curves4 for various building types which attempt to avoid excessive oversizing.

8.3.3 CIBSE sizing charts for storage systems
These are based on studies of installations in a variety of building types where
the system was known to satisfy demand. Paired values of installed generat-
ing capacity and storage volume were plotted for each type of building. A
curve was then drawn which would just accommodate these data points. This
implies that the CIBSE curves should satisfy the requirements in most cases.
To normalise the results, generating capacity and storage volume are given
per person, with generation capacity in kW rather than litres/hr and referred
to as ‘boiler power’. Hot water for catering and non-catering uses have been
separated.

Figure 8.3 is based on the CIBSE sizing chart for hotels. This gives a
minimum generating capacity of about 6kW (0.25kW/person) with a corre-
sponding storage volume of 480 litres (20 litres/person). This is remarkably
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close to the prediction in the previous section. However, at lower storage
volumes it recommends much greater generating capacity. This should not be
taken as a criticism of the CIBSE sizing curves but as a warning of the diffi-
culty in predicting hot water consumption rates.

8.4 Systems
8.4.1 Domestic storage systems

A typical size of domestic size hot water cylinder is 125 litres with a 6kW
heat exchanger and a 3kW electric immersion heater for use in summer. The
heat exchanger is fed from the boiler. Recovery times are about 1 hour for
the heat exchanger and 2 hours for the immersion heater. A typical system is
shown in Figure 8.4. This is a vented system, i.e. the system pressure is pro-
duced by a tank of water open to the atmosphere.

Whenever a hot water tap is opened, water flows by gravity from the feed
and expansion tank into the bottom of the hot water cylinder. An equal
volume of water flows from the top of the cylinder. This inlet and outlet
arrangement combined with the tall, narrow shape of the cylinder allows
stratification to occur. Below the heating element the water will remain close
to entry temperature; only water above the element will be heated. By pre-
venting any mixing of the cold incoming water, the temperature of the water
in the upper part of the cylinder remains more or less constant and ready for
use. If mixing were to occur, this would not represent an energy loss; no
energy is lost in the mixing process but the temperature of the hot water is
‘diluted’ and may not be sufficiently hot for the intended use.

The primary heat exchanger is fed from the boiler. Control is through a
simple solenoid valve with a temperature sensor mounted on the cylinder.
Where an electric immersion heater is fitted, this comes as a complete package
of heating element and thermostat with high temperature cut-out. The latter
is important. The feed from the boiler is limited by the boiler cut-out ther-
mostat to about 90°C so that it cannot heat up the water in the cylinder
above this temperature. There is no limit to the temperature which could be
reached in the cylinder with an electric heater. As a further safety feature, the
outlet from the tank is connected to an open vent. This allows for expansion
of the water when it is heated. Under normal operating conditions, no water
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would be forced into the f & e tank; there would merely be a rise in water
level within the vent pipe. The vent pipe must be of a minimum size (typi-
cally 28mm) and must not be fitted with any isolating valves.

Modern cylinders are pre-insulated and comply with British Standards to
reduce standing heat losses. These losses are relatively small and can be esti-
mated very easily by assuming a constant water temperature and ambient
temperature:

(8.5)

where A is the external surface area of the cylinder (m2), U is the effective
unit thermal transmittance – U value (W/m2K), of the cylinder, qf is the tem-
perature of the water in the cylinder (°C), qa is the ambient temperature (°C)
and top is the operating time per year (hr) giving the annual energy in Wh.
As an approximate calculation, U can be assumed to be the same over the
entire surface of the cylinder and is typically about 0.8W/m2K. The surface
area of a 125 litres cylinder is about 1.4m2. Typical design water tempera-
ture is 65°C and an ambient temperature of 20°C. Assuming continuous oper-
ation all year round (8760hr per year) this equates to an annual heat loss of
approximately 440kWh. Assuming a gas-fired boiler is used with a seasonal
efficiency of 65% and a tariff of 2p/kWh for domestic gas, this leads to an
annual cost of only about £13. Nevertheless, this represents about 10% of
the annual cost of HWS for an average dwelling, thought to be about
£100/year. Of course, not all this heat loss from the cylinder is necessarily
wasted as it may contribute to the space heating.

Heat is also lost from distribution pipework. Current building regulations
require that distribution pipework is insulated. This is both to save energy

annual energy standing losses = -( )AU tf a opq q
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and water. Insulation slows down the heat loss rate but the water will still
eventually fall below an acceptable temperature. Users will run the tap until
sufficiently hot water is obtained, wasting significant amounts of lukewarm
water. Figure 8.5 shows the heat loss rate for various nominal pipe sizes and
various thicknesses of insulation for the time taken for the water tempera-
ture, initially at 65°C, to fall to 50°C (when the ambient temperature is 20°C).
Uninsulated 15mm pipes require only about 10 minutes for the water to cool
down whereas adding commonly used 10mm thick DIY insulation extends
this to about 24 minutes. Yet increasing the thickness to 15mm (which
current building regulations stipulate) would only slow down the process by
a few minutes.

Estimating the quantity of energy (and water) wasted in this way is very
difficult as it depends on the frequency of use, amount of water which needs
to be run off (dead-leg), and the behaviour of the occupants. A simple model
suggests a cost of about £30/year for a domestic system. So total losses are
about £43 (for an insulated system) in total annual costs of around £100. In
other words, even a well-insulated system is only about 55–60% efficient.

8.4.2 Non-domestic storage system
The waiting time at taps for acceptably hot water to reach the user has a
further economic implication in commercial buildings: loss of workforce pro-
ductivity. In order to reduce waiting time, water must be available within the
pipework at acceptable temperatures at all times (during occupancy). Further,
legionella is a major concern and maintaining a high water temperature in
all parts of the pipewok will reduce the risk. As insulation will only slow
down the cooling rate of the water and not stop it, other measures are needed.
There are two approaches: trace heating of the pipework or a continuous cir-
culation of water. In both cases, good standards of insulation are still
required. Other than this, the design is essentially the same as for domestic
systems.

Figure 8.6 shows a typical system utilising a return circuit. The system is
designed to provide a continuous flow of hot water around the circuit just
sufficient to prevent the water temperature at the furthest tap from the cylin-
der falling below the required value. Flow rate is generated by a small pump.
The return pipe is connected to the end of each supply branch so that there
is a continuous circulation of water through all branches. It would be 
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impracticable to provide a continuous circulation through pipes serving an
individual tap. Such pipes are called ‘dead-legs’. Current regulations5 allow a
maximum length of dead-leg (depending on pipe diameter). The purpose of
this was originally to reduce water wastage but it has obvious benefits in
terms of reducing energy consumption and risk from legionella.

In order to determine the flow rate required for the continuous circulation,
the heat loss rate through the whole of the supply distribution pipework
system, Q, is determined, based on a mean water temperature of about 55°C,
as described in section 7.2. Q can then be equated to the heat lost by the cir-
culating water using a form of equation 8.1:

(8.6)

where circ is the mass flow rate of water required (kg/s), qs is the tempera-
ture of water in the storage cylinder and qmin is the minimum acceptable water
temperature within the supply pipework (°C).

The circulating pump is sized to produce this flow rate only. It is not
intended to supply any of the flow to the taps. For this reason it is impor-
tant to locate the pump such that it will not restrict flow of water when taps
are opened. The return pipe is one obvious position. Alternatively, some
designers prefer to locate it in the main flow pipe from the cylinder with a
bypass around it. In this position the pump assists the flow of water to the
taps but results in a more complex arrangement of pipework and fittings. In
most cases, the return pipework will be only 15mm diameter. This method
of maintaining a high flow temperature also helps to reduce stratification in
the cylinder, so reducing the risk of legionella bacteria growing.

ṁ

Q m Ccirc pw s= -( )˙ minq q
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Trace heating is considerably simpler and probably has a lower capital cost
than circulating water. However, its use of electricity will increase running
costs and have a much greater environmental impact. It may be cost effec-
tive to increase the insulation thickness, using the optimisation method dis-
cussed in section 7.2.

The extensive distribution pipework combined with maintaining a high
water temperature, by either method, will result in the non-domestic storage
system having an even lower efficiency than the domestic system. Indeed, if
no hot water is drawn off, the efficiency becomes zero. For certain types of
buildings, such as offices, the hot water demand will be very low and can be
further reduced by the use of spray taps. This will in effect reduce the system
efficiency even though water and energy consumption are reduced. Efficiency,
then, is not a particularly useful indicator of the effectiveness of the non-
domestic hot water services system. A better indicator would be annual
primary energy consumption per person or per unit of floor area.

The CIBSE Energy Code6 bases HWS targets on a floor area basis. At the
same time, the HWS demand is based on daily hot water consumption per
person and surprisingly high HWS system efficiencies – 80% for a storage
system.

8.4.3 Unvented systems
Unvented systems are becoming very popular for both domestic and non-
domestic systems. The cold feed can still be from a feed tank if required so
as to maintain a constant head pressure, although the trend for domestic
seems to be for it to be served directly from the incoming cold water mains.
This has the advantage of a higher head than can normally be achieved in
domestic premises but does mean that hot water service is lost should the
cold mains fail. In some areas of the country mains water pressure can be
very low during peak hours.

The unvented system must prevent excessive build-up of pressure for what-
ever reason. To do this, a pressure activated safety valve is installed near the
cylinder. Where an electric immersion is installed, a high-temperature cut-out
is required in addition to the normal immersion heater controls. Water reg-
ulations require a double check valve, with test drain, to be installed to
prevent back flow of hot water into the cold water supply pipe. A typical
arrangement is shown in Figure 8.7.

8.4.4 Pumped storage
In designing the storage system above, gravity (or in unvented systems, mains
pressure) provides the flow to the taps. Pipework must therefore be sized with
this available pressure in mind. On very large systems the available head per
metre of pipe can be quite small, resulting in large diameter pipework being
required if the desired flow rates are to be achieved. This increases both
capital costs and heat loss rate. In such instances, it may be cost effective to
utilise a pumped system with more economically sized pipework. The pump
will need to be able to provide the peak demand flow rate while for much of
the time having to operate at greatly reduced duty. For trace heated systems,
a boosted pump set complete with a small expansion vessel (as is used on
boosted cold water systems) may be worth considering.
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8.4.5 Hot water generators
The hot water generator is a direct-fired storage system, as shown in Figure
8.8. This has the advantage that it is completely independent of the space
heating boilers and so does not compromise efficiency in summer (see Chapter
10). The burner may be oil or gas-fired and allows a high generation rate in
comparison to the heat exchangers used in storage cylinders. At the same
time, these systems have relatively small storage volumes. In this respect, they
approach instantaneous systems with very fast recovery times (in the order
of minutes). A major drawback can be rapid scaling of the heat exchanger in
hard water areas unless water softening is used.
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8.4.6 Instantaneous
Instantaneous systems for domestic buildings usually mean a combination
boiler. As discussed in section 8.1, despite their relatively high heat output
rate for a domestic boiler – typically about 20kW, this still puts severe restric-
tion on the hot water generation rate. The efficiency of a combination boiler
is difficult to assess. Although there are no standing losses from a hot water
cylinder, there will still be losses from the pipework and this will depend on
how extensive the pipework is and the usage pattern, not on the efficiency of
the boiler.

For non-domestic applications with low water consumption rates, such as
offices, a popular solution is to use small, local electric heaters. Although this
involves a high cost fuel with a high primary fuel ratio, the much higher effi-
ciencies (probably about 90%) compared to the distribution losses of the cen-
tralised or localised storage system would suggest this has lower energy costs.
It may also have lower capital costs. This system is also popular because it
removes many of the problems associated with legionella (see section 8.6).

For higher consumption rates, such as sports centres, hotels and hospitals,
a system finding increased application is the flat plate heat exchanger served
by either the space heating or a dedicated boiler. This reduces the rate of
scaling suffered by the hot water generator as the temperature on the heat
exchanger is greatly reduced. These systems are now available as a package,
complete with pumps and controls. The distribution pipework is as for a
storage system.

8.5 Solar hot water
Solar hot water, at least for domestic buildings, is slowly becoming more
popular in the UK. This, it must be said, is because of environmental con-
cerns and the desire to save primary energy and reduce CO2 emissions. The
current cost of solar hot water, even most DIY systems, is still far too high
to be economically viable. This is a pity as despite our often cloudy weather
conditions in the UK, solar panels can easily contribute 50% or more of the
annual hot water requirements of dwellings7. There are a number of useful
web sites for detailed information on solar panels, including manufacturers
and environmental organisations8.

Despite the solar energy being free, the efficiency of the panel is still impor-
tant as it reduces the area of panels needed and therefore capital cost. There
may also be limitations on the roof area available and suitable for siting the
panel. This needs to be predominantly south facing and at an angle of
between about 30° and 60° to the horizontal. It should also not be shaded
by trees and other buildings.

8.5.1 Integration with HWS system
Figure 8.9 shows a typical installation. A water-glycol solution is pumped
through the panel and a heat exchanger in a hot water cylinder. This cylin-
der preheats the water flowing into the second cylinder which contains the
conventional heat exchanger served by the boiler. The second cylinder then
acts as a top-up as necessary. This means that useful heat can be obtained
from the panel even on cloudy days and, just as importantly, the panel does
not have to be designed to achieve a high outlet temperature.
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The two cylinders improve energy recovery by increasing the temperature
difference between the water in the store and the water leaving the panel. It
is also a useful method of retrofitting solar water heating to an existing
system. For new systems, it is now common practice to use a single, larger
cylinder with the heat exchanger from the solar panel installed in the lower
half and the heat exchanger served by the boiler in the upper half. Stratifi-
cation maintains a good temperature difference. This uses less space than two
smaller cylinders but requires a specialised cylinder.

The pump is controlled via a temperature sensor in the panel so that should
the water in the panel be cooler than in the cylinder, the pump stops. The
solar panel is not only a good collector of solar radiation but also a heat
emitter at night or in cold and cloudy weather. As an alternative, an inher-
ently simpler arrangement, if the panels can be arranged below the cylinders
then water flow by thermo-syphoning will be achieved and the pump and
pump control can be omitted. There will only be water circulation when the
water in the panel is above that in the cylinder.

The panel temperature can drop well below 0°C at night, even in mild
weather, due to radiation to the sky. A water-glycol mixture is recommended.
Some systems have been designed to be drained down in cold weather, but
this will increase maintenance requirements, mean no solar water heating in
winter and still not guarantee that freezing will not occur during clear sky
conditions.

8.5.2 Efficiency and output of panel
The efficiency of a solar collector is not merely a function of the construc-
tion of the panel, but also of operating conditions. As it loses heat to the sur-
roundings as well as captures some of the incident solar energy, the efficiency
depends on this balance between gain and loss. This can be represented by a
simple graph, as shown in Figure 8.10. This graph is for a conventional flat
plate collector. Much higher efficiencies can be achieved with more sophisti-
cated (but more expensive) designs. Solar energy captured depends on solar
intensity (W/m2) whilst the rate of heat lost depends on the panel tempera-
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ture which in turn depends on the temperature of the water entering the panel
from the store (qw,in) and the ambient temperature (qa). As can be seen, the
highest efficiency occurs when the water enters at the same temperature as
ambient. In practice, it will be higher of course. Higher solar intensities
produce higher efficiencies.

The equation for the graph is given by:

(8.7)

where a is the solar absorptance, Uf and Ub are the unit thermal transmit-
tance for the front and back of the panel respectively, Af is the face area of
the panel, the water mass flow rate and Cpw the specific heat of water.
Appendix 8.1 shows how this equation can be derived. Understanding this
equation allows us to be able to predict how the efficiency could be improved.

Reducing the U values will increase the efficiency. The back (and sides) of
the panel are relatively easy to insulate with conventional insulation. The
front presents more of a problem in that it must let in the solar radiation but
reduce heat loss both by convection and radiation. A glass cover is usually
employed as this has high transmittance in the short wave but low in the long
range (infra-red). The energy in solar radiation is concentrated at short wave
(around the visible wavelengths of about 0.5mm); the warm panel will radiate
at much longer wavelengths (peaking at about 9mm for a panel temperature
of about 50°C). Double glazing may be used, but this will increase cost and
weight. For panels operating at only about 50°C, this may not be economi-
cally viable. Acrylic is lighter and more durable but has a higher transmit-
tance in the long wave than glass.

Very high efficiency panels employ a vaccum to reduce convection heat
losses through the front. This is achieved by using evacuated glass tubes
through which the pipes run – tubes having greater strength than flat glazing
units and so able to withstand atmospheric pressure. Such systems can give
water leaving temperatures well in excess of 100°C.

ṁ
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It should be noted that even a perfectly insulated panel (Uf = Ub = 0) will
have a maximum efficiency equal to a. This is a function of the transmittance
of the glass, etc. and the absorptance of the panel surface. The transmittance
of the glass, etc. has already been discussed above. The same argument applies
to the absorptance of the panel surface. It will ideally be highly absorbing 
at short wavelengths but have a low emittance at long wavelengths. 
(Absorptance varies with wavelength. At any one wavelength, absorptance =
emissivity.) Such surfaces are called selective emitters. Absorptance at short
wavelength is more important than emittance at long wavelength when glass
covers are used, so the panel is usually a matt black finish.

