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Introduction

In recent decades there has been growing awareness of the environmental impact of 
man�s activities, and concerted efforts to identify and address the key factors that give 
rise to the most damaging impacts. It has become clear that buildings are one of the 
principal sources of environmental degradation. This is primarily due to the carbon 
impact of the fossil fuels used to operate buildings, which is a major contributor 
to climate change. There is an imperative for those practising as building services 
designers to in�uence the design of buildings, and to plan their active engineering 
systems, so that carbon emissions are minimised. This requires an awareness of all 
the factors that give rise to carbon emissions throughout the life cycle of a building.

The design of buildings is a complicated process of synthesis and iteration involving 
a range of disciplines. Building services engineering is one of the principal design 
disciplines, alongside architecture and civil/structural engineering. Building services 
engineering is itself made up of a range of sub-disciplines, primarily mechanical 
and electrical engineering. Many of those entering the building services engineering 
profession are from traditional mechanical and electrical engineering undergraduate 
courses, and have usually had only limited exposure to the wider issues involved in 
building design more generally, and energy ef�cient buildings in particular. Many 
undertake master�s degrees in building services engineering, or similar courses, 
which often provide an element of conversion into their new �eld. For buildings to be 
successful, it is essential for all design professionals to work in a collaborative way 
with mutual respect and a clear understanding of the wider context and common 
imperatives. An essential feature of courses in building services engineering should, 
therefore, be to impart suf�cient awareness of the sustainability imperative, and the 
nature of the design process, together with the range of interdisciplinary in�uences 
that need to be resolved and developed into a satisfactory design resolution.

This book has largely arisen from a module in Brunel University�s full-time and 
distance-learning MSc course in Building Services Engineering that covers the general 
issues related to building services design. In common with many undergraduate and 
post-graduate courses in the subject, individual mechanical and electrical building 
services systems are taught as separate modules. The building services design module 
brings together the necessary background on sustainability with an understanding of 
the design process and synthesis required to achieve integrated design for low-carbon 
buildings and engineering systems.

The book focuses on energy ef�ciency as a central and fundamental strand of 
a wider sustainable objective for the built environment. It can be considered as a 
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general introduction to the subject, primarily aimed at students who have not previ-
ously studied built environment subjects. It does not cover the many other aspects 
of sustainability that are necessary considerations in building design; aspects such 
as materials, waste management, water management, transport policy, biodiversity, 
self-suf�ciency as well as the more general environmental and societal aspects. It 
only covers sustainability issues related to designing for low-carbon performance 
throughout the life of the building. It assumes a basic understanding of the main 
mechanical and electrical engineering systems in buildings.

Building Services Design for Energy Ef�cient Buildings is primarily concerned 
with the strategies required when planning and designing low-carbon solutions for 
buildings. It only refers to those building services systems that are energy consuming; 
so it does not cover other non-energy systems that form part of the wide spectrum of 
building services engineering. For example, lifts are only covered in relation to energy 
and load assessment aspects. It only partially covers the background principles or 
detailed design processes for engineering systems, suf�cient to convey the key energy 
ef�ciency aspects. There are numerous academic textbooks and institutions� guides 
that provide comprehensive coverage of these design aspects for individual systems (or 
groups of related systems), including heating, ventilation, air-conditioning, hot water 
systems, electric power, lighting, lift engineering and automatic control systems. Such 
books cover in considerable depth aspects such as comfort criteria, indoor climate 
systems, system concepts and analysis, plant and equipment sizing, health and safety 
aspects, ductwork sizing, pipework sizing, cable sizing, lighting design and so on. This 
book does not cover these detailed design aspects but is, instead, primarily concerned 
with the wider concepts of systems and the design approach that should be adopted. 
This is necessary so that a building and its systems can be developed as an integrated 
whole that minimises environmental impact; minimises usage of dwindling fossil fuel 
supplies; and is adaptable to the predicted changes in climate.

Chapter 1 provides a brief introduction to the background issues on the environ-
mental impact of human activities, global warming and climate change; together with 
the need to maintain security of energy supply. The context is provided for energy and 
materials usage in the built environment, including the need for designs to adapt to 
address climate change impacts. This chapter outlines the imperatives for designing 
energy ef�cient buildings as a key strand of creating a sustainably built environment, 
and introduces key design concepts for sustainability.

Chapter 2 describes the design process, including a brief outline of the principal 
roles in a design team and how they should work together to create integrated 
solutions. Development of the design brief is a key activity and is described in 
some detail. The essential activities of the building services designer are described, 
together with key design considerations at each stage that can help in achieving 
low-carbon performance. A brief outline is provided for legislation and codes for 
designers, including health and safety management, together with quality manage-
ment of the design process.

Chapter 3 describes a generic strategy for achieving energy ef�cient buildings, based 
on an energy hierarchy approach. This includes an initial focus on elements of passive 
design for the building envelope. A range of generic measures are described for active 
engineering systems and renewable technologies, which are explored in more detail 
in Chapters 5�9; together with combined heat and power and management regimes. 
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The Building Regulations in England and Wales Approved Document Part L is brie�y 
introduced as an example of national regulations for conservation of energy.

A key requirement for undertaking design is an understanding of how existing 
buildings perform in practice, so that relevant operational feedback can inform the 
design for future buildings. Chapter 4 describes how a formal post occupancy evalu-
ation (POE) can play a key part in optimising the energy and environmental perfor-
mance of buildings. This includes case studies, methodologies for environmental 
assessment and European directives on building energy performance.

Chapters 5�9 describe design strategies for the main energy using engineering 
systems. Chapter 5 explains energy ef�cient methods of ventilation. This includes 
requirements and strategies, together with natural ventilation, ventilation for cooling 
and traditional methods of ventilation. Chapter 6 gives details on air-conditioning 
systems, including system classi�cations and types for different applications. A 
method is presented for system selection and evaluation. Chapter 7 describes the 
principal components of HVAC equipment, including plant for generating heating 
and cooling, heat pumps and solar thermal systems. Chapter 8 covers distribution of 
thermal energy, and measures for improving energy ef�ciency. This includes hydraulic 
systems, ductwork systems and variable volume circuits for optimal energy perfor-
mance. Chapter 9 describes energy ef�ciency considerations for designing electrical 
systems, together with controls, metering and monitoring for all the energy using 
systems. This includes renewable technologies for electricity generation.

An essential part of engineering systems design, and a key component in the deci-
sion making process for designing and selecting appropriate engineering systems, is 
load assessment. Chapters 10 and 11 cover the key aspects of load assessment for 
thermal systems (heating and cooling), and electric power systems, respectively.

The active engineering systems must be integrated with the architectural and struc-
tural designs in such a way that promotes good energy performance over the life of 
the building. Chapter 12 outlines the key principles of space planning and coordina-
tion for services. This includes planning plant spaces together with vertical and hori-
zontal distribution zones.

It is hoped that Building Services Design for Energy Ef�cient Buildings will be 
of use to those studying at master�s level in building services engineering and related 
built environment, architectural engineering, sustainability and energy subjects. It 
should also be of use to those studying on the �nal year of BSc, BEng and MEng 
courses in these subjects. It is hoped that the subject matter will also be of more 
general use to practitioners in the �eld, together with architects and other building 
design professionals, as a useful text bringing together a broad coverage of building 
services design and energy ef�ciency matters in a single volume.
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Chapter 1

�7�K�H���L�P�S�H�U�D�W�L�Y�H�V���I�R�U���D�Q���H�Q�H�U�J�\���H�I�À�F�L�H�Q�W��
built environment

1.1  Introduction

This chapter provides a brief introduction to the key background issues related to 
sustainability in the built environment, primarily those arising from carbon emissions 
due to the use of fossil fuels. It starts by looking at the principal threats to the global 
environment and the need to undertake development in a sustainable way. The back-
ground issues of global warming and climate change are summarised, together with 
an outline of the predicted impacts which indicate the scale and urgency of the chal-
lenge. The UK targets for limiting carbon emissions are described, together with an 
indication of recent performance against the targets. In order to show the relevance of 
these issues for building services design, the carbon impact of the built environment 
is outlined. An important factor is the processes through which energy is delivered to 
buildings, including the key issue of energy wastage through conversion and distribu-
tion, and other impacts of using fossil fuels.