The flow rate per unit area of panel should be high. This will reduce the
temperature of the panel and so reduce heat losses. However, there is usually
a minimum water outlet temperature requirement. There is therefore a com-
promise between efficiency and water outlet temperature. Inlet water tem-
perature should be as low as possible, which implies a large storage volume
in the cylinder. The panel should obviously be installed to receive the
maximum solar energy. It is possible to track the sun, but most use a fixed
panel. The position is then a compromise as the sun’s position will vary with
time of day and time of year. A rule of thumb is to position it facing due
south at an angle to the ground roughly equal to the angle of latitude of the
site. For the UK this is about 50°.

8.5.3 Sizing of the system
Manufacturers have rule of thumb methods for determining appropriate sizes
of panel and store required for dwellings. For other applications, a simula-
tion model should be considered as the relationship between panel area, store
volume and consumption pattern is critical. A doubling of panel area will
rarely produce double the solar energy captured as the store temperature will
increase, depending on consumption. This is complicated by the variations in
solar availablity and outdoor temperature. Some computer models are avail-
able, one (cost free, subject to use) via the internet9. Alternatively, it is rela-
tively simple to write a spreadsheet application using, for example, hourly
values of hot water consumption, solar intensity and outdoor temperature
with equation 8.7.

8.6 Legionella
The bacterium legionella pneumophilia is present throughout the natural
environment, requiring warm, moist conditions and nutrients to multiply. An
ideal environment can be created in a hot water services installation. If water
droplets containing sufficient concentrations of the bacteria are inhaled, a
pneumonia like infection (legionnaires diseases) can occur which is often fatal
for the elderly and people with reduced immune systems. Showers in HWS
systems create this ideal method of infection (as do cooling towers in air con-
ditioning systems). Hospitals are naturally more prone to fatal cases and have
very strict rules on the design and maintenance of hot water systems.

The ideal temperature for the bacterium is about 37°C (human body tem-
perature) which is easily created in parts of a HWS system. Below about 20°C
and above about 55°C the bacterium is dormant and above 70°C is killed.
As the bacterium is almost certainly in the water supply, the objective is to
prevent multiplication to dangerous concentrations. This is achieved by a
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combination of good design practice and regular maintenance. Guidance and
regulations on both aspects are available from a number of sources10.

Good design practice includes appropriate design of the cold water feed
tank, where used, as this can easily reach temperatures above 20°C in the
summer; prevention of stratification in hot water cylinders, so allowing a
layer of water at about 37°C to form; maintenance of water temperatures
above about 50°C in distribution pipework (see section 8.4.2); and the facil-
ity to regularly increase the store temperature to 70°C (‘pasteurisation’).
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Appendix 8.1 Solar Panel Efficiency

Where moderately efficient solar panels are required, a common solution 
is the flat plate collector as shown schematically in Figure 8.11. The panel
has a U value for the front and back of Uf and Ub respectively. The face 
area is Af. It is subjected to an intensity of solar radiation normal to the face
of It of which the fraction a is absorbed. There is a flow rate of water, m,
entering at qw,in and leaving at qw,out. The ambient temperature is qa. 
The system is operating at steady state and the mean temperature of the panel
is q.

Efficiency
We can define efficiency in the usual way, i.e. useful output/input:

But we do not know the water leaving temperature qw,out. If we can eliminate
this, we can determine efficiency for stated inlet temperatures and solar 
intensities.

Consider the energy balance, where the heat loss to ambient is given by
qloss:

simplify by writing as:

But the inside temperature of the panel, q, is itself dependent on water outlet
temperature. If we assume that there is no mixing of water in the panel then
we can say that the mean temperature of the panel is equal to the average of
the water entering and leaving temperatures:

We now have the water outlet in terms of inlet water temperature plus 
the solar intensity and ambient temperature. Now substitute this expres-
sion into the equation for efficiency and so eliminate the water leaving 
temperature:
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which simplifies to:

If we now replace the ratios X and Y:

This can be written in the form of a straight line equation:
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9 Sizing Central Boiler Plant

This chapter looks at the factors that affect the choice of boiler plant size
(and the emitters to some extent), as well as the options available for switch-
ing the plant on and off in order to satisfy comfort conditions and protect
the building fabric while ensuring minimum energy consumption. Sizing 
is not an exact science and there are contrasting opinions about the best
approach. Some of these differing approaches are presented here, together
with a more structured methodology that takes life-cycle cost into account.
Discussions are included about the benefits and drawbacks of oversizing and
how practical considerations may ultimately dictate the installed boiler duty.
The term ‘oversize’ is used to describe plant that is sized larger than the cal-
culated steady state design heat load; it is slightly misleading since some
degree of oversize is desirable and even necessary, as will become clear in this
chapter. Oversizing of boiler plant is therefore not necessarily bad design
practice, but excessive oversize should be avoided.

There are two key components in boiler sizing:

(1) Obtaining the design steady state heat output
(2) Selecting the amount of oversize.

Both contain plenty of scope for assumptions, cautious choices and error.
Steady state design conditions will be reviewed before looking in detail at the
oversize issue.

9.1 Design heat output
The equations governing the design heat loss, Qdesign, from a space were dis-
cussed in Chapter 6. These are:

(6.7)

or in terms of dry resultant temperature

(6.9)

Note that for typical room geometries and low infiltration rates F1cu and F2cu

are very nearly equal to 1, and qc � qei � qai. For the purposes of simplicity
this chapter will consider a single representative indoor temperature, qi,
although the reader is advised to use the appropriate temperature for the
systems and spaces under consideration. In certain types of application, e.g.
a warehouse or factory, there may be large spaces with high infiltration. In
these cases convective systems have a very high F2cu because they are effec-
tively dealing with a large air point load; on the other hand highly radiant
systems are advantageous as they have low F2cu values (<0.8), and while the
air temperature is kept low, comfort is maintained by high radiant tempera-
tures. For a more detailed discussion see Chapter 6.

The type of emitter can therefore affect the value of Qdesign, but so can each
of the other terms in equation 6.7. The U values of the walls, windows and
doors, etc. are effectively dictated by the building regulations, but the designer

Q F UA F NVdesign cu cu c ao= ( ) +[ ] -( )Â1 20 33. q q
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does have scope to improve on these if he/she wishes. This is predominantly
an economic decision, although the cost of insulation is a relatively minor
one compared to the rest of the building. The U values do contain some 
small uncertainties, for example the surface heat transfer coefficients change
with temperature – but these are insignificant in comparison to other 
uncertainties.

Perhaps the most uncertain factor is the infiltration air change rate, N,
which will depend on how well a building has been built, and to some extent
on the behaviour of the occupants (who may like windows open, or who do
not shut loading bay doors). While the CIBSE Guide 19991 suggests typical
values of N for different building types – typically 1 for offices – this is
dependent on wind velocity and other variables which are difficult to predict.
This highly circumspect value can have a significant impact on Qdesign as
modern buildings now have low fabric heat loss coefficients. The move to
highly airtight buildings with controlled mechanical ventilation may remove
some of this uncertainty, but there is still scope to overestimate the air infil-
tration rate. Note that mechanical ventilation loads should be assessed sepa-
rately from space heating loads for clarity of the design process; these must
be added to the heating load to assess boiler size, although strictly speaking
this should be done after boiler oversize capacity has been determined. Note
that infiltration load is only experienced by those rooms on the windward
side of the building, and central plant size should be calculated with this in
mind.

The other factor in equation 6.7 that greatly determines Qdesign is the
outdoor design air temperature qao. The 1986 CIBSE Guide A22 suggested
that the local 24-hour mean outdoor temperature that is exceeded for only
one day in the year should be chosen for lightweight buildings, and the 48
hour mean exceeded for no more than two days for heavyweight buildings.
The 1999 Guide A2 is less prescriptive and introduces the concept of design
risk. The choice will also depend on application; for example, a hospital 
with critical care areas will need to cope with the worst weather situations –
especially if all-air heating is used.

The lower the choice of outdoor design temperature the less the risk of
underheating, but the greater the effective oversize of the plant will be 
for most of the heating season. The latter can be dealt with by good sys-
tem design and effective control, but it may prove expensive. Where the 
building is to be heated intermittently this inherent oversize may be benefi-
cial, but the CIBSE guidance does not completely identify the most economic
size of boiler. The decision whether to choose a low outdoor temperature
with small oversize, or higher temperature with larger oversize, is still an open
question. The methods described in the sections that follow attempt to deal
with this.

Other factors also come into play in plant sizing. It is common to add some
margin for pipe losses – typically 10%; this may be unwarranted, particu-
larly when pipes run within the building and contribute to the heating (see
section 7.2.3 for a discussion of this). Pipe losses should certainly be consid-
ered in group or district heating systems and where pipes run in external
ducts, but otherwise they add to the inherent oversize of the central plant.
Another issue is coincidence of different loads, for example space heating and
hot water service (HWS). HWS can be a significant load, which is unlikely
to be called upon during preheat periods, and is effectively extra capacity for
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most of the time. Finally, there is the issue of plant size availability. Boiler
sizes increase in steps and it is unlikely that a precise boiler load can be
matched from a manufacturer’s catalogue. Erring on the side of caution will
invariably lead to larger plant than calculated. In many instances all of this
leads to vastly oversized plant which is more expensive and underutilised.
These considerations should be borne in mind when reading the following
sections.

9.2 Traditional sizing approaches
For continuously heated buildings it is normally sufficient to size the central
boiler plant according to the design steady-state heat loss. Overcapacity may
be installed as stand-by to deal with any boiler failure, but this is normally
only necessary in buildings where maintaining the level of service is essential
(e.g. hospitals). In such cases the economic case for installing overcapacity is
related to the risk of failure (and the likely coincidence of failure with very
cold conditions). The traditional approach of installing two boilers each of 2–3
design capacity aimed to cover most eventualities in this respect, without
incurring excessive capital costs. In many cases this 2 ¥ 2–3 approach was also
sufficient for intermittent operation, where extra boiler capacity is required
to heat the building to the required temperature in a suitable time. However,
the whole heating system design process contains opportunities for guess-
work, assumptions and fudge factors (e.g. high infiltration rates, low design
outdoor temperatures, just-in-case factors), normally coupled with a patho-
logical fear of underdesign. The result can be a steady-state design value well
in excess of anything the building will normally experience, so any additional
capacity added for intermittency or failure risk will be in excess of what is
intended. Large capacity plant will normally give the building occupier the
service required, but with subsequent lack of attention given to the efficient
running of the plant.

There are issues surrounding the relationship between efficiency and plant
size which are discussed at the beginning of Chapter 10; these notwith-
standing, it should be borne in mind that overcapacity of central plant
requires extra capital cost, which is wasted if that extra capacity is never used
(so called stranded capacity). On the other hand, if plant is too small there
will be periods when there is a loss of service (causing doubts about the
designer’s credibility). Sizing of plant therefore needs to be put on a more rig-
orous footing that takes account of building thermal properties, boiler output,
energy costs and relative capital costs.

9.2.1 CIBSE guidance
Past guidance has been given in the form of tables2 which show typical
preheat times in hours for different plant ratios, p, as well as expected energy
savings over the heating season when compared to continuous heating. The
definition of plant ratio is given by:

p
Maximum plant output

 steady state heat loss
=

-Design
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This approach is somewhat limiting, and the designer has little control 
over the selection of p, or knowledge about the origins of the tables. The
1999 edition of the CIBSE Guide A1 acknowledges this lack of transparency
by introducing a formula for calculating p, or F3 as it is referred to in the
Guide:

(9.1)

where h is the sum of the preheat and occupancy times and fr is the building
response factor given by:

(9.2)

where A is area, Y is the fabric admittance values, U is the fabric unit thermal
transmittance, N is the number of infiltration air changes per hour and V is
the volume of the internal space. This can be used to assess different plant
ratios for different practical preheat times, although it cannot be used directly
to make assessments about the energy performance of an installation. We will
see later that preheat energy is reduced using larger boilers with shorter
preheat times, but equation 9.1 is unable to be used for such an analysis.
Equation 9.1 can be rearranged, with the heating period split into its com-
ponent parts (preheat and occupancy periods), to give the preheat time, tph,
for a given plant ratio:

(9.3)

where tocc is the length of the daily occupied period in hours. However, this
can lead to negative values of preheat time, even when using realistic values
of plant ratio and response factor (for example when tocc = 14 hours and 
fr = 5, if F3 > 1.5 then tph is always less than 0). This raises questions about
its validity and makes it unworkable as the first step in carrying out an eco-
nomic assessment of plant ratio.

9.2.2 Plant size and intermittent operation
To conduct an economic appraisal of plant size it is necessary to calculate the
preheat energy consumption for a given plant output. This depends on build-
ing thermal characteristics, plant output capacity and external ambient con-
ditions. Figure 9.1 shows the relationship between heat up time and plant
size for different outdoor temperatures, and Figure 9.2 shows the same for
two different building thermal capacities.

To calculate the preheat time it is necessary to have a model for the build-
ing thermal response. As we have seen above, the admittance based model
cannot reliably do this; other approaches include dynamic simulation, or sim-
plified lumped capacitance models. Dynamic simulation is too time consum-
ing to justify, unless the building is already being simulated for other reasons,
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in which case data may be available. What is really required is a simple,
robust model that requires a small number of inputs, but that can be easily
manipulated to assess the impact of various design assumptions on the size
of the plant. We will adopt a first order capacitance approach, which com-
bines all the thermal capacitances together.

The cooling of a structure to a constant temperature heat sink, qo, can be
represented by:
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Figure 9.1 Building and plant response for different outdoor temperatures and plant ratios.

Figure 9.2 Building and plant response for different building thermal capacities and plant ratios.



(9.4)

Where C is the thermal capacity of the structure in kJK-1 and U¢ is the build-
ing heat loss coefficient in kWK-1, defined as follows:

Rearranging equation 9.4 and integrating between the limits t1 and t2

gives:

with the solution being (in hours):

(9.5)

which is the equation of the cooling curve for the building. Similarly the
heating of a structure can be represented by:

(9.6)

where Qp is the plant output, with the solution being:

(9.7)

Equations 9.5 and 9.7 can be combined as follows:

(9.8)

where tunocc denotes the unoccupied period.
Equation 9.8 can be solved for qi,2 to find the optimum switch-on temper-

ature, qso:

(9.9)

where qsp is the building set point temperature (which replaces qi,1), and

(9.10)

which is also called the building time constant.
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Having established the switch-on temperature, the switch-on time, t2, can
be now found from equation 9.5 or 9.7. When t2 is the switch-on time (i.e.
when qi,2 = qso) then t3 - t2 is the preheat time, denoted by tph. This process
can be used to make assessments about expected savings of intermittent oper-
ation against continuous operation using:

(9.11)% saving
U t Q t

U t
sp ao unocc p ph

sp ao unocc
=

¢ -( ) -
¢ -( ) ¥

q q
q q

100
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Time constant
When t = t2 - t1, then equation 9.5 can be re-written using:

to give:

Thus:

This statement says that the temperature fall experienced by the building in the
time equal to the time constant is 63% of the maximum possible temperature fall.
Or the time constant is the time for the building to fall by 63% of the indoor to
outdoor temperature difference (under steady conditions).
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Thermal capacity
The thermal capacity of the building is found from:

where cp is the specific heat of an element, r is the material density and V is the
volume of the element, for n elements.

The main weakness in this thermal response model is the choice of the total
thermal capacity of the building. Not all of the mass of the building is actively
involved in the thermal response, and different elements have different time con-
stants. This is a problem that the admittance method (the basis of the CIBSE F3

factor) does not suffer from, although the admittance method is more sensitive to
the various input assumptions.

Some work has been done on this and a detailed discussion can be found in Day
(1999)3 and Day & Karayiannis (1999)4. These suggest that the heavier the build-
ing, the less effective depth is used in the calculation of C. Levermore5 suggests
that for single skin homogeneous elements the effective mass is half the actual
mass, although Day3 suggests that this may be an overestimate in cases of heavy
buildings. As a rule of thumb it should be assumed that no more than the first 
100mm of the inner skin should be taken for calculating the effective mass.
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Example
A building must be maintained at 18°C from 08.00 to 18.00. Investigate the
savings from intermittent operation for an outside temperature of 0°C.

Building heat loss co-efficient (U¢) = 50kWK-1

Building heat capacity (C) =6.48GJK-1

Building time constant (C/U¢) = 

The cooling rate of the building is found from equation 9.5:

which gives a set of results as shown in Table 9.1, and these values can now
be plotted on a graph as shown in Figure 9.3.

The steady state heat requirements are found from:

Qp must be greater than 900kW if the building is to heat up at a reasonable
rate and reach the required set point temperature. A value of Qp = 1200kW
will be used here, which corresponds to a plant ratio of 1.33. As t3 and t1 are
known we can use equation 9.8 to determine qso at which the heating must
come on, and hence the preheat time t3 - t2 from equation 9.7:
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Table 9.1 Set of results using the building cooling equation (equation 9.5).

qi 18 17 16 15 14 13 12 11
t2-t1 0 2.1 4.2 6.6 9.0 11.7 14.6 17.7

Figure 9.3 Building cooling curve.



where tunocc = 14hrs

(Note also that equation 9.9 is a direct solution for qso.)
This value can either be checked against the cooling curve (Figure 9.3), or

the preheat time t3 - t2 can be calculated from equation 9.7:

This process is repeated for all selected values of Qp and a graph of (t3 - t2)
v p can be plotted as shown in Figure 9.4. From this curve it can be seen 
that there are diminishing returns with increased plant capacity.

The percentage energy savings are calculated as follows using equation
9.11:

Repeating the above example for an outside temperature of -2°C and plant
ratios of 1.2, 1.5 and 2.0 gives the results shown in Table 9.2.

9.2.3 An economic approach to sizing
We can also conduct a more detailed analysis of the economic impacts of
plant size using these equations. We have seen that preheat time reduces with
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Figure 9.4 Preheat time against plant ratio.



increasing plant size. Not only this, but the preheat energy decreases with
increasing plant size. To understand why, consider Figure 9.5 which shows
the response of two plant sizes. The larger plant A comes on later, by which
time the building has cooled further, and the 24-hour mean internal temper-
ature is lower. This means that the 24-hour average rate of heat loss for the
building is less with plant A than with plant B.

In the worked example above the preheat energy output from the boiler
was:

But a 1500kW plant would have a preheat time of 7.7 hours giving:

This gives a saving of 390kWh per day (provided the outdoor temperature
remained the same). However, larger plant costs more to install, and there
must be a point at which increasing the size of plant becomes uneconomic.
In order to compare different plant sizes and their economics, it is reason-
able to assume that different plant will have similar full load efficiencies, and
if multiple boiler sets are used then part load efficiencies should remain high

1500 7 7 11550¥ =. kWh

1200 9 95 11940¥ =. kWh
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Table 9.2 Typical savings for varying plant sizes.

Plant on temp, qso

Plant ratio (°C) Preheat time (hours) % savings

1.2 16.5 11.3 3.14
1.5 15.3 8.7 6.78
2.0 14.2 6.3 10.0

Figure 9.5 The relationship between plant size and mean internal temperature.



and be the same for each size of installation. Given the latter it is only neces-
sary to compare delivered preheat energy consumption.

We can calculate the annual preheat energy savings, SA, for a typical
outdoor temperature (for example the seasonal mean outdoor temperature)
when compared to a reference plant size, Qp, ref. This reference plant should
be the design heat loss of the building, i.e. a plant ratio of 1. The annual
savings are thus:

(9.12)

where Nd is the number of days in the heating season, h is the system sea-
sonal efficiency and tph is the preheat time (t3 - t2). The cost of the reference
plant is unavoidable, but the larger plant will have an extra associated capital
cost. This extra cost will be defined in terms of the marginal capital cost of
the plant, MC, given in pounds sterling per extra kW installed. This extra cost
should be exceeded by the total discounted savings taken over the lifetime of
the plant (or other appropriate economic assessment period). The total net
discounted savings, SN, are found by

(9.13)

where cf is the cost of fuel in £ kWh-1 and fc is the cumulative discount factor
given by:

(9.14)

where r is the test discount rate expressed as a fraction and n is the lifetime
of the plant in years. This can be repeated for a number of plant ratios, and
the optimum plant size occurs when SN is a minimum. (Note that SN is nega-
tive when overall savings are being made; this sign convention has been
adopted for the ease of graphical visualisation of the optimum case.)

This procedure requires a fair amount of calculation but can easily be
entered into a spreadsheet to give a readily available design tool where the
input variables can be changed to assess the effect on optimum plant size.
The whole procedure is summarised in Figure 9.6, where each box in the flow
diagram represents a cell in a spreadsheet arranged in a row, with a new row
for each value of Qp.

Marginal capital cost
The marginal capital cost is the incremental capital cost of boiler plant over
the reference plant size. Unfortunately the installed cost of boilers does not
rise uniformly with size; cast-iron sectional boilers can add extra sections for
low additional costs, although different burners can provide a step change 
in overall costs. An analysis of boiler marginal costs has been conducted 
from Spon’s Mechanical and Electrical Services Price Book 20006, the results
of which are shown in Figure 9.7. The cost per extra kW for two sizes 
of reference boiler is plotted against plant ratio. At low plant ratios there 
is a wide range in marginal capital cost, but this tends to become more
uniform at ratios greater than 1.5. For all reference sizes a marginal cost of
£12.5 - £14kW-1 is typical at these higher ratios. The situation can be further
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compounded when considering multiple boiler installations, but suitable data
is not readily available to provide a comprehensive picture of these incre-
mental costs. While it is difficult to provide general guidance on how to
determine boiler marginal capital costs, the analysis in Figure 9.7 demon-
strates that specific marginal costs can be determined for particular boiler
ranges being considered, and that greater variability is evident for smaller
boiler plant.

Assessing any capital cost increase arising from larger heat emitters and
pipework is more difficult still. With radiators, for example, heat output rate
depends on the temperature difference between room and radiator surface; 
a substantial rise in flow water temperature is required for even a modest
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Figure 9.6 Sizing flow diagram. Each box in the flow diagram represents a cell in a spreadsheet arranged in a row, with
a new row for each value of Qp.



increase in output and is accompanied by an increase in return water tem-
perature (as was seen in Chapter 6). It may not be possible to utilise the addi-
tional heat output from the boiler(s) without increasing radiator sizes. Higher
water flow rates may or may not result in increased pipe sizes in all cases,
but if not, there will be an increase in pump energy resulting from the higher
water velocities. As with all building services systems, this is a multi-variable
design problem, which can often only be assessed by conducting sensitivity
analysis. The procedure shown in Figure 9.6 provides a tool for doing this
for boiler sizing.

Example
Table 9.3 shows some typical inputs to the model, which represent a build-
ing with a design heat loss of 651kW and a time constant of 22.4 hours.
Table 9.4 shows the spreadsheet results for this example, while Figure 9.8
shows the preheat times and energy output for the range of boiler sizes 
considered. Figure 9.9 shows the net discounted savings against plant ratio;
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Figure 9.7 Marginal capital cost against plant ratio.

Table 9.3 Example inputs to boiler sizing model.

Internal set point temperature °C qsp 20
Outdoor mean seasonal temperature °C qo 5
Design outdoor temperature °C qo,design -1
Building heat loss coefficient kW K-1 U’ 31.5
Active thermal capacity KJ K-1 C 2500000
Length of unoccupied period h tunocc 12
Length of heating season Days N 200
Test discount rate r 10%
Life of plant years n 10
Cost of fuel p kWh-1 cf 1.0
Marginal capital cost £ kW-1 MC 14



from this it can be seen that the optimum plant ratio for these conditions 
is 1.25.

The use of such a procedure may at first seem overly complicated for a
design decision traditionally made using simple rules of thumb, or based on
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Table 9.4 Outputs of the building sizing model using the inputs from Table 9.3.

Life time
Preheat discounted Extra cost of

Qp t2-t1 tph energy Saving Annual saving plant
kW Plant ratio qso hours hours kWh kWh kWh £ £ Total

651 1.00 17.5 4.1 7.9 6404 0 0 0 0 0
671 1.03 17.3 4.4 7.6 6367 38 7504.4 461.1 280 -181.1
691 1.06 17.2 4.7 7.3 6332 72 14465.0 888.8 560 -328.8
711 1.09 17.0 4.9 7.1 6299 105 20939.0 1286.6 840 -446.6
731 1.12 16.9 5.1 6.9 6269 135 26976.1 1657.6 1120 -537.6
751 1.15 16.8 5.4 6.6 6241 163 32619.1 2004.3 1400 -604.3
771 1.18 16.7 5.6 6.4 6215 190 37905.7 2329.1 1680 -649.1
791 1.22 16.6 5.7 6.3 6190 214 42868.7 2634.1 1960 -674.1
811 1.25 16.5 5.9 6.1 6166 238 47537.0 2920.9 2240 -680.9
831 1.28 16.4 6.1 5.9 6144 260 51936.3 3191.3 2520 -671.3
851 1.31 16.4 6.2 5.8 6124 280 56089.1 3446.4 2800 -646.4
871 1.34 16.3 6.4 5.6 6104 300 60015.8 3687.7 3080 -607.7
891 1.37 16.2 6.5 5.5 6085 319 63734.3 3916.2 3360 -556.2
911 1.40 16.1 6.7 5.3 6068 336 67260.84 4132.9 3640 -492.9
931 1.43 16.1 6.8 5.2 6051 353 70609.9 4338.7 3920 -418.7
951 1.46 16.0 6.9 5.1 6035 369 73794.7 4534.4 4200 -334.4
971 1.49 16.0 7.0 5.0 6020 384 76827.0 4720.7 4480 -240.7
991 1.52 15.9 7.2 4.8 6006 399 79717.43 4898.3 4760 -138.3

Figure 9.8 Preheat time and energy against plant ratio.



experience. This may be so, but it can be argued that all decisions should be
based on sound principles and should be transparent in their analysis. The
only barrier to such an approach is the amount of time and effort required
in repetitive and long-winded calculations. Personal computers and (in par-
ticular) spreadsheets allow such procedures to be set up once, validated, and
used with confidence quickly and effectively. This gives credibility to design
decisions. While the use of guides is a demonstration of good practice, so is
the demonstration that designs are based on rigorous analysis using first prin-
ciples. The designer also has the ability to test the robustness of a solution
by varying those variables that contain the most uncertainty (e.g. air infil-
tration, thermal capacity, price of fuel, etc.). An example of the use of sensi-
tivity analysis using this sizing procedure can be found in Day et al. (2001)7.

An important finding of this analysis is that as buildings get heavier, the
smaller the optimum plant ratio becomes. For very heavy buildings the best
plant ratio approaches 1, implying that it is better to run such buildings con-
tinuously with no plant oversize. The analysis shown above helps the designer
make this decision about continuous or intermittent operation at an early
stage in the design.

9.3 Optimum start control
We have seen that intermittent heating can save considerable amounts of
energy for many buildings. There is a theoretical time and temperature at
which the plant must start – i.e. the intersection of the cooling and preheat
curves. For a given building and installed plant capacity there will be a range
of switch-on points for different outdoor temperatures, as shown in Figure
9.10. The locus of these switch-on points may be considered as a response
characteristic for a building and system.

It is this characteristic that optimum start controllers attempt to capture.
Figure 9.10 has been constructed using the idealised thermal response equa-
tions in section 9.2.2. Buildings do not follow such ideal responses, and 
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Figure 9.9 Optimum plant ratio.



algorithms based on equations 9.5, 9.7 and 9.8 are unlikely to be successful,
as they presume the building properties fully define the response for a given
outdoor temperature. Further, if the plant was switched on according to
outdoor temperature, the optimiser would effectively be open loop. However,
Figure 9.10 shows that a building is likely to have a characteristic relation-
ship between switch-on time and preheat period (the locus of the switch-on
times), which allows a closed loop control to be developed – one that is based
on the real response of a building. If we take the locus of Figure 9.10 and
reverse the axes, we get a curve of preheat time as a function of internal tem-
perature, as shown in Figure 9.11. (This orientation is more useful as preheat
time is the dependent variable, whereas the internal temperature is the mea-
sured, or independent, variable.)

Compare this to a line of the form:

(9.15)

as shown in Figure 9.12 (note the curve of Figure 9.11 is shown as a broken
line for comparison). The two lines are not identical, but it has been shown
by Birtles and John8 that a schedule of this kind produces successful optimum
start operation. The inclusion of the outdoor temperature term is necessary
to deal with sudden cold snaps, which would otherwise be responded to too
slowly. (Equation 9.15 and the ideal locus in Figure 9.11 actually depart radi-
cally from each other at long preheat times.) The success of an optimum start
controller is measured in terms of the probability that building set point tem-
perature will be reached by the time the occupants arrive. If the temperature
is reached too soon there will be wasted energy, and too late gives poor
service, which undermines the confidence that the occupants have in the
heating system. What allows equation 9.15 to work is that A, B and C are

ln t t A B Csp i o3 2-( ) = -( ) + +q q q
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learned by the controller from the actual response of the building, a process
known as self-learning or self-adaptation. Self-adapting optimum start algo-
rithms have been used for some years. Originally they used linear schedules
of the form:

with A and B recalculated every day and compared against the theoretical
ideal values that would have just met target. A typical linear schedule is
shown in Figure 9.13. The ideal slope, A, can be obtained by dividing the
actual temperature rise the building went through during preheat, by the time
it took to reach the set point temperature (in fact A is the inverse of this with
a negative slope). B can be found by setting t3 - t2 to zero when qi = qsp. This

t t A Bi3 2-( ) = +q
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Figure 9.11 Idealised preheat time against switch-on temperature. This is a re-orientation of the locus in Figure 9.10.

Figure 9.12 Practical optimum start schedule (broken line shows ideal locus of Figure 9.11).



process cannot yield the precise desired optimum switch-on time, but with
successive learning the algorithm can get close. To prevent too much day-to-
day variation a forgetting factor, w, is employed such that some memory of
building performance is retained:

where Ai is the value of A on day i, Ae is the ideal value of A that would have
achieved the target temperature at the correct time on the previous day, and
Ai-1 is the actual value of A used on the previous day. A similar factor is also
applied to the parameter B, and in this way the schedule parameters are
adjusted gradually, retaining some ‘memory’ of how the building responded
on previous days. This forgetting factor is typically set to 0.5, and the higher
the factor the more sensitive the optimiser will be to changes in weather. This
approach takes advantage of the fact that the weather on any given day is
similar (temperature-wise at least) to the preceding day and to the day that
follows, i.e. that is there is a gradual change in temperatures; the building
should therefore respond similarly to yesterday and tomorrow (but not nec-
essarily similar to two days away). When rapid changes occur – for example
when a cold front moves in – then the schedule needs to be able to respond
(hence the parameter C in equation 9.15).

With linear algorithms it was usual to have one schedule for weekdays and
another for Mondays after a weekend shut down. The non-linear schedule
does not need an extra Monday schedule where fabric protection is used.
Fabric protection brings on the heating system when the temperature in a
representative room falls below some preset temperature – usually between
10° and 13°C – to prevent surface and interstitial condensation. This ensures
that the building is maintained within the temperature limits of the optimiser
schedule. The non-linear nature of the Birtles and John equation makes self-
learning of the parameters a little more complex, and they adopted a method

A wA w Ai e i= + -( ) -1 1
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of recursive least squares (a discussion of which is beyond the scope of this
book). This algorithm is known as the BRESTART algorithm (as it was devel-
oped at the Building Research Establishment (BRE)), and is now the basis for
many commercial optimum start controllers.

9.3.1 Optimum start and compensator interaction
Where optimum start is employed in conjunction with a weather compen-
sator (see Chapter 10) it is important to disable the compensator during the
unoccupied hours. The purpose of the optimiser is to get the building up to
correct conditions in the shortest possible time in order to minimise energy
consumption. Most of the time the outdoor temperature will be above the
design temperature, and if enabled the compensator will adjust the flow tem-
perature according to its programmed schedule. This will reduce the heat
output from the emitters and slow the building heat-up. It will thus take
longer to reach the desired internal temperature. The optimiser will adjust
for this and alter the parameters A, B and C to suit the building/system
response. Subsequent days will have different outdoor conditions, with dif-
ferent flow temperatures resulting and different building/system responses.
This is not conducive to the optimiser being able to learn the true build-
ing response under full output. Disabling the compensator function is a
matter of using a time clock to switch the function off, and only allowing 
it to vary the flow temperature once the indoor set point temperature has
been reached.

9.3.2 Optimum stop
It is also possible to shut the boiler plant down ahead of the occupants’ depar-
ture. Where buildings have reasonable thermal mass the surface temperatures
cool slowly such that the occupants do not notice. This is more likely to be
acceptable where the heating system has a fairly high time constant – e.g. wet
radiators or radiant panels – as the surface temperature of these falls slowly
enough for occupants to believe the system is still on (psychology can play a
large part in the success of heating systems).

The opportunities for early plant shut-down may be limited. The problem
is that the air temperature will fall fairly rapidly, especially in an all-air heated
system (including forced convectors). It will only be successful if the mean
radiant temperature remains high enough to maintain a reasonable dry result-
ant temperature (see Chapter 6 for a discussion of these temperatures); it is
difficult to set up controls that can account for this, and it is also difficult to
design for. Consequently optimum stop is not commonly found to be suc-
cessful, and becomes even more difficult to implement where the building use
patterns are variable.
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10 Matching Output to Demand

Having determined the output capacity of the plant, the next step is to decide
the most appropriate arrangement and operational control of the boilers. This
chapter looks at the factors that affect selection of boiler type, and examines
those aspects that ensure a safe, stable and efficient operation of the plant
and system; namely system and central plant configurations, and control
strategies.

10.1 Relationship between heating demand, system sizing 
and boiler capacity
A well-designed heating system has to provide acceptable internal envi-
ronmental conditions in an economically and environmentally acceptable
manner, and in such a way that the operation of the system is barely even
noticed by the occupants. The system has to be designed large enough to cope
with likely extremes in external weather conditions (the design conditions),
and controlled such that the output varies with changes in the load. In tem-
perate climates like the UK’s, part-load conditions will occur for most of the
time, which means that for most of the heating season the heating system and
plant will be considerably oversized. This is compounded in systems that are
operated intermittently (for example, shut-down over night), where plant
needs to be further oversized to ensure sensible heat up (preheat) times.