A separate impact of fossil fuel usage is examined through looking at the reduc-
tion in reserves available, together with the adequacy of infrastructures to meet the 
anticipated supply side and demand side of energy requirements in the near future. 
A further aspect of energy strategy relates to materials used in building construction 
and operation, and to identifying ways in which their impact can be reduced.

The �nal part of the chapter looks at general principles that apply to the design of 
sustainable products and services. These are put into context for buildings, with an 
emphasis on the need for a whole-life approach and to challenge prevailing solutions, 
with a primary focus on demand reduction.

It should be noted that this chapter focuses primarily on the carbon and energy 
aspects of sustainability, rather than the wider factors.

1.2  Principal threats to the global environment

To understand the imperative for sustainable development in the context of the built 
environment, it is necessary to start from a perspective of the wider nature and range 
of environmental factors that threaten man�s continued habitation on Earth; and then 
identify those causes that speci�cally arise from the built environment. By identi-
fying the priorities for attention, it is possible to focus on the key aspects related to 
design for the built environment, while accepting that a wider range of environmental 
factors will require attention to contribute to the broader objective of sustainability 
in practice.
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the concept of sustainable development being a satisfactory balance between envi-
ronmental protection, social equity and economic development, sometimes known 
as the �triple bottom line�, as shown in Figure 1.1. While there is a wide range of 
challenges involved in achieving such a balance (Drexhage and Murphy 2010), there 
is a prevailing scienti�c view that the most signi�cant threat to a sustainable future 
is climate change arising from �anthropogenic� (i.e. caused by mankind�s activities) 
global warming. This is mainly due to the presence of greenhouse gases (GHGs) in 
the troposphere, as described in the following section.

1.3 The greenhouse effect, global warming and climate change

There are a variety of natural factors that have altered the climate of the Earth in the 
past, and there is a natural �greenhouse effect� that has warmed the Earth�s surface 
for millions of years (DECC 2012a). These natural factors cannot, however, account 
for the extent of warming that has been observed since 1990 (DECC 2012a). The 
evidence from the spatial pattern of warming, and the results of modelling, indicate 
this warming has largely been due to increased emission and accumulation of green-
house gases (GHG) caused by mankind�s activities. This has created an �enhanced 
greenhouse effect�, alongside which are feedback processes that cause ampli�cation 
of the warming (DECC 2012a, 2012c).

The physics and mechanisms associated with the interaction between the Earth�s 
atmosphere and fossil fuel consumption are, obviously, extremely complicated and 
well beyond the scope of this book. For the purpose of understanding the basic 
concepts and terminology related to climate change, a highly simpli�ed approach is 
suf�cient, as shown in Figure 1.2.

Figure 1.1 Sustainable development: the ‘triple bottom line’

Source: UN 1987
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years (Coley 2008). The atmosphere close to the surface of the Earth has risen in 
temperature by about 0.75°C since about 1900, and much of this temperature rise, 
about 0.5°C, is estimated to have occurred since the 1970s (DECC 2012a). There has 
been other evidence of global warming in recent times, including rises in sea level and 
reduced levels of sea ice in the Arctic (DECC 2012c).

Global warming will affect the world�s climate in numerous complicated ways, 
giving rise to climate change. �Climate change� is a more useful term than �global 
warming�, because it conveys the understanding that the effect could bring about 
colder as well as warmer climate impacts in different locations, plus other climate 
disturbances. It is also necessary to distinguish between weather and climate. Weather 
relates to the short-term variability in a particular location, whereas climate relates to 
the long-term pattern of statistics for conditions in a particular region (Coley 2008). 
The term �climate change�, as used in this context, refers to a change in the climate 
that is identi�able and continues for decades or longer and often refers to changes 
arising from man�s activities since the Industrial Revolution (DECC 2012a).

The principal international body on this subject is the United Nations 
Intergovernmental Panel on Climate Change (IPCC). This panel is made up of 
respected scientists from around the world, and has been publishing comprehensive 
reports every few years on the scienti�c viewpoint. The IPCC�s 4th Report (also 
known as Assessment Report 4, or AR4) of 2007 was regarded as pivotal because 
it provided a consensus of certainty on the in�uence of human activities on climate 
change. The Report concluded that most of the global warming that has been 
seen since the mid-20th century is very likely to be due to the increase which has 
been observed in the concentration of GHGs caused by human activity creating an 
�enhanced greenhouse effect� (IPCC 2007). It considers the probability to be more 
than 90% (DECC 2012a).

The most important greenhouse gases are carbon dioxide, methane, chloro�uoro
carbons, nitrous oxide and ozone. The relative contribution of each gas to the enhanced 
greenhouse effect depends on its global warming potential and the level of concentra-
tion in the atmosphere. The relative contributions have been noted by Coley (2008):

CO2	 65%
Methane	 20%
CFCs, HCFCs	 10%
N2O	   5%

Because so much impact arises from CO2 emissions, a key question is: what is the 
upper threshold of CO2 that can be tolerated in the long term, and that can, there-
fore, be a target? Scientists have indicated that a level of 350ppm by volume would 
be a relatively conservative target. It is considered that this target would maintain 
the relevant processes on the safe side of the tipping points for the climate (DECC 
2012a). It should be noted that the generally assumed �gure for pre-industrial CO2 
is about 280ppm. It is estimated that CO2 levels have risen by about 40% since the 
onset of the Industrial Revolution, and are now at about 390ppm by volume. The 
level is now higher than it has been for 800,000 years (DECC 2012a) and has been 
increasing at a rate of about 2ppm per year during the past decade. Scientists reckon 
that a reduction of 80% in carbon dioxide emissions below 1990 levels by 2050 will 
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on sustainable construction for new buildings, the greatest potential for reduction in 
carbon emissions is actually from refurbishment of existing buildings, particularly in 
the domestic sector. There were 25.7 million households in the UK in 2006, compared 
with 19.0 million in 1971 (DEFRA 2009a). This provides a social context, as approx. 
60% of this rise related to the increase in single-person households (DEFRA 2009a).

It is also useful to see the sustainability challenges in the context of the nature 
and growth of the urban environment in a global sense. The UN estimated that by 
2008, half of the world�s population lived in towns and cities (Barley 2010). This 
is a trend that is likely to continue. Recent studies of the relative impacts of urban 
and rural areas have shown that urban areas are ef�cient in land use, as they only 
take up about 3% of the land surface of the Earth (Barley 2010). Moreover, because 
cities have high population densities, they provide an opportunity for ef�cient energy, 
water and sanitation infrastructure, together with viable public transport networks, 
all of which reduce the relative CO2 impact (Barley 2010). Studies of CO2 emissions 
in the US have indicated that citizens of New York produce, on average, only about 
30% of the average emissions for the country (Barley 2010). In the UK, government 
statistics for CO2 emissions for local authority areas for 2007 show that most of the 
major urban areas had per capita emissions of less than 7.1 tonnes of CO2, whereas 
for many remote rural areas the �gure was above 10.1 tonnes (DEFRA 2009b). For 
the majority of the London boroughs, the �gure was below 6.3 tonnes. These �gures 
are on an end-user basis and incorporate all industry, commerce, domestic and land 
use emissions. Overall, the �gures are tending to decrease.

A further impact of the growth of urban areas is the difference in thermal response 
when compared with rural areas. The surfaces of a city absorb more solar radiation 
during the day, and release it at night. This is due to the high thermal capacity and 
arrangement of high walls and dark-coloured roofs in city centres, as outlined by 
Goudie (2000). The densely built-up centres of cities provide the highest tempera-
ture anomalies, generally called the �urban heat island effect� (Christopherson 1997; 
CIBSE 2007; Goudie 2000); thus, urban expansion can have localised impacts on 
climate.

To limit environmental impacts, the most direct focus for building services engi-
neers will be on how these issues can be addressed for individual buildings, or groups 
of buildings, as part of a site development proposal. In terms of wider solutions, 
however, there will be a need to make our towns and cities sustainable. It is, there-
fore, useful to see the future scenario as requiring sustainable urban planning for 
communities whose arrangement and facilities encourage sustainable lifestyles; and 
to think conceptually about a built environment, rather than groups of buildings. At 
its most simplistic level this would involve the relationships between buildings and the 
spaces between buildings; and how they perform as a uni�ed whole. In a wider sense, 
the built environment can be considered as the complex interrelationships of all the 
elements and in�uences from the built forms mankind has created. While there has 
been high societal awareness of the environmental impact of transport, the aware-
ness of built environment impact has generally been low (Smith et�al. 1998), although 
this has been changing in the past decade. Smith et�al. (1998) have proposed that 
�the challenge to contemporary thinking on the built environment, is the adoption of 
more holistic models of development management and planning which recognise this 
complex web of interrelationships�.
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1.6  Processes for energy usage in buildings