Plant oversize may be inevitable and indeed may be beneficial (see sizing
procedures in Chapter 9), but this has important consequences for boiler
selection and control. When considering the type and number of boilers to
install it is important to have some idea of part-load operation – for example,
likely base loads and seasonal variations. The configuration of the central
plant then needs to be considered in terms of the way it should be controlled
to maximise the plant seasonal efficiency. In this chapter control of the central
plant will be examined for different system configurations, together with how
system controls can be used to improve overall system performance. The
interaction of system and central plant operation are also discussed so that
appropriate control strategies can be designed and common pitfalls avoided.
It is first necessary to examine the concepts of boiler efficiency and system
seasonal efficiency.

10.1.1 Boiler efficiency
A more detailed discussion on boiler efficiency can be found in Chapter 3,
section 3.8, but a short discussion of its relevance to this chapter follows.
The crudest definition of boiler efficiency is simply the ratio of useful heat
delivered to the heat input of the primary fuel, i.e.:

When a boiler is firing, most of the heat passes through the metal wall of the
heat exchanger to the water, but a certain amount (about 10–15%) is carried

Efficiency
Useful heat output

Heat input
=



away with the exhaust gases, and a further proportion is lost through the
boiler casing (about 2–5%). At part-load the boiler is controlled to deliver
less heat to the system; however, the losses do not necessarily reduce by the
same proportion with the result that the boiler efficiency (i.e. unit of useful
energy delivered per unit of fuel energy consumed) will reduce. This is a
complex issue and depends on the type of boiler, burner and method of
control. For an on/off cast-iron sectional boiler it may be explained as
follows: when the boiler is switched off, most of the residual heat retained
in the heat exchanger is lost to the surroundings through the flue and casing
(some is dispersed to the system for safety reasons); when the boiler fires again
this lost heat must be replaced (with associated flue losses) before useful heat
is passed to the system. An oversized boiler will have to cycle if system tem-
peratures are to stay within reasonable limits, and the ratio of useful deliv-
ered heat to losses decreases with decreasing load (i.e. with decreasing
on-time). Figure 10.1 shows a range of boiler efficiency curves (of gross
calorific value) for typical modern boiler plant taken from experimental data1.
Modern boilers have better part load efficiencies than older plant due to
improvements in casing insulation, changes to pumping arrangements, and
techniques for reducing flue losses when the boiler is off.

In theory, boilers with modulating burners should have constant efficien-
cies, but this depends on the burner being able to provide optimum air fuel
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ratios across the operating range of the burner. Modulating burners also keep
the boiler heat exchanger at higher temperatures for longer periods of time,
leading to higher casing losses (although these are relatively small).

10.1.2 System seasonal efficiency
The concept of system efficiency is a little more difficult to define. All the heat
from a heating system is lost to the environment, whether or not it is effec-
tively deployed or used, so the definition of efficiency needs to be qualified.
The system output provides a useful service, and the overall efficiency can be
defined similarly to the boiler efficiency:

The difficulty arises in the definition of useful heat delivered. The heat deliv-
ered may result in overheating or underheating, the extent of which may 
be difficult to assess or quantify for a given building. For any given building
the rate of heat loss will depend on how and when it is used (e.g. if windows
are left open, or the hours of operation); it is also possible to change the char-
acteristic of a building by changing the fabric performance (adding insula-
tion or improved glazing). This means there is no rigid definition of system
efficiency. However, a heating system will be at its most efficient if it uses a
minimum amount of energy to just meet the required environmental criteria.
It is the job of the system controls to ensure the system delivers just enough
heat to meet design conditions; the boiler controls must match the output of
the boilers to the system demand; and it is the configuration of the boiler
plant and control strategy that will ensure minimum heat input to the build-
ing. These distinctions may seem obvious, but it is important to understand
the relationship between them for a well-designed system.

10.2 Designing the central plant arrangement
There are two distinct issues in selecting boiler plant:

(1) Sizing the output capacity
(2) The type and arrangement of boilers.

The determination of optimum output capacity has been detailed in Chapter
9; this section will concentrate on selection of boiler arrangements, although
the two issues are not entirely independent.

Once the total boiler capacity has been sized, the first decision is the type
of boiler. Chapter 2 has described the different types of boiler suitable for
different applications, and the reader is referred to that section. The second
decision is the number of boilers to install; this is a question of whether to
install a small number of large boilers, or a large number of small boilers.
The latter option is increasingly popular in the form of modular boiler sets.
This allows individual burner/heat exchanger sets to operate at or near their
design efficiency for longer periods of time. Modular boilers help to ensure
high part-load efficiencies, as each module will operate at the top of its effi-
ciency curve. At the same time this approach allows the purchase of boilers
as close to the design output as possible. The selection of a small number of

System efficiency
Useful heat delivered

Boiler heat input
=
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larger boilers may lead to inherent oversizing, as it may not be possible to
precisely match output to design capacity and instinct tends to err on the side
of caution and select larger plant.

10.2.1 Plant configuration
The configuration of the pipework, and the connection to the rest of the
system, may be dictated by the type of boiler selected (modular, modular with
common combustion chamber, etc.) or depending on how the system is
arranged and controlled. Boilers require stable flow regimes, and there must
be a representative way of sensing the system load. Systems may have vari-
able flows due to the operation of two-port valves, or variable temperature
controls (which will be examined later in this chapter). There are four broad
types of connection arrangement, as follows.

(1) Individual flow and returns from different subsystems connected ad hoc to
the boilers (Figure 10.2)
This is not recommended for large systems. There is a danger that vary-
ing flow rates from the system sub-circuits, and hydraulic interaction 
between boilers coming on and off line, can give rise to variable flow 
rates through the boilers. There is also no common position, either in the
flow or return, to sense the total load on the system in order to sequence 
the boilers.

(2) Split flow and return common headers (Figure 10.3)
This allows for common temperature sensing in flow or return headers, but
the boiler circuit is still subject to variations in flow rates from the system,
and the return water temperature may not be indicative of the load.
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(3) Common header with primary and secondary pumping (Figure 10.4)
This arrangement helps to overcome many of the problems indicated above.
The reasons why will be explored in this chapter.

(4) Common header with injection manifold (Figure 10.5)
A common arrangement for modular boiler sets. However, the inlet temper-
atures to boilers lower down the firing order are increased, leading to
increased boiler exit temperatures. Sequence and burner controls must be set
up correctly if output is to be utilised fully, and the danger of overheat/lockout
is to be avoided.

In order to appreciate these points it is necessary to examine the way in
which the system interacts with the central plant.
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10.3 System configuration
Systems can be configured and controlled in a number of ways: constant tem-
perature, variable temperature, variable flow (two-port valves), or a combi-
nation of all three. This can have profound implications for boiler operation
and its controllability. Thermostatic radiator valve (TRV) control has been
discussed in Chapter 6; this effects the system flow rate and return tempera-
tures. With a suitable bypass in the system, return temperatures will rise with
decreasing load. The use of weather compensated control is a popular alter-
native for matching system output to the prevailing load, but it can cause 
difficulties for the central plant operation. This section takes a detailed look
at weather compensators.

10.3.1 Weather compensation control
As the outdoor temperature changes, so does the heat loss from the building
and there is a need to vary the output of the emitters to match the prevail-
ing load. One way of achieving this is to vary the flow temperature to the
emitters, and hence the mean surface temperature. Weather compensation
controls, generally referred to as compensators, provide a centralised means
of doing this. Figure 10.6 shows a basic compensator arrangement, where
the required flow temperature is achieved by mixing boiler flow water with
return water from the emitter circuit. The flow temperature is controlled as
a function of the outdoor temperature. The principle of the operation can be
seen from an energy balance on the heating system and room. Equation 10.1
shows the balance of the heat into and out of the emitters and the heat loss
from the space.

(10.1)

where is the mass flow rate of water, cp is the specific heat of water, KAf

is an emitter constant, U¢ is the heat loss coefficient; qF and qR are the water
flow and return temperatures respectively, and qm is the mean water temper-

ṁ
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ature in the emitter (the definition of emitter output be found in section 6.3.3).
Under design conditions, all the values in equation 10.1 are known. If the
outdoor temperature is higher than design (which is usual) then we can cal-
culate the theoretical flow temperature required to maintain the desired room
temperature. If we divide each expression in equation 10.1 by the design con-
ditions, all the constants cancel out and we are left with a set of temperature
ratios:

(10.2)

For a given outdoor temperature the theoretical flow temperature can be
determined as shown in the following example.

Example
Take the design temperatures to be: qF = 82°C; qR = 70°C; qai = 20°C; qao =
-2°C. Note that the design mean emitter temperature is qm = (82 + 70)/2 =
76°C.

Calculate the flow temperature required to maintain an indoor tempera-
ture of 20°C when the outdoor temperature is 10°C. Firstly take the emitter
output and room loss and rearrange to find the required mean emitter 
temperature:

The required flow and return temperature difference is found by equating the
emitter input to the room loss:
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and hence the flow temperature is found from:

If this is repeated for all outdoor temperatures between the design outdoor
and the design indoor temperatures, an ideal flow temperature schedule can
be produced as shown in Figure 10.7. Note this schedule is not linear, due to
the output characteristic of the emitter, and the higher the exponent the more
marked the curvature of the ideal schedule (this is why radiators and con-
vectors should not be mixed on the same compensator circuit).

However, we rarely deal with ideal schedules. Traditional control methods,
particularly pneumatics, meant that linear schedules were easier to use, and
the closeness of the ideal compensator schedule to a straight line has meant
that this is still common practice. The use of a linear schedule means that the
minimum flow temperature must be set somewhat higher than the design
room temperature, otherwise the mean emitter temperature will be too low
at part-load conditions and the room temperature will fall. Figure 10.8 illus-
trates how a practical schedule is set up to avoid this. Note that with this
practical schedule the room temperature will tend to rise at part-load condi-
tions, because the flow temperature is above the ideal.

10.3.2 Calculating room and emitter temperatures for practical schedules
The use of linear schedules introduces some complexity when analysing
system and room temperatures. The problem is that the room temperature
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changes and the new system/room energy balance needs to be determined, as
the example below illustrates. (A similar analysis can be found in Levermore
(1992)2, but is included here to demonstrate operational pitfalls of heating
systems and how to avoid them.)

Example
A heating system has the design characteristics shown in Table 10.1. The 
compensator schedule has a minimum flow temperature of 40°C, and the
emitters have a value of n = 1.3 and B = 1.174kWK-1. Calculate the room
temperature and emitter return temperature when the outside temperature is
10°C.

Note that the compensator schedule can either be shown graphically or
given as a formula. In this case the schedule formula is found by calculating
the slope of the line as follows:

Slope =
-

- -
= -

82 40
2 20

1 909.
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Figure 10.8 Linearised compensator schedules.

Table 10.1 System data for compensator example.

Design inside temp. 20°C
Design outside temp. -2°C
Heat loss coefficient 10kW/K
Boiler output temp. 82°C
Boiler design return temp. 70°C
Boiler temp. rise 12K
Boiler output 220kW
Mass flow rate 4.39kg/s



and the intercept:

Giving the schedule formula:

In which case:

Referring back to equation 10.1, the only temperatures we know are qF and
qao. We now need to find the mean emitter temperature. It is useful to adjust
the expression for the emitter input as follows:

If we equate the emitter input to the room heat loss we can get qai in terms
of qm as follows:

Rearranging and simplifying gives:

We can now equate the emitter input to the emitter output, and substitute
the above expression for qai:

This equality cannot be solved analytically and needs a numerical or itera-
tive solution. A Newton-Raphson iteration will be adopted here, where 
successive approximations of qm are found from:

where f(qm) is the function of qm equal to zero. This is simply a rearrange-
ment of expression for qm above with all the terms collected on the right-
hand side. The term f¢(qm) is the first derivative of this function, and n
represents the iteration number. In this case:

and

A first guess for qm is required. This will be less than 59.1°C (the flow 
temperature), but greater than 53°C (the flow and return temperature 
difference must be less than the design difference). Putting in a guess of 
56°C gives:
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Further iteration shows 55.9°C to be a good solution. The return water 
temperature can be found from:

Substituting qm back gives:

This example demonstrates that using a linear schedule will give an offset to
the room temperature at part-load. This is better than having a loss of service,
and room temperatures being too cold. It is possible to improve the situation
either by incorporating a room sensor to reset the flow temperature, as shown
in Figure 10.9, or by using TRVs. Given that the analysis above does not
allow for casual gains, it is highly recommended that one of these extra con-
trols is employed. Note that if a room sensor is used to reset the schedule,
considerable care must be taken when choosing a suitable location. A space
representative of the majority of the building must be selected; alternatively
averaging sensors may be used. The value of the compensator is to provide
a means of central control that can be easily monitored for reliability and
performance, and to some extent it can reduce losses from pipework at 
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part-load. TRVs can become damaged or removed and are difficult to main-
tain and monitor, but they allow some user control, which can increase con-
fidence in the heating system.

10.3.3 The implications of compensator control for the central plant
When compensator circuits form a significant proportion of the heating
system, then the configuration shown in Figure 10.6 is not satisfactory. The
example above shows that return water temperatures reduce as the load
decreases, and if further room temperature control is employed to account
for internal gains and remove compensator offset, then these temperatures
will be lower still. Such temperatures would be detrimental if allowed to
return to boilers where the heat exchangers are not designed to cope with
condensing from flue gases. (On the other hand considerable advantages can
be gained from the use of condensing boilers in conjunction with weather
compensators; these are discussed in section 10.5.12.)

Just as significantly, however, the central boiler plant cannot be controlled
using return water sensing if the system is configured as Figure 10.6. Boiler
controls operate by bringing extra boilers on line as the temperature falls, i.e.
falling temperature signifies an increasing load; with compensators just 
the opposite occurs, and a return sensor cannot be used to sequence boilers
without further modification. The problem is compounded by the mass flow
rate of water returning to the central plant, which will also reduce. Consider
an energy and mass balance on the three-port mixing valve:

with

where F is the mass flow rate to the emitters, b and qFb are, respectively,
the flow rate and temperature from the boiler, and x is the mass flow rate
in the bypass. The specific heats cancel and substituting for b gives:

Rearranging gives:

where x is the proportion of system water flowing in the bypass. By defini-
tion, therefore, the proportion of water returning to the central plant is 
(1 - x).

Using values from the example gives:

which indicates that 78% of the system water is flowing in the bypass with
only 22% returning to the boiler. Figure 10.10 shows how flow rate and
return water temperature vary with load for the schedule used in this
example. This has profound implications for safe boiler operation because at
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reduced flow rates there is a danger of the boiler overheating (a full discus-
sion of the implications of flow rate on boiler operation can be found in
section 3.11). The theoretical boiler outlet temperature in our example
(assuming on/off firing and no overtemperature control) would be:

In reality an overtemperature state in the boiler outlet would lock the boiler
out. This is clearly not satisfactory.

10.4 Primary ring main
The problems of low return water temperature and reduced flow rates are
overcome by the use of a primary ring main, introduced in Figure 10.4. Figure
10.11 shows a single compensator circuit served by a primary boiler ring
main. The header must be sized large enough to give a minimal pressure drop
across its length to ensure no interaction with the system circuit(s); typically
this means twice the size of the rest of the primary pipework.

Note that now the return water flow rate to the boilers is kept constant,
as (1 - x) returning from the system mixes with x in the primary header,
thus:

i.e. the design flow rate is ensured to the boilers at all times. In addition, the
mixing at the return end of the header leads to increased boiler return 
temperatures, qRb, at low loads:
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ṁṁ
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Figure 10.10 System return temperature and flow fraction from a compensator circuit.



Figure 10.12 shows a plot of boiler return water temperatures and as a func-
tion of load. This ensures high back-end temperatures and enables return
water sensing for sequencing of the boilers.

10.5 Controlling boiler output
The aim of good central plant control is to ensure that the boilers deliver the
amount of energy required by the system. In some cases boiler control can
be directly related to system control (e.g. direct flow temperature compensa-
tion as discussed in section 10.5.12), but normally these functions are served
separately. If inappropriate boiler control strategies are used this can lead to

q q qRb Fb Rx x= + -( )1
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Figure 10.11 Compensator with primary ring main – a solution to variable temperatures and system flow rates.

Figure 10.12 Temperature returning to boiler in a primary ring main as a function of load.



inefficient operation, rapid cycling of boilers or control valves, or frequent
boiler lock-out; the latter implies a dangerous system as it relies on safety
devices to ensure overheating does not occur. Unstable control, however it is
manifest, inevitably leads to poor service (i.e. not enough heat getting to the
load) or energy wastage.

The correct choice of control will depend on factors such as size of the
system, number and type of heating sub-circuits being served, the type of
boilers and burner operation and the configuration of the system. There are
two principle methods of matching boiler output to load:

(1) Temperature sensing
(2) Heat load control.