To address the energy and carbon issues related to buildings, it is necessary to under-
stand the processes through which energy is delivered for consumption in buildings. 
In particular, it is necessary to understand the inherent inef�ciencies of conven-
tional energy delivery. The inef�ciencies of energy supply do not relate to generation 
processes alone, but to the whole delivery process from source to consumer.

Energy conversion and distribution inevitably incur losses and it is important to 
understand the true operational ef�ciency of an energy system as energy usage in 
buildings usually involves a diversity of fuel inputs and systems of utilisation. Energy 
consumption information is only really meaningful if it relates to primary energy on 
an annual basis, so that it represents the operational performance taking account of 
diurnal and seasonal patterns and in�uences. It should not be confused with load 
assessment. An important concept to understand in relation to the ef�ciency of energy 
systems in buildings is the difference between �primary energy� (the energy of the 
fuel input at source) and �delivered energy� or ��nal energy� (the energy delivered to 
a consumer); and to refer to these correctly when assessing energy systems or using 
�gures. Carbon emissions relate to the primary energy.

The high carbon impact of electricity is a consequence of the way in which it is 
generated, which is dominated by thermal power stations using fossil fuels, as shown 
in Figure 1.4. Most conventional thermal power stations usually have conversion ef�-
ciencies of 30�35% at best, so about 65�70% of the primary fuel input is wasted as 

Figure 1.4  UK’s total electricity supplied by fuel type in 2011

Source: derived from DECC 2012b
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heat to the atmosphere, sea, or rivers. The overall ef�ciency will be higher than the 
ef�ciency of thermal power stations alone, due to the contribution from low-carbon 
sources: nuclear and renewables. There is continuing evolution of the fuel mix for elec-
tricity generation. Since 1990, there has been a major increase in the use of gas, and 
a decline in the use of coal. Since 2000, there has been an upward trend in the supply 
from wind, due to the increased levels of capacity (DECC 2012b). The proportion of 
generation from all renewable energy sources was 9.4% in 2011 (DECC 2012b).

The useful electricity generated is then passed through an extensive distribution 
system � the transmission grid and local networks � before it reaches consumers. This 
gives rise to further distribution losses, typically in the order of 10�12%. There is also 
some energy industry usage. The �nal delivered energy to all consumers (as measured 
at their intakes) is, therefore, only a modest proportion of the total primary energy 
input. The speci�c ef�ciency balance between primary and delivered (�nal) energy will 
vary on a diurnal and seasonal basis; as the generation fuel mix varies year by year; 
and as the infrastructure and operating arrangements change. It is clear that there 
are inherent inef�ciencies on the energy supply side in general, although this is most 
pronounced for electricity. In 2011, 32.1% of all UK inland energy consumption was 
related to conversion and distribution losses, and energy industry use (DECC 2012b), 
so only about two-thirds of primary energy was delivered to meet energy needs.

The CO2 content of electricity will vary with the mix of primary fuel used in 
generation. In the UK, the CO2 content of electricity is considered to have fallen in 
recent decades, largely due to the move from coal to gas and some renewables and 
increased ef�ciency in generation. The primary energy carbon factor used in Building 
Regulations Approved Document Part L 2010 for gas is 0.198kg CO2/kWh, compared 
with the �gure for electricity (from grid) of 0.517kg CO2/kWh. On this basis, elec-
tricity has more than two-and-a-half times the carbon impact of gas. There is contin-
uing debate about the appropriateness of the carbon emission factor for grid-derived 
electricity; the extent to which it properly represents the anticipated carbon intensity; 
and its suitability for comparing energy system options, as described by Jones and 
Shaw (2011). This is also related to the need to address the required upgrading of grid 
infrastructure, as outlined in Section 1.7.