The first of these is most common due to simplicity and cost, while heat load
control is generally confined to larger installations. The method of control
must ensure safe and stable control, and ensure the boiler output suitably
matches the demand.

10.5.1 Temperature sensing
The temperature in some part of the system does not necessarily represent
the load at that moment in time, and how true this is depends strongly on
the location being sensed. Boilers can be controlled on their outlet (system
flow) temperature, or inlet (return) temperature. There are advantages and
disadvantages to both flow and return sensing, which can be broadly summed
up as follows.

Return sensing
• Can be indicative of changes in the load
• The time lag of the flow around the system can provide greater stability
• Return temperatures must increase with decreasing load (which may not

always be the case)
• Requires constant flow rate to the boilers.

Flow sensing
• Ensures flow temperature kept within safe design limits
• Can give close control of flow temperatures where necessary
• Can lead to rapid on/off cycling with low water content boilers
• Affected by cold slugs of water from newly fired boilers
• Control stability compromised by hydraulic interaction.

In practice some combination of the two is often employed. It is not possi-
ble to present all the possible permutations, but some typical system config-
urations will be examined here to illustrate the main influencing factors. A
more comprehensive set of system configurations is produced by BRECSU3.

10.5.2 Single boiler with flow sensing
In order to appreciate how the control arrangement affects the dynamics and
operation of a boiler installation, it is helpful to start with a single on/off
boiler serving a single heat load (perhaps domestic or small commercial), as
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shown in Figure 10.13. It is possible to control the burner operation from a
sensor either in the flow or the return.

Consider first flow sensing. On/off control requires a set point at which the
burner is fired, and a switching differential set such that cycling is not too
rapid but the temperature fluctuations are not too great. Figure 10.14 shows
typical flow and return temperatures under 75% full load for (a) a 4K switch-
ing differential (80°C on, 84°C off) and (b) a 2K switching differential (81°C
on, 83°C off). (These temperature profiles have been generated from a 
mathematical dynamic model of a single boiler operation.) The rate of cycling
reduces with wider differential at the expense of close control, and a balance
must be drawn between these two requirements. This cycling rate is also
strongly dependent on boiler thermal capacity, with lightweight heat exchang-
ers and low water content boilers being more susceptible to rapid cycling;
such boilers may need wider switching differentials.

The problem can be somewhat mitigated by using return sensing. Figure
10.15 shows the same boiler controlled by a 1K switching differential (71°C
on, 72°C off). This has a cycling rate similar to 10.14a, but with reduced
temperature swings. This occurs because of the time lag and thermal capac-
itance effects of the system. When the sensor is in the flow the signal from
the load is masked by the operation of the boiler, but in the return it detects
changes in the load directly. However, return sensing is only possible when
the return water temperature rises as the load falls; we have seen that with
weather compensation of flow temperature (or even TRV operation) this may
not be the case.

For domestic applications some boilers incorporate an internal bypass that
operates in the same way as a primary ring main, ensuring a constant flow
rate to the heat exchanger, with a mixing of boiler flow and system return
temperatures that enable the burner to be controlled from a return tempera-
ture sensor. Such an arrangement still requires a flow sensor to ensure the
boiler does not overheat due to low flow conditions or control failure.

This principle of operation can be extended to modulating output burners,
which vary their output according to flow and return temperature difference
via a proportional controller. Figure 10.16 shows the relationship between
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Figure 10.13 Single boiler controlled from either flow or return temperature.



Figure 10.14b Flow sensing with 2 K differential.

Figure 10.15 Return sensing with 1 K differential.

Figure 10.14a Flow sensing with 4 K differential.



temperature difference and load, although turn down is often limited to 50%,
and the flow sensor acts as a temperature limiting sensor that will turn the
burner off if the flow temperature starts to rise. Modulating burners reduce
the amount of on/off cycling and can help to maintain more consistent flow
temperatures out to the system.

10.5.3 Multiple units with common header
For reasons described in section 10.4, larger installations are likely to have
a number of boilers connected into a primary ring main. The primary ring
will be essential if return sensing is to be employed. Secondary circuits with
variable flow and variable temperature controls (e.g. TRVs and weather com-
pensators) will send back ambiguous signals about the change in load (i.e.
temperature falling with reducing load).

However, the use of a primary ring will not in itself solve all the problems
of excessive cycling, nor ensure stable temperature patterns where on/off
boilers are used. Oscillations in temperature caused by burner firing patterns
are experienced in all parts of the ring with more or less equal amplitude,
which will also subject return temperature sensing to problems of stability
and dynamic interaction between boiler modules. The oscillations occur at
low loads when the majority of the water leaving the boiler flows around the
ring without passing out to the load. At high loads there is more inherent
stability due to the larger temperature differences, and longer system time
lags.

Figure 10.17 shows a primary ring main with two boilers (the principles
can be extended to any number of boilers). A typical control strategy would
be to enable each boiler according to some sequenced return temperature,
while the individual burners are turned on and off from individual flow tem-
perature sensors. Water flow is maintained through each boiler at all times
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Figure 10.16 Modulating control schedule – return temperature control.



to keep a constant flow rate around the primary circuit (flue dampers can be
used to reduce standing losses when a boiler is off). The advantage of this
strategy is that the return sensor detects variations in the load (from the tem-
perature drop across the header), while the flow temperature is not allowed
to become excessive.

10.5.4 Sequencing
Sequencing refers to the temperature settings that will switch each boiler on
or off. As with the individual boiler there may be a switching differential for
each boiler, and an additional dead band between the enabling of each boiler.
There is no simple rule for determining these settings as it will depend on
number of boilers, boiler thermal capacity, plant configuration, and the
service required over the operating range. However, it is important to con-
sider that the closer the required control (i.e. smaller switching differentials
and dead bands) the greater the cycling rates. Heating systems rarely require
very close control, although it is important to limit maximum temperatures
from the boilers (which may introduce further cycling). Figure 10.18 shows
typical sequencing temperatures for the arrangement in Figure 10.17 (con-
sidered for a LPHW application). Return temperature sequence control has
the characteristics listed below.

• The most critical periods are when the load is close to the output of the
lead boiler (or multiples of boiler output in the case of multiple boiler
installations), where control interaction will cycle both boilers.

• This control interaction is reduced by increasing the dead band.
• Wider dead bands are more important for control stability than individual

boiler switching differentials. In our example of Figure 10.17 the switch-
ing differentials can be reduced to 1K and the dead band increased to 4K,
giving the same overall control limits but improving firing patterns (at 45%
full load only boiler A operates; under the regime in Figure 10.18 both
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Figure 10.17 Two boilers in a primary ring main, sequenced from return water temperature.



boilers cycle at this load). It is possible to set the switching differential to
zero, provided there is suitable thermal capacitance in the boilers to prevent
excessive cycling.

• The wider the dead band the higher the flow temperatures from the lead
boiler. This becomes exacerbated at low loads where the higher control
limits dominate the operation.

• To obviate high temperatures (say over 85°C, or as prescribed by the
required anti-flash margin) it is necessary to set the flow temperature sensor
from each boiler to shut the burner off at this temperature. This will
inevitably increase the cycling rate of the lead boiler in particular. It may be
advisable to increase the system pressure and thus allow flow temperatures
to elevate slightly (dilution effects and part-load dynamics mean that tem-
peratures rarely exceed 90°C for a correctly set up return water sequence).

Because of the discontinuities in operation (i.e. boiler firing patterns) it is not
possible to ascertain the dynamics of such a system using classical control
theory. Dynamic modelling has been used here to explain the behaviour of
the system. Due to the number of permutations of possible control settings
it would not be helpful to give specific examples of control behaviour here.
Dynamic boiler models do not have to be hugely sophisticated, but need to
incorporate boiler thermal capacitances and system time delays. There are no
proprietary models known to the authors, but with a little thought it is pos-
sible to develop such models using standard spreadsheet software packages.
Such models have been developed at South Bank University. Such models may
not be necessary for the design process (although designers would benefit
from an appreciation of dynamics). What is essential is that a system is prop-
erly commissioned and tested under a wide range of operating conditions to
ensure that rapid cycling or module interaction does not occur. Such com-
missioning procedures may not happen in practice, but the discussion here is
presented to demonstrate just how important it can be.

10.5.5 Common flow temperature control
An alternative strategy is to place the sequence control sensor in the common
flow from the boilers. In this case the required flow temperature in the header
is controlled directly. Boiler A is set to switch off at, say, 83°C and boiler B
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Figure 10.18 Return temperature on/off control sequence for two boilers.



to switch on at 80°C. If each has a switching differential of 1K this leaves a
dead band of 1K. The same principles of stability apply as for return sensing,
i.e. the wider the dead band the less the cycling. However, there is a limit to
how wide the dead band can be; if boiler A off temperature is raised too high
then the flow temperature from the boiler (due to dilution effects) can become
dangerous. If boiler B temperatures are set too low then at higher loads the
overall flow temperature becomes depressed. In general, flow sensing is more
likely to lead to rapid cycling if close control is required. Thus return sensing
allows greater scope for wider dead bands and smaller switching differen-
tials, leading to reduced cycling rates and temperatures closer to the design
values across the operating range.

10.5.6 Temperature dilution effects
In multiple boiler installations where flow is allowed through unfired boilers,
cooler water from these units mixes with hot water from the fired boiler. It
is the mixed water temperature that is used for sequence control. This means
that to achieve the required mixed temperature the lead boiler will have to
have a temperature higher than this. For example, in our two boiler system
(Figure 10.17) if the lead boiler were to be switched off when the mixed flow
temperature was 83°C, and the return water temperature was 77°C (at 50%
load when only the lead boiler is required), the temperature leaving boiler A
would be found from (assuming equal flow through each boiler):

Thus:

The general expression for the worst case flow temperature from the lead
boiler for n boilers is:

where

Note that this last expression means for a large number of boilers (high n)
the return water temperature is high, and the dilution effect becomes some-
what mitigated. Temperature dilution becomes a significant problem with 
low return water temperatures at part-load, especially if flow rates are also
reduced (conditions that the primary ring is designed to eliminate).

10.5.7 Flow prevention through unfired boilers
One way to overcome temperature dilution effects is to prevent water flow
through unfired boilers, achieved by installing automatic two-port valves at
the inlet to the boiler. This achieves two things:

• Boiler temperatures are the control temperatures, eliminating overheating
of lead boilers

• Standing losses are reduced from unfired boilers.
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Compelling as these reasons may seem, there are drawbacks to such an
approach. When each boiler shuts down, the flow rate in the primary ring
main will reduce; this can lead to hydraulic interaction between the primary
and secondary circuits, with variable flow rates in the primary circuit degrad-
ing the control of the boilers. In addition, a single primary pump will provide
greater than design flow through boilers at part-load – correct flow can only
be ensured with individual boiler pumps (as for example with an injection
system discussed below). For a discussion of the relationship between pump
and system interaction see Chapter 7. Another difficulty is that when a new
boiler is brought on stream from cold, it will inject a cold slug of water into
the main. This will be ‘seen’ by the control sensor as a rapid increase in the
load, with the danger of bringing other modules on line (this is especially true
of flow sensing). In extreme cases this can bring on each boiler in turn, and
just as quickly switch them off. This can be overcome by introducing some
time delay into the controls, or having shunt pumps around each boiler (an
arrangement discussed in section 10.5.9, dealing with large boiler circuits),
which adds both complexity and expense. Finally, the frequent heating up
and cooling down of cycling boilers, together with increased number of active
moving components (isolating valves, etc.) can shorten the life and increase
maintenance requirements of the plant. There is also an increased risk that
parts of the heat exchanger will more often pass through the dew point of
the flue gases leading to condensing and the risk of corrosion. For smaller
systems it is therefore more cost effective to allow flow through unfired
boilers, and possibly use flue dampers to reduce standing losses.

10.5.8 Injection systems
A common configuration for overcoming the problems discussed above is the
primary ring main with individual boiler injection (Figure 10.19). This
enables good hydraulic stability and ensures that design flow rates pass
through each boiler, while allowing isolation of unfired boilers. Back-end pro-
tection (avoidance of condensation) can be provided by allowing the boiler
pump to run for a period before the burner is enabled.

The control sequence has to be set up differently from the previous example
if the full output from each boiler is to be achieved. Consider the two boiler
system in Figure 10.19 with a design temperature lift across the boilers of 
12K; when operating at full load, assuming a 70°C return temperature, the
outlet temperature from boiler A will be 70 + 12 = 82°C. The inlet temper-
ature to boiler B will be (82 + 70)/2 = 76°C, while its outlet temperature will
be 88°C (the resulting flow temperature in the ring will be 82°C). If the limit
sensor on boiler B was set at, say, 86°C, then boiler B would cycle on and
off and the required flow temperature would not be reached (full output of
both boilers would only occur when the flow temperature from boiler B was
less than 86°C, and the combined flow temperature less than 80°C). This sit-
uation is exacerbated with more boilers – the peak boiler outlet temperature
for a set of four boilers would be 91°C – and poses problems at part-load
when the return temperatures are higher. In a multiple boiler installation more
units than normally necessary will be brought on line to cope with a partic-
ular load. For example, in a four boiler system at 50% load, the theoretical
required temperature leaving the second boiler would be 91°C; if the outlet
temperature was limited to 86°C then the ring flow (and subsequently return)
temperatures would fall, bringing the next unit on line. This situation would
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increase cycling rates unless dead bands were set far enough apart. As we
have seen, wide dead bands are best achieved with return sensing control.
Even so there are practical limits to the width of the dead bands, and it may
not be possible to eliminate cycling completely.

10.5.9 Large systems with cascade control or heat metering
Where very large, high thermal capacity boilers are to be installed, plant
layout as Figure 10.20 should be used. Each unit has its own pump with a
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Figure 10.19 Injection circuit with return water temperature sequence control.

Figure 10.20 Boiler and control arrangement for large boiler systems with heat meter sequence control.



bypass arrangement that allows the boiler to heat up fully before being
brought on line; this provides back-end protection and prevents cold slugs of
water from entering the system. Only when the back-end temperature is suf-
ficiently high does the three-port valve shut the bypass and open the boiler
to the system. The flow in the primary ring is variable, depending on the
number of boilers on line, and it is necessary to ensure the header is suffi-
ciently large to prevent primary/secondary flow interaction (i.e. sized with a
negligible pressure drop).

The lead boiler needs to be enabled at all times, with the burner being 
operated by the boiler outlet (flow) sensor. Other boilers are enabled via 
a heat meter, which measures flow and return temperature difference and 
flow rate in the primary ring. Heat metering can provide more accurate
control than temperature sensing where the flow rate varies, giving more
stable flow temperatures to the system. An alternative is to use cascade
control where the signal from the lead boiler thermostat is used to enable the
second boiler, and the second boiler enables the third, and so on. This, too,
gives a control method that is independent of the variable flow rate in 
the ring.

10.5.10 Heat metering
Heat meter control is a means of sensing the actual energy load on the boilers,
and sequencing them accordingly. It must be used where there are variable
flow rates in the primary circuit (e.g. with individual boiler pumping or where
there is likely to be significant hydraulic interaction, either between boilers
or between primary and secondary circuits). The heat load on the boiler at
any moment in time is defined by:

where is the mass flow rate around the system, and cp is the specific heat
of water. As cp is (for all practical purposes) a constant, the heat load can be
determined by measuring flow and return temperature and the flow rate in
the primary circuit. Temperatures are measured in the usual way, but there
must be a flow measuring device. Flow measurement can be either fixed in
line (using venturi or orifice plate meters), or through non-invasive meters.
These non-invasive flow meters are extremely useful when retrofitting heat
metering, but there have been concerns over their accuracy and reliability,
which have largely been eliminated in recent years.

From a control point of view, heat metering relies on a temperature dif-
ference, and boiler plant must be up to operating temperature before it can
be effective. For this reason at plant start up some other control signal is used
to bring the plant up to temperature, for example outdoor air temperature,
a representative room temperature or even a fixed plant start time.

Note that if the output from a heat meter is sampled at regular intervals
(e.g. every few seconds or every minute) and these values are continuously
added together, this measures the energy delivered to the system – a so-called
integrating heat meter. This is very useful for monitoring heating system 
performance. Building (or stand alone boiler) energy management systems
can use the same heat metering hardware to carry out both the control and
monitoring functions.
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10.5.11 High/low firing
Control of high/low firing burners can be linked to return sequence or heat
load control as described above, but may not be used with cascade control.
High/low boilers have different temperature lifts depending on the firing rate
(and the different stages may not have equal lifts – see Chapter 2), and the
step changes in output make any form of flow temperature control unsuit-
able. The setting up of temperature or heat load sequence must be done in
accordance with the high/low firing ratio.

An alternative to high/low firing is the use of series connected boilers. This
can be a very effective solution to staged load matching as constant flow rates
can be maintained without temperature dilution effects, leading to reliable
and stable control (again using return sensing). The downside can be high
pressure drops across the boilers, but this can be mitigated by using increased
flow and return temperature differences.

10.5.12 Multiple units with modulating burners
Modulating output burners offer the potential for more stable temperature
control and a reduction in cycling as introduced in section 10.5.2 (Figure
10.16). In practice burners do not modulate from 100 down to 0%, but more
likely have turn down ratios of 50% or perhaps 30% (see Chapter 2). Figure
10.21 shows a practical return water control schedule for a two boiler instal-
lation with burners that modulate down to 30% of their full output. Note
that it is essential to have a constant flow rate in the primary ring. With vari-
able flows it is necessary to use heat metering.

An alternative is to use flow temperature sensing with P + I or floating
control (only P control is viable for return sensing). Flow sensing can remove
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offset and can tolerate some variations in flow rate (which may occur if any
interaction with the system is allowed).

10.5.13 Condensing boilers
The use of condensing boilers introduces other options for boiler control or
pipework arrangements. Condensing boilers require low return water tem-
peratures – typically less than 55°C – to recover the latent heat from the flue
gases (see Chapter 2). Where a set of modular condensing boilers are used,
and if they do not serve the hot water service or other high temperature load,
then this can be achieved by directly compensating the boiler flow tempera-
ture against outdoor air temperature (using the same sort of schedule as
shown in Figure 10.8). This has the advantage that compensator control is
achieved with varying the flow rates around the system, giving better con-
trollability, and it reduces the hardware costs of extra pumps and control
valves.

Where a single condensing boiler is used in a set of multiple boilers (a more
common situation) the condensing heat exchanger should be connected into
the system return pipework as shown in Figure 10.22. This takes advantage
of the low return temperatures from the emitters (see Figure 10.10), while
allowing a common control strategy for the boilers. In such an arrangement
the condensing boiler should always be selected as the lead boiler.

10.5.14 Anti-cycling and add-on devices
There have been a number of add-on boiler control devices marketed in recent
years claiming to reduce the energy consumption of heating systems. These
devices vary in their complexity, but essentially all of them modify the signal
from the control thermostat (whether located in flow or return) to prevent
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Figure 10.22 Connection arrangement for condensing boiler with a weather compensated circuit.



the boiler from firing until some predefined criteria are met. The simplest
devices employ time delay and simply hold the boiler off from firing for a
preset amount of time. Other devices vary the time delay as a function of the
load, which is usually determined by the rate of change of the return water
temperature, or a measure of the flow and return temperature difference. The
newest generation of these devices employs sophisticated sequencing algo-
rithms that attempt to more closely match the boiler output to the measured
load.

If used in the absence of any system load control (whether TRVs, room
thermostats or compensator circuits) all of these devices have the potential
to save fuel. However, this is largely because such uncontrolled systems tend
to overheat the space, and reduced boiler cycling will bring the space closer
to design requirements. In well-controlled systems the danger of anti-cycling
devices is that they will result in loss of service; in other words the savings
will be at the expense of reduced indoor temperatures. Some of the more
extravagant claims for the early devices (no longer being marketed) suggested
30–40% savings were possible, often accompanied by unsubstantiated expla-
nations. The first law of thermodynamics states that the energy entering a
system must equal the energy leaving it if there is to be no increase or decrease
in temperature; therefore claims that reducing the energy input from the
boilers can maintain the required level of service have to be treated with
caution.

One study conducted on three types of device in domestic applications
showed that while cycling was significantly reduced, savings were small and
that in all cases the savings were as a result of lower room air and water
cylinder temperatures4. In large capacity systems these devices can show
energy savings, but again this must be at the expense of service temperatures.
Systems originally fitted with inadequate controls are likely to give rise to
overheating in internal space and hot water storage calorifiers, and retrofit
of anti-cycling devices can eliminate this overheating. However, this is an
open loop control strategy, and the best advice must be to install correct
system and boiler circuit controls in the first place.

Development of boiler control devices continues, with more sophisticated
algorithms attempting to minimise firing times while maintaining required
temperatures within the building. One device has been developed that inte-
grates a number of inputs to provide self-tuning control of the cycle to cycle
firing of the boilers to reduce boiler energy output to the building. Every day
the controller adjusts the set-points of the controller and its algorithm for the
duration of the main occupancy period of the building. Development was
based on the following assumptions5:

• Energy efficiencies of boilers are generally higher at lower water 
temperatures

• Unnecessarily high temperature of distributed water increases system stand-
ing losses

• Even with local terminal control higher than necessary supply water tem-
peratures will lead to zone overshoot

• Weather compensation can be effectively carried out from within a build-
ing if accompanied by an effective process of dynamic measurement, pre-
diction and control of heating load.

The device was tested and developed via simulation and field trials to vali-
date the assumptions and performance. Tests have shown significant savings
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with no noticeable degradation in space temperatures6, and that the per-
formance is better than with some state-of-the-art boiler energy management
systems. Because of the dynamics of buildings and systems there is no simple
theory to explain such savings, although in principle boiler controls that help
to make better effective use of thermal storage and casual gains within a
building should be able to deliver reductions.

The advent of advanced control sequencing algorithms may offer advan-
tages in a variety of applications, especially in retrofit situations. In theory
properly designed boiler and system circuits with correctly installed and com-
missioned controls should ensure that a building is always maintained within
its design limits with minimum energy consumption. Further research is
needed to show just what is the most effective way of matching output to
demand for a variety of applications, and it is possible that centralised control
devices can play a significant role, especially in retrofit applications.
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11 Energy Consumption of 
Heating Systems

Heating systems consume the single largest amount of energy in the UK –
about 30% of all primary energy (transport is a very close second). Most of
this is met with fossil fuels – mostly gas or oil, but there is a significant con-
tribution from electricity and in places coal may still be used. This fossil fuel
use is a major contributor to greenhouse gas emissions, and designers and
building owners alike should be working to minimise the environmental
impact of buildings. It is therefore important to have assessments of building
energy use at the design stage in order to make judgements about both
running costs and environmental impacts of heating systems, and to be able
to compare design options. Building owners will not only want to assess the
environmental impact but also to set out budgets for operating the building,
and to negotiate tariffs with energy suppliers; for new buildings this can only
be done from forecasts of a building’s performance, which need to be as accu-
rate as possible.

There are a number of ways of estimating energy consumption:

1. Simplified energy estimation methods, e.g. degree-days or frequency of
occurrence

2. Steady-state procedural models. e.g. CIBSE Energy Code, SAP (the gov-
ernment’s Standard Assessment Procedure), LT (Lighting and Thermal)
Method

3. Dynamic simulation.

The last of these is a time consuming and expensive option which would nor-
mally only be considered if the building was being modelled for other pur-
poses. The use of steady-state procedures, such as the CIBSE Energy Code
(Part 1 for heating), are not, strictly speaking, energy estimation tools. They
are, rather, a way of comparing proposed designs against good practice
targets in order to assess the effects of individual building and system options
(window sizes, day lighting, control options, etc.). They provide a good way
of getting sufficient detail for a building into a model in order to compare
design decisions, without going to full simulation. Such models have their
limitations, but in skilled hands they can provide real insight into a build-
ing’s energy performance and compare this against realistic benchmark per-
formance. The outputs are normally (as is the case with the CIBSE Energy
Code) given in Wm-2, and it is not valid to convert this to annual energy 
consumption as the models use seasonal averaging for a diverse range of
parameters.

This chapter will focus on the simplified methods, which can be adopted
for both energy estimation and monitoring and targeting of on-going 
performance.

11.1 Degree-day based estimates
The use of degree-days in estimating energy consumption in buildings dates
back to the first half of the twentieth century. In the 1960s in the UK tech-



niques were refined1 which form the basis of guidance given in the 1986
CIBSE Guide2; further refinements have since been developed which try to
limit the inaccuracies and uncertainties. Degree-days are a measure of the
severity of the weather, and when multiplied by the building heat loss factor
(SUA + 0.33NV) they can be used to give an estimate of the building energy
consumption. This is based on the steady state heat loss equation 6.9, which
is fine in principle, but there need to be adjustments in order to give realis-
tic estimates. The sections that follow describe what degree-days are, how
they are calculated and how they should be applied. The concept of base tem-
perature is introduced, which accounts for the useful casual gains in a build-
ing (solar, people, lights and machines); it is important to remember that gains
are only useful if suitable zone temperature controls, for example TRVs, exist
to detect them.

Degree-days are a summation of the indoor to outdoor temperature dif-
ference that the heating system has to make up. Figure 11.1 shows outdoor
temperature over four days, the building set point temperature, and the
degree-day ‘base’ temperature. The degree-day total for these four days would
be the sum of the difference between the base temperature and the average
daily outdoor temperature. This definition has to be adjusted slightly when
the outdoor temperature rises above the base temperature for part of the time
(more formal definitions are given later on in the chapter).

The base temperature is the theoretical outdoor temperature at which there
would be no need for the heating to come on, with the indoor temperature
being raised to the required conditions by casual gains (people, lights,
machines and solar) only. If these gains are reasonably constant the base tem-
perature remains constant, and the energy output from the heating system is
directly proportional to the summated (base-outdoor) temperature differences
– i.e. the degree-days. Therefore multiplying degree-days by the heat loss coef-
ficient of the building (SUA + 1–3NV) gives the theoretical building energy
demand for the period being investigated. Dividing this value by the average
system efficiency therefore gives the theoretical fuel consumption by the boiler
plant. There are a number of caveats to this: it is only strictly true for con-
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Figure 11.1 Degree-days are the difference between the base temperature and daily outdoor temperature.



tinuously heated buildings with constant heat gains and good space temper-
ature control. Degree-day methods become less certain when dealing with
intermittent buildings with variable gains and system efficiencies – the major-
ity of buildings in the UK.

CIBSE Guide 1986 section B.18 gives tables of factors to account for vari-
ations in base temperature and intermittent operation. Such an approach is
simple to use but the results are uncertain with no way of assessing the accu-
racy of the results. Simple degree-day estimates may not be precise, but they
do indicate the order of magnitude of a building’s energy consumption. Where
greater accuracy is required a more rigorous method is needed, which will be
described below.

A note on base temperature before proceeding. Studies in the USA in the
1920s suggested that casual gains accounted for about a 2.5°C lift in domes-
tic buildings. When introduced on this side of the Atlantic (c.1934) it was
assumed the same was true of UK building stock, which being heated to about
18°C gave a base temperature of 15.5°C. Degree-days have been calculated
and published to this base temperature ever since. There are good reasons
not to change this practice, but we shall see that buildings are unlikely to
have this base temperature in reality.

11.1.1 Calculating degree-days
Before considering the application of degree-days to building energy demand
we need to see how they are calculated in practice. The most accurate method
for calculating degree-days is to sum the hourly temperature differences and
divide by 24:

(11.1)

where qo,h is the hourly outdoor temperature, and the symbol + indicates that
only positive values are summed – when the outdoor temperature exceeds the
base the difference for that hour is taken as zero. This method requires the
continuous logging of outdoor temperatures and results in large data storage
requirements. Before the advent of electronic storage media it was necessary
to calculate degree-days from daily maximum and minimum temperatures.
The most common practice (used since 1928) has been to use the Meteoro-
logical Office equations as shown in Table 11.1. Each equation approximates
a particular relationship between outside temperature profile and the base
temperature, as shown in Figure 11.2. These equations still form the basis

D
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=
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24

24

Energy Consumption of Heating Systems 297

Table 11.1 Meteorological Office equations (see Figure 11.2).

Approximation to
Case Condition Ú (qb - qo)dt

1 qmax ≤ qb qb - 1/2 (qmax + qmin)
2 qmin < qb, and (qmax - qb) < (qb - qmin) 1/2 (qb - qmin) - 1/4 (qmax - qb)
3 qmax > qb, and (qmax - qb) > (qb - qmin) 1/4 (qb - qmin)
4 qmin ≥ qb 0



for published degree-day values in the UK. (In the USA only equation 1 is
used.)

An alternative method is the use of Hitchin’s equation3, which calculates
monthly degree-days from the mean monthly outdoor temperature:

(11.2)

where N is the number of days in the month and k is a constant that depends
on the standard deviation of temperature distribution in a given location. It
is calculated from:

(11.3)

The average value of k for the UK is 0.71. The advantage of this method is
that it requires easily obtainable temperature data and can readily be used in
energy forecasting procedures.

11.1.2 Calculation errors
Since the Met Office equations and Hitchin’s equation are approximations
they necessarily incur errors. The magnitude will vary with location, but it is
possible to quantify the error. Ten years of temperature data from Stansted
were used to calculate actual and approximate degree-days to different base
temperatures, and the differences evaluated. Figure 11.3 shows the results
where:
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Figure 11.2 Temperature relationships for the Meteorological Office equations in Table 11.1.



where d is the % difference between actual degree-days (Dactual) and approxi-
mate degree-days (Dapprox). These differences can be represented in a simpler
format shown in Figure 11.4 where the mean value of d and the standard
deviation, sd, can be used to describe the error for particular base tempera-
ture and mean monthly temperature combinations. This gives rise to an
uncertainty relationship of:
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Figure 11.3 d against (base – mean monthly temperature) for Stansted.

Figure 11.4 d and sd for Stansted.
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Example
Example of using Hitchin’s formula to convert monthly degree-days of 115 at
15.5°C base to a base of 13°C, assuming k = 0.71

Newton-Raphson iteration is found from:

where

and

Best first guess:

Use this value to start the iteration process to obtain:

New degree-days:
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(11.5)

11.1.3 Base temperature correction
Traditionally the conversion of degree-day values from one base to another
has been given by single correction factors. However, these are only valid for
a given time frame and are location specific. Figure 11.5 shows that the ratio
between different base temperature degree-days will be different for different
time frames; as such curves are different for different locations, it follows that
the degree-day ratios will differ from region to region.

More accurate base temperature correction procedures have been devel-
oped, for example the BRE Domestic Energy Model (BREDEM)4 uses linear
correction factors. Another alternative is to use Hitchin’s equation (11.2)
using a numerical iterative technique to find the mean monthly temperature
(e.g. Newton-Raphson), and then enter the new required base temperature
to calculate corrected monthly degree-days.

YD 95 2%( ) = +d sd

11.1.4 Application of degree-days
The section that follows derives the degree-day estimation model based on
the energy balance of a building; however the important result is equation
11.14 which can be used without a full understanding of this derivation.



Of all the heat lost from a building to its surroundings, some is made up
by casual gains (solar, people, lights and machines), and the rest is made up
from the heating system; there will also be some heat flowing into and out
of the building structure at any moment in time. At a given moment in time
this can be expressed as a heat balance on the heating system:

(11.6)

where QE is the heat output of the system in kW; QC is the heat flow into (or
out of) fabric storage; QS and QI are the solar and internal gains respectively;
U¢ = (SUA + 1/3NV)/1000 and is the heat loss coefficient (kWK-1); qi is the
internal temperature (usually taken as the control set point); and qo is the
outdoor temperature. 

These rates of energy flow can be summed over a period of time to give
total energy:

(11.7)

Over a suitably long period of time the storage term, QC, becomes negligible
and can be taken out of the expression (in fact its effects cannot be ignored,
but this will be dealt with later). The expression for the heating system energy,
now given the symbol E, can be simplified thus:

(11.8)

where QG = (QS + QI). From this we can derive the concept of a base tem-
perature, qb, as:
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Figure 11.5 Degree-days versus base temperature for different time periods.



(11.9)

In which case:

(11.10)

The integral in equation 11.10 can be expressed as a summation and put in
terms of degree-days:

(11.11)

where n is the number of days in the month or heating season.

The heating system fuel consumption, F, is given by:

(11.12)

where h is the system efficiency

This approach is all very well for a continuously heated building, but for
intermittently heated buildings it overestimates energy consumption. The 
traditional approach has been to apply correction factors (see text box on 
p. 304) which depend on building mass and occupancy patterns. However,
it has been shown5 that correction factors can be dispensed with if the mean
internal temperature, taken over a suitable period of time, is used. Figure 11.6
shows how the temperature fluctuates in an intermittently heated building.
The average rate of heat loss from the building over, say, a month is related
to the average indoor temperature. This mean internal temperature is in turn
dependent on the fabric thermal properties, including storage. It has further
been shown that the mean internal temperature can be approximated by an
expression derived from the ideal cooling and heating equations (9.4 and 9.6).
This is given by:

F
U Dd=

¢24
h

q q q qb o d b o

n

dt D-( ) = = -( )Ú ÂÂ1
24 1

24

1

E U dtb o= ¢ -( )Ú q q

q qb i
GQ

U
= -

¢

302 Heating Systems, Plant and Control

Figure 11.6 Temperature profile for an intermittently operated building.



(11.13)

where

(11.14)

With t2, the optimum switch on time, calculated from:

(9.5)

with:

(9.9)

For an explanation of these two equations see Chapter 9. These expressions
may look difficult to use, but when entered into a spreadsheet they never need
to be solved manually. It is possible to produce curves of (qsp - i) against
t as shown in Figure 11.7, however the mean internal temperature is signif-
icantly dependent on plant size and occupied hours so it is difficult to provide
definitive sets of curves; the most reliable way is to use the equations as given.

So the base temperature is now defined as:
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Figure 11.7 Relationship between mean internal temperature and building time constant.