All fossil fuels have an environmental impact related to the resources they take from 
the Earth, and the emissions they give out to deliver energy to consumers. These are 
set out in a simpli�ed sense for electricity in Figure 1.5, which illustrates the wide 
range of impacts. It is also necessary to consider the extensive range of materials 
used throughout the energy generation and distribution process, covering industrial 
facilities such as mines, rigs, pipelines, power stations, transmission lines, re�neries 
and their related roads, railways, shipping, transport, etc. (Coley 2008). This would 
include materials such as steel, concrete, copper and plastics. Each of these materials is 
produced by an industrial process that has an environmental impact in a similar way to 
the extraction of the fuels. A useful indicator of the effectiveness of an energy genera-
tion technology is the �energy payback ratio� which relates whole-life energy expended 
in the facility�s materials, compared with the useful energy produced during the plant�s 
lifetime (Coley 2008). It has been estimated that the energy payback ratio for fossil fuel 
power stations is low, at about 5�7 for coal, and 5 for natural gas (Coley 2008). This 
provides a good illustration of the need to take account of all relevant factors when 
considering the environmental impact of any particular system or activity.
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Figure 1.6 is a notional Sankey diagram for the annual energy consumption of a 
building with a traditional energy provision, using grid-derived electricity and gas-
�red heating. It relates to the end-use proportions for commercial of�ces shown in 
Figure 3.8, and is intended as an example format only of a typical annual energy �ow 
format. In this example, the delivered energy to the building is shown for simplicity 
as 100 units. There would be some losses within the building due to distribution, 
and heat generation from a boiler system but these have been omitted for simplicity. 
The actual useful energy usage would, therefore, be a little lower than 100. The 
diagram shows the losses in generation and transmission that are typical in the case 
of conventional electrical energy. In this case, 125 units of primary electrical energy 
are required to give 42 units of delivered electrical energy. It can be seen that the total 
primary energy input to the building is 188 units. So nearly twice as much primary 
energy is required to provide the total delivered energy.

While Figure 1.6 represents accumulated energy over a year, rather than the daily 
energy balance, a rational perspective would question the logic of throwing away 
waste heat from electricity generation that, in this notional example, is greater than 
the whole thermal energy requirements for the building. It is obvious that, if the 
waste heat could be made available in the building, it could offset the separate energy 
demand from gas for heating and hot water services, signi�cantly reducing fossil fuel 
consumption, CO2 emissions and fuel costs. This illustrates the wasteful overall energy 
performance of uni-generation as used in conventional power stations. In�comparison, 

Figure 1.5 The environmental issues in electricity generation and transmission (assuming conven-
tional generation technologies)

Source: author’s elaboration1
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the near term there are complicated geo-political issues related to the locations of the 
major sources of oil and gas, which could have an impact on reliability of supply in 
some parts of the world, and further threaten security of supply.

Alongside the limited reserves of fossil fuels, there are serious concerns about 
Europe�s energy infrastructure � the grids for electricity and gas distribution � and 
their suitability to maintain the necessary �ow of energy from generation locations to 
consumer locations in the short term. In the UK, there are concerns that there might 
be future power shortages due to a number of factors, including whether the energy 
market would be able to deliver secure and sustainable supplies in the coming decade. 
This includes concerns over the infrastructure of electricity generation plant and trans-
mission systems, and its urgent need for upgrading. The infrastructure aspects include 
its lack of suitability for incorporating the proposed large-scale renewable generation, 
including offshore wind generation; and also the need to replace the ageing nuclear 
capacity and other generation plant that is nearing the end of its planned life.

An indication of the availability of energy supply to meet demand is the operating 
margin between the maximum supply capacity and the maximum demand. In the case 
of electricity, there was a major increase in electricity consumption from approximately 
242TWh in 1980 to approximately 340TWh in 2000 (DECC 2012b) which provided 
a stimulus for new generation capacity, primarily gas-�red power stations. More 
recently there has been a reduction in demand. While this is welcome from an envi-
ronmental perspective, it is likely to affect the attraction of commercial investment in 
new power plants. In 2011/12, the total electricity generation capacity was about 43% 
above the simultaneous maximum demand, i.e. an operating margin of 43% (DECC 
2012b). While this might seem like a satisfactory picture, it does not take account of the 
major replacement of generation plant, including all nuclear power stations that will be 
required over the next decade or so. Because such a high proportion of UK electricity 
generation is from gas (about 46%), its reliability is strongly linked to gas security.

There was an increase in gas consumption from approx. 500TWh in 1980 to 
approx. 1100TWh in 2000 (DECC 2012b), some of which was due to the growth 
in gas usage for electricity generation. Since 2004, there has been an overall decline 
in consumption (DECC 2012b). The key issue for the UK�s energy security for gas 
supplies is the sharp fall-off in output from the UK�s controlled sources � primarily 
natural gas from the UK continental shelf. In 2011, production was 58% below the 
record level in 2000; and the �proven and probable reserves� in 2010 were less than 
half the �gures in 2000 (DECC 2012b). As a result, the UK is increasingly reliant 
on the import of gas in order to meet demand. In 2011/12, the forecast maximum 
gas supply was 60% above the actual maximum gas demand (DECC 2012b) which 
seems to indicate a good level of reliability. However, the factors affecting security of 
energy supply are complex. While consumption of electricity and gas has been falling, 
and gas and electricity capacity margins seem healthy, it is not possible to predict the 
impact of outdated plant and reduced reserves of controlled gas supplies. It is also 
imperative to retain some gas capacity for those uses for which it is essential, due to 
its practicality, such as domestic supplies.

These concerns about reserves, infrastructure and hence security of supply are reason 
enough to require a concerted endeavour to reduce fossil fuel consumption (Quaschning 
2005). Taken together with the issues related to climate change, they provide a clear 
imperative to drastically reduce consumption and reliance on fossil fuels.
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of land�ll (Birkeland 2002). There has been a poor record of recycling in the UK, 
with a high proportion of waste disposal to land�ll sites compared with many other 
European countries. In 2008, around 54 million tonnes of waste was disposed of in 
land�ll. This represented a decrease of 33% since 2001 (DEFRA 2009b), but is still 
higher as a proportion than in some other European countries.

There is a new focus on planning the processes and methodologies during a build-
ing�s life cycle so that waste is minimised and recycling is maximised. The sustainable 
approach is for all materials to be seen as a useful resource, and utilised accordingly, 
so that there is no longer a concept of �waste�. This will include reducing obsolescence 
of products and increasing their longevity � doing more with less � and using local 
materials and skills (Smith et�al. 1998). To promote a sustainable approach, construc-
tion projects should have a comprehensive materials management plan as part of their 
whole-life methodology. Current legislation for carbon emissions only covers opera-
tional energy; however, future legislative developments may include embodied energy 
in materials.

1.8.1  The need to plan for adaptation

It should be recognised that the full effects of greenhouse gases take a considerable 
time to create their impact, with CO2 remaining in the atmosphere for about 100 years 
(Goudie 2000). It is, therefore, inevitable that climate change will arise from CO2 that 
has already been emitted over previous decades. Even if all emissions of GHGs were 
to cease now, it is estimated that there would still be unavoidable further warming of 
about 0.6°C (+/�0.3°C) (DECC 2012a). This will have a considerable impact on the 
built environment. It means that, as well as a focus on mitigating carbon emissions to 
minimise future impacts, building services engineers will also be involved in adapta-
tion strategies so that buildings can cope with the anticipated climate change impacts 
over the coming decades. So, for designers in the built environment, climate change 
should be considered as presenting a dual challenge of �mitigation and adaptation�.

There is no certainty on the climate change impacts, but predictions include a 
general increase in temperatures; increased intensity of rainfall and wetter winters; 
drier summers; and increased daily mean wind speeds in winter (CIBSE 2007). It is 
also likely that there will be enhanced effects of �urban heat islands� (CIBSE 2007), as 
outlined in Section 1.5. While there will be a need for speci�c design considerations 
for each predicted impact, more generally there will be a need for design to allow 
adaptability in the future. This is likely to include contingency allowances, such as 
additional space in plant rooms (CIBSE 2004a) and adopting a more �exible and 
modular approach to systems design to aid durability.