This can then be used to calculate degree-days, either from historical tem-
perature data or by converting published degree-day values (usually to base
15.5°C) using Hitchin’s formula (equation 11.2). Where QG changes from
month to month this can result in a variation in base temperature, and as
Hitchin’s formula also works for monthly time-scales it is valid to conduct
the calculation for each month of the heating season. These values can be
summed to give the expected heating season energy consumption. This energy
figure can be translated either into money or tonnes of CO2 (1kWh of gas
gives rise to approximately 0.21kg CO2).

11.1.5 Uncertainty
Degree-day estimates cannot give accurate predictions about a building’s
energy consumption; future weather patterns or building use patterns cannot
be predicted. However, such an estimate gives a good indication of what can
be expected for a given set of conditions, and it makes sense to make this
estimate as accurate as possible and also define the expected accuracy – or
the expected uncertainty – of the result. This uncertainty increases as the time-
scale gets shorter, for example daily energy estimates are likely to be much
less accurate than monthly estimates, and monthly are less accurate than sea-
sonal. Hourly estimates are the most inaccurate of all as they cannot account
for the thermal storage and time lag effects of the building. For the estima-
tion method described here this uncertainty can be quantified6 as follows;
monthly energy estimates have an uncertainty, ym, of:

(11.16)

and a seasonal uncertainty, Ys, of:

(11.17)

This information is useful as it tells the user how much confidence one can
have in the final result.

Y Ss mD= ( )-
1600

1 35.

Ym mD= -130 1 3.
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Using degree-days
The accepted method for using degree-days is that set out in the 1986 CIBSE Guide
Section B.182. This uses the concept of equivalent hours of operation of a plant
size equal to the design day heat loss. It is effectively the same as equation 11.12,
but the use of equivalent hours of operation – to which correction factors are
applied – has a sense of practicality and is intuitively easier to visualise. However,
such an approach only allows the use of correction factors to account for inter-
mittency and thermal characteristics. It has been shown that the mean internal
temperature approach is more accurate and reliable than the use of published cor-
rection factors in B.186.

The basis of equivalent hours of full load operation is explained as follows. The
fuel consumption can be expressed as the full load output of the plant multiplied
by the hours which it operates over the heating season, and divided by the sea-
sonal efficiency:

(11.18)F
h Qeq d=

h



Figure 11.8 summarises the method for calculating energy estimates together
with the associated uncertainty. An example is given below. Such a calcula-
tion makes a number of assumptions:

• The building operates under optimum start conditions
• The system is controlled such that the set point temperature is maintained

during occupied hours, and the building can make full use of the casual
gains without overheating

• Occupancy patterns are relatively stable
• Overall system efficiency remains constant
• The building heat loss coefficient has been accurately determined and is

constant.

When assessing how differences to the building or system design will affect
energy consumption it is important to note that changes in the fabric U value
will affect both the heat loss coefficient and the building base temperature
(see equation 11.8). Changes in occupancy patterns will affect the mean 
internal temperature, and hence the base temperature; this in turn affects the
degree-day total and the associated uncertainty. Changes to the way the
system operates may either change the seasonal efficiency or the degree-day
totals. An example of the former would be setting up the boiler controls to
reduce standing losses, whereas boiler anti-cycling devices will reduce the
building internal temperature and hence degree-days. Thus equation 11.12 is
a simplification of all the complexities of a building’s operation, but used cor-
rectly can give good estimates of energy consumption.

Example
A building has a heat loss coefficient of 30kWK-1 and an effective thermal
capacity of 4GJK-1 (see Chapter 9 for the determination of thermal capac-
ity). The internal set point temperature is 20°C and the building is occupied
for 8 hours per day (7 days per week) and has an installed plant capacity of
900kW and mean internal gains of 150kW. Find the energy demand and
carbon dioxide emissions for January if the mean outdoor temperature is 5°C.
Take the system efficiency as 75%.

First we need the time constant, found from:

The switch-on time is calculated from equations 9.5 and 9.9 by first calcu-
lating the switch-on temperature and substituting back into equation 9.5:

t = ¥ ¥( ) =4 10 30 3600 37 046 . hours
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with heq being the equivalent hours of operation, defined as the energy delivered
(in kWh) divided by the design plant output, Qd, in kW:

(11.19)

Substituting equation 11.19 into 11.18 will yield the same answer as equation
11.12, and it can be argued that the equivalent hours concept can confuse rather
than clarify. The published correction values are also a source of concern, partic-
ularly in that the user is unaware of their origin and is constrained in their 
selection. This book will not consider this approach further, and the reader is
encouraged to go to the original text to assess the difference in the methods.
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qso = 16.8°C

t2 - t1 = 8.86 hours

t3 - t2 = 7.14 hours

These values are then used in equations 11.13 and 11.14 to find the mean
internal temperature:
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Figure 11.8 Space heating energy estimation algorithm.



i = 18.93°C

The temperature rise due to gains is:

150/30 = 5 K

So the base temperature is:

qb = 18.93 - 5 = 13.93°C

Using Hitchin’s formula, and assuming k = 0.71, the monthly degree-days
are:

Dm = 277 K-day

and the fuel consumption from equation 11.12 is:

F = 266185 kWh.

The uncertainty in this estimate can be found from equation 11.16, which in
this case is:

Y = 130 ¥ 277-1.3 ¥ 100 = 8.7%

This uncertainty ignores errors in the numerical calculation of degree-days.
The energy consumption can also be translated into CO2 emissions via a

suitable factor. For gas this is 0.21kg CO2 kWh-1. In this case:

266185 ¥ 0.21/1000 = 55.9 tonnes of CO2.

11.2 Monitoring and targeting of existing systems
Degree-days are also used in the monitoring and targeting of building energy
use. Because the outdoor temperature is constantly changing and no two
months from one year to the next are identical, if energy consumption is to
be compared year on year then allowances must be made for the weather.
Degree-days allow this comparison to be made, which is a process called
weather normalisation.

11.2.1 Performance lines
If monthly energy consumption is plotted against degree-days (usually to base
15.5°C) in a scatter diagram, this should show a reasonably linear relation-
ship where energy consumption is largely dictated by space heating require-
ments. Figure 11.9 shows just such a relationship for a building, with a line of
best fit drawn through the points (the equation of the line is also shown). This
best fit line can be readily added to graphs in most spreadsheet packages. (For
manual calculation of best fit lines using least squares analysis, see for
example Draper and Smith7). This line is the so-called performance line of the
building, and the slope of the line is the rate of increase of monthly energy use
per degree-day; the intercept is non-weather related energy consumption,
although this needs to be qualified. Therefore monthly energy consumption
for the building, if everything remains as it is, can be expected to be:

Fuel consumption = slope ¥ degree-days + intercept

In theory, if degree-days were calculated to the actual base temperature of
the building, the slope of the line would be directly related to the heat loss

q
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coefficient (for energy given in kWh this would be (SUA + 1–3NV) ¥ 24/1000),
and the intercept would be the monthly base load (HWS, standing losses, and
any other processes).

11.2.2 Scatter in the performance line
It would be very unusual to see all the data lie on a perfect straight line, such
building energy data always exhibits scatter. This scatter can be attributed to
a number of factors:

• Erratic energy data collection. Data needs to be collected for the same
period as degree-days, i.e. every calendar month. Two to three days either
side can result in up to 10% discrepancies.

• Poor system control. If the system is controlled within wide tolerances, or
not controlled at all, then energy consumption will not correlate well with
weather changes.

• Variations in heat gains or heat loss coefficient (particularly infiltration).
Ironically in well-controlled buildings, where large and sustained variations
are seen in these factors, the base temperature will vary from month to
month (e.g. in buildings with high solar gains). When using a single base
temperature to calculate degree-days this can result in an increase in the
observed scatter. Note that this scatter occurs in the x-axis data.

The degree of scatter in the data is described by what is known as the coef-
ficient of determination (also called the R2 value) which can be used to say
how reliable the performance line is as a monitoring tool. R2 is a number
between 0 and 1, with a value of 1 indicating all the data lies on a perfect
straight line (no scatter), and 0 suggests there is no correlation in the data.
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Figure 11.9 Building energy performance line.



We would normally want to see R2 values greater than 0.75 for use in per-
formance lines – but preferably higher. R2 can be calculated using standard
facilities in spreadsheet charts.

11.2.3 Applying the performance line
Whatever method is used to establish the performance line (and simply using
15.5°C degree-days is often good enough), the next step is to use the equa-
tion of the trend line to compare subsequent energy consumption. This is
done by entering degree-days for each month into the performance line equa-
tion to obtain a prediction of how much energy the building would use
according to its historical performance. This value can be subtracted from
the actual monthly energy consumption to find the difference (if savings are
being made in a given month this difference will be a negative number).
Finally these differences are summed (i.e. the cumulative sum of the differ-
ences (CUSUM)) to give a running total of savings to date. Table 11.2 shows
this process using the performance line in Figure 11.9 as the basis. Figure
11.10 shows a plot of CUSUM against month, which in this case shows an
encouraging downward trend. Should this flatten out, or indeed reverse direc-
tion, it indicates that the building is using more energy than would be
expected and investigation is necessary to determine the cause of the change.
(Note that the magnitude of savings will normally be greater in the winter
than in the summer, which will lead to steeper CUSUM gradients in the colder
months and shallower ones at times of low consumption; such seasonal vari-
ations are to be expected.) CUSUM can be a very powerful energy manage-
ment tool in this respect. It is also a valuable way to present and report
savings made as a result of implementing savings measures; without such a
technique of weather normalisation it is impossible to prove the magnitude
of such savings.

11.2.4 Base temperature and the performance line
For most on-going monitoring applications it is usually adequate to use pub-
lished (15.5°C base) degree-days, but if the performance line is to be used to
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Figure 11.10 CUSUM graph.



assess base load (which may also be found from summer energy bills) then
it is necessary to use degree-days to the correct base temperature. X–Y scatter
plots can show a variety of characteristics, and there have been claims that
it is possible to infer operational faults of heating systems from such data.
Examples of this include negative intercepts or apparent curvature in the data;
however, both of these can be attributed to the use of incorrect base tem-
perature, and any attempts at diagnostics should be done with a good knowl-
edge of the building under investigation. When the actual base temperature
of a building is lower than 15.5°C, then published degree-days will be too
high and the performance line will be shifted too far to the right; in these
cases the data may show some curvature as demonstrated in Figure 11.11a,
and a best fit straight line may give a negative intercept in extreme cases.
When the base temperature of a building is higher than 15.5°C, the observed
curvature is in the opposite direction, as shown in Figure 11.11b, as all the
data points are shifted towards the y-axis.
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Figure 11.11a Building base temperature less than degree-day base temperature. b Building base temperature exceeds
degree-day base temperature.

(a)

(b)



There are two ways in which the actual base temperature of a building may
be found, the first using daily energy data, and the second exploiting the cur-
vature discussed above. If daily energy and outdoor temperature data exists
(as may be the case with a building energy management system), then it is
possible to plot the daily energy against mean daily outdoor temperature as
shown in Figure 11.12. This shows two distinct regions: a slope where
weather influences consumption, and a horizontal portion that is daily base
load. The intersection of these two regions occurs at the balance point of the
building – the base temperature. This can be used to calculate building spe-
cific degree-days. This method was first demonstrated by Jacobson8, and is
known as the building energy signature.

Where daily data is not available then monthly energy consumption can
be plotted against degree-days in the usual way, only this time fitting a second
order polynomial trend line. If the x2 component is negative the curvature
will be convex; this is due to the base temperature being too low and the data
points being pushed towards the y (i.e. energy) axis. If the base temperature
is changed, changing the degree-day values, the x2 component changes also
and becomes zero when the correct base temperature is entered (the trend
line is now effectively a straight line). It can be shown that this method yields
the same answer as a Jacobson energy signature. The degree-day values may
be obtained from monthly published values, and applying Hitchin’s formula
to change the base temperature was discussed in section 11.1.3.

11.3 Benchmarking
Energy benchmarks are a way of comparing the overall energy performance
of a building against typical and good practice. These are usually given in
kWhm-2 of treated floor area per annum. A good example is Energy Con-
sumption Guide 19 (Econ 19) of the Energy Efficiency Best Practice Pro-
gramme9. Econ 19 gives normalised (degree-day corrected) benchmarks for
all end uses in four different types of offices, for both typical and best 
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Figure 11.12 Jacobson building energy signature.



practice found in the UK. The best practice programme also gives benchmarks
for other types of buildings. One of the problems of using benchmarks is
deciding the classification of a particular building, i.e. matching your build-
ing to the published benchmark. This is not always as straightforward as it
may seem as there does not appear to be such a thing as a typical building.
However, such benchmarks are a useful way of quickly assessing a building’s
overall performance.

It is possible to generate theoretical benchmarks for buildings. The CIBSE
Energy Code Part 110 is a tool for doing just this. By entering the physical
and operational details of a building into a spreadsheet, the Energy Code will
return typical expected average heating and electrical power consumption 
(in Wm-2) for a heated and naturally ventilated building. It also provides
targets for energy consumption based on the specific building geometry. The
demands and targets are based on theoretical minimum energy consumption,
and the Code was originally designed to assess the energy implications of
various design decisions; however, they can also form a good basis for com-
parison with actual building energy consumption. There are similar assess-
ment tools for air conditioned buildings such as the CIBSE Energy Code Part
2 and the LT Method11.

11.4 Normalisation
The process of normalisation allows comparison of buildings with similar
uses, but in different locations and with different floor areas. The annual
heating fuel consumption first needs to be separated into weather and non-
weather related components. The non-weather related component can be
identified either through the use of performance lines (see section 11.2.4
above) or by inspection of summer energy bills; failing this the CIBSE Appli-
cations manual AM512 gives suggested HWS loads for typical building types.
Once the weather related component is known this can be divided by the
degree-days for that year (using base 15.5°C is adequate, and taking the
nearest measuring station to the site) and then the result multiplied by 
the ‘standard’ degree-day value of 2462 K-day. This standard value is the UK
wide 20 year average seasonal degree-days, and this process normalises the
building’s weather related consumption to a notional standard set of condi-
tions. The use of 15.5°C base temperature degree-days is adequate for this
purpose, and under no circumstances should the normalisation be carried out
using building specific base temperature degree-days and then multiplied by
2642; this would lead to large errors in the normalisation process. In the case
of a building with a base temperature of 12°C, this would result in a nor-
malised consumption far higher than it should be, and lead to the impression
that the building was performing poorly.

Floor area can be a significant source of error in normalisation. Building
owners and operators seldom have accurate information about treated floor
area. Surveys carried out at the BRE have shown that considerable variation
exists between declared floor areas (e.g. in cleaning contracts), and floor areas
taken from building drawings. In some cases this can be in excess of 10%
(and sometimes vastly different), which directly impacts on the accuracy of
an area normalised energy consumption. It is important to obtain accurate
and up-to-date floor area data; changes in building form or use should be
reviewed regularly for an organisation’s building stock.
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11.5 Minimising energy use in heating systems
Heating systems described in this book will consume fuel to provide the
service required in a building. For reasons of environmental impact, economy
and plain good management this fuel consumption should be kept to a
minimum. Good design and installation, followed by regular and thorough
monitoring and maintenance, will achieve this. Much is down to design, with
many of the early decisions having a lasting impact on the energy perform-
ance of the plant.

11.5.1 Design
The main influences on building energy consumption are heat loss coefficient,
system efficiency and effective use of casual gains, all of which are succinctly
captured by equation 11.12. The efficiency will be largely dictated by the
choice of boilers. The best choice is to employ at least one condensing boiler,
although the caveat to this is that the system must be designed and operated
to give suitably low return water temperatures for a sufficiently long period.
In addition, the extra cost of condensing boilers needs to be weighed up; such
a cost benefit analysis can be conducted by changing the expected seasonal
efficiency in equation 11.12 to see the effects (for domestic applications,
figures for efficiency can be found in the SEDBUK ratings13, and commer-
cially from manufacturers’ literature).

Another influence on seasonal efficiency will be distribution losses. If all
the pipework is within a building these will be very small, but on large multi-
building sites these can be significant. Where space permits many such sites
will employ distributed heat generation (i.e. boilers within each building) as
opposed to centralised plant. However, centralised heat generation is essen-
tial where combined heat and power can be used; any increase in distribu-
tion losses will be greatly outweighed by the efficiency of overall energy
delivery.

The selection of the number of boilers in the central plant will also have
an impact, as discussed in Chapter 10, with a larger number of smaller boilers
increasing the individual performance of each unit. Again the caveat here is
that well-designed controls must be installed to ensure correct running of the
plant. In theory it is desirable to use modulating burners to reduce on/off
cycling, but alternatives of high/low firing or even series connected boilers
can be just as appropriate.

The design of space temperature control is also essential (e.g. TRVs or com-
pensators, or both). These ensure no overheating and allow casual gains to
be fully utilised. In terms of the degree-day equation, space temperature con-
trols reduce the base temperature (and hence the value of D).

It should go without saying that design of the building envelope can reduce
energy consumption. This is a very significant issue for both design and oper-
ation (it is necessary to keep infiltration down as well), as a reduced heat loss
coefficient helps to utilise more gains, as well as reduce heat loss. In terms of
equation 11.12 this gives smaller U¢ and D. Building Regulations do dictate
the minimum requirements for insulation and air tightness, and most design-
ers will work strictly to these requirements; however, arguments can be put
forward, on a case by case basis, that show it to be economically beneficial
to have better insulation standards than dictated by the Building Regulations
over the lifetime of the building. The degree-day estimation procedure 
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outlined in this chapter can be used for just this kind of analysis. The bene-
fits can be improved if carbon savings can be included in the analysis (for
example through carbon trading schemes).

11.5.2 Hot water services (HWS)
HWS poses a particular problem for the overall efficiency of a heating system.
Where this is met from a central calorifier, served by the central boiler plant,
this can add an energy penalty to the system. In summer this means that the
central boiler plant will need to be kept on to service this load; the primary
circuit will have to be kept up to temperature, irrespective of the demand on
the hot water calorifier. Hot water demand can be highly intermittent, and
will invariably have periods of very low load, and serving this from the central
primary circuit leads to greater circuit and boiler losses. In many circum-
stances (especially in larger systems) it will be advantageous to serve the 
HWS calorifier from a dedicated boiler or use a stand alone hot water 
generator (see section 8.4.5). With the former it is possible to include stand-
by facility from the space heating boilers, but which could only be brought
on manually.

The separation of space heating and HWS also allows for an extended
period each year when maintenance can be conducted on the space heating
plant without loss of service.

11.5.3 Management
Heating systems require thorough and proactive maintenance to stay at their
peak efficiencies. This includes regular cleaning of the burner heads and fire-
side heat exchanger surfaces; any evidence of sooting in the boiler indicates
a severe problem at the burner, with incomplete combustion leading to greater
fuel consumption to meet demand; it also indicates a danger of carbon
monoxide generation. Advice on maintenance regimes can be obtained from
boiler manufacturers, and if in-house staff are not available to carry out such
work it is essential to set up a service contract.

Controls also need to be checked periodically to ensure they are operating
correctly. Boiler firing patterns should be monitored to see whether the
sequence controls have drifted out of calibration. Where multiple boiler sets
are not being controlled correctly there is a likelihood of excessive cycling
and component wear, and most likely increased energy consumption. Tem-
peratures within the circuit should be monitored to ensure these are not drift-
ing too high (an indication of poor control) and return temperatures are
within operating limits. In the case of the latter this is important in condensing
boiler applications to ensure maximum efficiencies.

The performance of ancillary equipment is of equal importance. Leaks
around pump seals, valve glands or through automatic bleed valves should
be rectified early, and can have serious consequences for pressurised systems.
Pipework should be checked for leaks, and regular inspections carried out to
ensure the integrity of the pipework insulation. Chemical dosing pots are a
typical area of neglect; these are typically not lagged, and often the valves are
left open so that hot water circulates through them – which is a significant
source of wastage. Simple vigilance can prevent such problems.

Management of heating systems (an activity combined with all of the build-
ing services) is therefore one that requires good knowledge of the systems in
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place, how they are (or should be) operated, and what needs to be done to
maintain their performance. At one level this requires an appropriate regime
of maintenance checks, dictated by the technical requirements of the plant
and equipment, but at a higher level it requires the appropriate strategy within
which these checks are effectively carried out. This may be a choice between
in-house or contracted services, with the latter being almost invariably less
expensive. However, out-of house maintenance provision needs to be accom-
panied by sound quality control mechanisms to ensure the work is being
carried out effectively. Whichever is used (and this is normally dictated by
the complexity and required reliability of the plant) it is therefore essential
that there is good engineering knowledge of the plant and systems installed
in a building. The design and operational issues set out in this book have
been presented in order to provide this required level of knowledge about
heating systems. Heating should not be taken for granted simply because
every building has a system. On the contrary it is a subject that should be
understood in depth because of this; this book has set out to demonstrate
that a LPHW heating system is more than just a boiler, a few pipes and a set
of radiators, but rather a mix of modern precision technologies that operate
together with the building in a complex dynamic way that is often not simple
to define.
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Boilers, contd
heat transfer process: see block
materials
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cast iron 56
copper 58
distinction between iron and steel
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for condensing boilers 79
primary material 56
steel 57
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minimum water flow rate 17, 50
open vent 95
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trends in design 15, 17
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types 56
water

content: see block
treatment: see Water treatment

waterways 14
Boilers, modular 269, 271

multiple 269, 284
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Burners
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Combustion
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control functions 39
control modes

on/off 40, 50
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for condensing boilers 83
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Burners, contd
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design 23
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flame
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fan-assisted 29
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for oil
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radio frequency interference 26
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liquefied petroleum gas (LPG)
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Calorific value
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greenhouse gas emissions 2
intensity (CI) of boiler plant 92

Chimney 137
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concept 113
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construction 114
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earthing requirements 126
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heat rejection 121
heat recovery system 116
hydraulic characteristics 122
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large-scale power generation 113
maintenance cost 119
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total marginal cost
noise 125
operation as ‘lead boiler’ 125
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parasitic power consumption 121
pipework connections 116, 122
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return water temperature 126
safety and limit controls 122, 125,
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sizing of system 121
supplier finance 122
total marginal cost (TMC) 120
types of CHP system 114

Combustion
air damper 31, 38, 44, 45
air fan 29, 36, 144, 147, 148
air preheating in atmospheric gas

burners 25, 44
air requirements for 105
air supply: see Ventilation of boiler

room
chamber 12
characteristics of an ideal process 20
complete and incomplete 21
flame reversal 62
formula for a pure hydrocarbon fuel

with excess air 22
gas recirculation 32
production of pollutants 22
pulse systems 34
role of excess air 21, 22
stoichiometric air-to-fuel ratio 21

Comfort temperature 187, 177
Condensate index: see Condensing

boilers
Condensing boilers

acidic nature of condensate 75
benefits of condensing operation 75,

76
burner control 83
condensate index 76
connection to heating load circuit 80,

292
construction

materials 79
primary and secondary heat

exchangers 80
cost premium 75
dew-point temperature 77
disposal of condensate 78
heat release during condensation 74
hydraulic characteristics 83
implications for flue design 76
implications for heating system

design 78, 278, 292
induced-draught fan 80
limitations of fuels other than natural

gas 76, 77
operating principles 73
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Condensing boilers, contd
operation as lead boiler 79
return water temperature 78
series-connection of secondary heat

exchangers 83
setting of control thermostat 51
use with flue dilution systems 155

Condensing economisers
close-coupled to individual boilers 84
installed in bypass off common flue

header 85
Coefficient of performance (COP) 128
Control

control valves 209
flow regulation 192
of boilers 267
outdoor compensation 201, 265,

272, 278
temperature regulation 194

Control valves
authority 209, 212, 213
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inherent characteristic 211
installed characteristic 212, 214
linear 212
quick opening 212
sizing 213

Convection 189
Convectors

fan 167
natural 165
perimeter 166
trench 167

Copper boilers 65
CUSUM 309

Degree days
accuracy 298
base temperature 296, 300
CIBSE data 304
CUSUM 309
definition 297
monthly 298
performance lines 307
principles 295
uncertainty 304

Demand Units 230
discount factor 257, 221
Distillate fuels 101
Dog legs 216
Down-draught 27, 157
Down-draught thermostats 29, 54
Draught diverters 28, 160
Draught stabilisers 31, 143, 148, 155
Dry-base boilers 18
Dry resultant temperature 177, 187
Dual-fuel burners 39

Efficiency
of boilers 267
of HWS 235, 237

Emergency gas (oil) shut-off and
isolation valves: see Fire safety
shut-off valves

Emissions from boiler plant
carbon 2, 18, 20
carbon monoxide 21, 27, 137
NOx 2, 22, 32, 34, 137
smut 137, 143, 158
sulphur dioxide 18, 22, 137

Energy
benchmarking 311
CO2 emissions 2
estimation techniques 295
management 314
of heating systems 2, 295, 313
of HWS 314
of space heating 295

Energy crops 12, 20, 135
Energy efficiency ratio 129
Enhanced capital allowance (ECA) 122
Environmental Issues

CO2 emissions 2
NOx 2

Environmental temperature 179
Expansion Bellows 218

Fan convectors
construction 167
heat output 174

Filling ratio, of LPG storage tank 99
Fire-tube boilers 67
Fire safety shut-off valves 98, 100, 

104
Flow temperature

choice of 195
safety issues 195

Flue box 59
Flue dampers: see Flues
Flue dilution systems: see Flues
Flue gas recirculation 32
Flue gas sampling and analysis 90, 91
Flue gas temperature 54, 76
Flue gas temperature in condensing

operation 141, 161
Flue hood 29, 61, 65
Flue losses 268
Flues

avoidance of acid dew-point 158
balanced flues 149
balanced-compartment systems 151
Clean Air Acts 156, 157
condensate drainage 160, 161
condensate plume in condensing

operation 161
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Flues, contd
connections to chimneys and

common headers 160
construction 159
cross-section 160
dilutant flues: see Flue dilution

systems
down-draught 157
down-draught thermostat 29
draught

definitions and calculation 138
diverters 28, 160
stabilisers 31, 143, 148, 155

efflux velocity 137, 157, 158
flue dampers 31, 42, 143, 144
flue dilution systems 153
flue gas velocity 157
for multiple boilers 159
for condensing boilers 76, 83, 161
function 137
harmonic pulsations 160
height of flue or chimney

natural gas boilers 157
oil-fired boilers 158

induced-draught fans 144, 148
inside surface temperature at exit

from flue 143
inversion 157
location of flue outlet 160, 161
materials 159, 161
mechanical-draught systems

altitude correction for fans 149
balanced-draught systems 148
forced-draught systems 147
induced-draught systems 144

natural-draught systems 144
outlet cones 157
positive-pressure flues 159, 161
pressure loss due to pipe friction 139
pressure loss in flue fittings 142
primary flues 28
sizing 156
smut 137, 143, 158
temperature drop of flue gases 142
types 139
velocity pressure of flue gases 141
volume flow rate capacity 142

Fuels for boiler plant
alternatives to the common fuels

bio-diesel 20, 136
energy crops 12, 135
waste 136
wood 12

choice
cost 18
environmental impact 19

conversion 36

Fuels for boiler plant, contd
dual-fuel operation 39
liquefied petroleum gas (LPG)

altitude effect 27, 99
calorific value 36, 88
composition 18
fire safety shut-off valves 100
flammability 99
freeze burns 100
storage 99
supply pressure 99

natural gas
altitude effect 27
as preferred fuel for condensing

operation 76, 77
boosting of supply pressure 27, 96
calorific value 88
CO2 content of combustion gases

21
composition 18, 20
fire safety shut-off valves 98
flame luminosity 14
metering 98
pipework pressure drop 27, 96
supply pressure 27, 96

oil
calorific values 88
CO2 content of combustion gases

21
daily service tank 102
distribution systems

pumped ring-main 104
single-pipe, gravity-fed 102
two-pipe 104

fire safety shut-off valves 104
flame luminosity 14
fouling of burner 38
grades 18, 100
preheating for combustion 38, 105
storage 101
use as standby fuel 39, 77
vent pipe 101

products of combustion 20
source of energy release 20

Fuel storage: see Fuels for boiler plant
Fusible links: see Fire safety shut-off

valves

Gas boosters 27, 96
Gas detection systems 99
Gas line

components 47
proving of solenoid valves 46
provision for burner withdrawal 49
role in burner control 41, 42, 45
supply pressure for atmospheric

burner 27
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Gas line, contd
to small-scale packaged CHP unit

122
Gas train: see Gas line
Generators for hot water 238
Global warming potential (GWP) 2,

22, 119, 135; see also
Emissions from boiler plant

Greenhouse gases 2, 22, 119, 135
Gross calorific value (GCV) 88
Guides 215

Hangers 215
Heated Floors 171, 183
Heat emitters

effect on comfort 177
effect on energy consumption 179
heat output data 172, 189
radiant fraction 176
types 165

Heat loss
from buildings 179, 247
from cylinders 234
from pipes 196, 220

Heat loss coefficient 179
Heating

as a fundamental building service 1
extent of heated space in UK 2
use of

high-pressure hot water (HPHW) 1
low-pressure hot water (LPHW) 1
medium-pressure hot water

(MPHW) 1
steam 1

Heat pump cycles: see Heat pumps
Heat pumps

appliance coefficient of performance
129

balance temperature 130
bivalent alternative systems 130
bivalent supplementary (parallel)

systems 131
coefficient of performance (COP) 128
control 133
defrost cycle 132
economic performance 133
energy efficiency ratio 129
environmental performance 134
flow water temperature 130, 132
frosting of evaporator: see defrost

cycle
heat pump cycles

absorption 129
vapour-compression 126, 128

heat sources 126
implications for heating system

design 132

Heat pumps, contd
noise and vibration 133
ozone depletion potential 129
pipework connections 133
preheat period 132
refrigerants

types 129
ozone depletion potential (ODP)

129
global warming potential (GWP)

135
secondary heat generator 131, 132
thermodynamic cycle: see heat pump

cycles
total equivalent warming impact

(TEWI) 135
types 126

Hitchin’s formula 298, 300
Hot water

deadlegs 236
efficiency 235, 237
generators 238
instantaneous 239
legionella 242
pumped storage 237
recovery time 228
sizing 229
solar 239
standing losses 234
storage 228, 233, 235
unvented 237

Hot water generators 73, 238
Hydraulic stability in boiler

installations 93

Infiltration loss 179, 248
Injection Systems 288
Inshot burner 23
Instantaneous hot water 227, 239
Insulation

economic thickness 197
of pipework 196

Inversion 157
Ionisation probe 46

Kettling 14

Legionella 242
Liquefied petroleum gas (LPG): see

Fuels for boiler plant
Loops 216

Marginal cost 257
Mean radiant temperature 177, 187
Methane: see Biogas; also Fuels for

boiler plant, natural gas
Modular boilers 34, 69
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Modular boiler systems 61, 67
Monitoring and targeting 307

Natural convectors
construction 165
heat output 173

Natural gas: see Fuels for boiler plant
Net calorific value (NCV) 88
NOx: see Emissions from boiler plant

Oil: see Fuels for boiler plant
Oil line 10, 102
Oil storage: see Fuels for boiler plant
Open vent 95
Optimum start

and compensators 265
control algorithms 261
savings 254
switch on temperature 253
switch on time 253

Optimum stop 265
Optimum switch on temperature 252
Optimum switch on time 253
Outdoor design temperature 248
Oversizing 248, 268
Ozone depletion potential (ODP) 129

Pilot burners 25
Pipework

arrangements to individual boilers
93

expansion of 216
forces acting on 213, 218, 225
heat loss from 196, 220
insulation 196
supports 215

Plant ratio 249
Pollutants 2, 22, 137
Preheat time 250
Premix fans 34
Present value 221, 257
Pressure in the boiler circuit

minimum requirements
single boilers 94
multiple boilers 95

maximum operating pressure 96
protection against excessively high

pressure 95
Primary circuit 199, 271, 279
Propane: see Fuels for boiler plant,

liquefied petroleum gas (LPG)
Pulse combustion 34
Pumps

input power 203, 204
pump curve 202, 223
pump laws 204
speed control 205

Purging of combustion chamber 34, 
47

Radiant heat 176, 189
Radiant panels

construction 170
heat output 175
surface temperatures 170, 181

Radiators
construction 168
heat output 175
pipe connections 170, 175
surface temperatures 181, 170

Radio frequency interference 26
Refrigerants, in heat pump applications

129
Renewable energy technologies: see

Energy crops
Residual fuels 101

Seasonal efficiency 269
Secondary circuits 199, 200, 271
SEDBUK ratings 313
Shell-and-tube boilers 61
Siegert formula for boiler stack loss

90
Sizing

boilers 249
economics of 255

Small-scale packaged CHP unit: see
Combined heat and power
units

Solar hot water 239
Solar panels

construction 241
efficiency 240, 244

Stack loss: see Boilers
Steel boilers 61
Stratification 178

Temperature dilution 287
Thermal capacity 253
Thermal comfort

air temperature 177, 187
dry resultant temperature 177, 

186
effects of emitter selection

178
radiant temperature 177, 187
stratification 178

Three-way vent cock 95
Time constant 253
Total equivalent warming impact

(TEWI), of heat pump
refrigerants 135

Trends in boiler design 15, 17
TRV 168, 181, 183
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Ullage, in oil tanks 102
Underfloor heating

construction 171
heat output 172, 177, 183
intermittent use 184
surface temperatures 171

Upshot burners 23

Vapour-compression cycle for heat
pumps 126, 128

Variable volume
bypass control 206
control 201
energy savings 203
speed control 204, 205

Ventilation of boiler room
balanced-compartment systems 108,

150
mechanical supply and extract

108
mechanical supply and natural

extract 106
natural supply and extract 106

Ventilation of boiler room, contd
requirements 105
use of correct calorific value 106

Waste as fuel: see Fuels for boiler plant
Water content of modern boilers: see

Boilers
Water treatment

chemical measures and dirt traps 111
cost of non-treatment 112
effects of dissolved oxygen 110
effects of scale formation 109
formation of biofilms 110
metering of system make-up water

110
pH value of boiler water 110
water hardness and scale formation

108
Water-tube boilers 67
Water vapour dew-point 77
Weather compensation 272
Wet-base boilers 18
Wet-leg boilers 18
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