1.9  Key design principles for sustainability and carbon mitigation

1.9.1  Developing a holistic approach

To develop a suitable approach to the design of building services for minimising 
carbon emissions, it is necessary to adopt some general concepts that could apply 
equally to the design of any product or facility. The principles are much the same for 
sustainability in the wider sense as for the more focused attention here on carbon 
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impacts of climate change, there would still be a compelling need to reduce fossil fuel 
consumption due to the other resources and emissions impacts, and to maintain secu-
rity of diminishing fossil fuel supplies into the future.

In a broader sense, to achieve the scale and speed of improvements required, it 
is likely that the approaches to sustainable design will need to extend to a �systems 
thinking� level (Stasinopoulos et� al. 2009). A �whole-system approach� has been 
described as one in which active consideration is given to the interconnections 
between subsystems and systems, and where solutions seek to address multiple prob-
lems concurrently (Stasinopoulos et�al. 2009). Under this type of approach designers 
have to think not just beyond the scope of their discipline, or even the integrated 
disciplines in building design, but to the much wider systems� relationships between 
occupants, processes, buildings, infrastructure and environment. The goal of such an 
approach is to consider the whole system, in its environment, throughout its whole-
life cycle (Stasinopoulos et�al. 2009). Birkeland (2002) notes that �we need to redesign 
not only the built environment, but the nature of development itself�. The breadth of 
such an all-embracing approach is well beyond the scope of this book, but the under-
lying principles inform many of the proposals.

As a simplistic example of how a systems-type approach might work, we could 
consider the engineering systems and energy needs for a printing machine that is oper-
ating almost continuously within an of�ce environment. A narrow approach would 
see this as a �xed client design requirement; develop a suitable ventilation system to 
deal with the particulate emissions and heat generated; and accept the environmental 
impact of operational and embodied energy, and the less than satisfactory air quality. 
Systems thinking would involve analysing relationships and looking for better ques-
tions to seek prevention (Birkeland 2002). A systems approach would explore the 
business process and behaviours to see whether extensive printing was really required, 
or whether it could be located elsewhere; and potentially create a solution requiring 
less usage of carbon for energy and materials (including paper), and with better air 
quality within the of�ce area.

As building services engineers seek to address sustainability at the brie�ng stage, 
it is necessary to understand the fundamental impact of occupancy behaviour on the 
eventual environmental impact. A traditional approach largely accepts the building�s 
function as being pre-ordained and the designers seek to accommodate the client�s 
de�ned requirements with the minimum impact. A more participatory systems-type 
approach is to seek ways to address the root cause by encouraging behaviours that 
will minimise the need for active systems, operational energy and materials. So, the 
designer�s attention focuses initially on the human activity behaviour, ergonomics and 
any associated business processes.

Related to the whole-systems approach is a deeper ecological awareness that 
requires changing the way people think, and seeing the way we live, and our envi-
ronment, as part of an ecosystem (Pearson 2005). Wines (2000) and Pearson (2005) 
describe buildings that have been designed to be harmonious with their environment 
by adopting these organic concepts.

Some of the concepts outlined above may appear, at �rst sight, to be too abstract 
and aspirational for such a pragmatic �eld as engineering. As solutions are sought for 
our future buildings � and the built environment more generally � it will be necessary, 
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however, to have a mindset that questions and challenges prevailing technological 
solutions in a creative but pragmatic way.

1.9.2 Harnessing ambient or renewable energy

Many locations are likely to have some potential for ambient or renewable energy, 
although this will vary considerably from location to location. For an appreciation 
of the potential, it is worth starting by looking at solar power, which is the single 
energy input driving the Earth-atmosphere system and the most signi�cant source 
of renewable energy (Christopherson 1997; Quaschning 2005). Figure 1.7 provides 
a much simpli�ed conceptual illustration of global energy potential and usage with 
the area approximating to quantity. The total annual solar energy received is about 
9,000 to 10,000 times greater than the present annual primary energy demand (about 
409,000 million GJ) (Coley 2008); even allowing for the present highly wasteful 
usage of energy. Yet, to meet the demand, developed societies have mainly used �nite, 
polluting and costly energy reserves � with their associated impacts � rather than 
the free, clean and perpetual energy from the sun. The sun provides radiant power 
of about 1kW/m2 when directly overhead, with a clear sky. The amount of radia-
tion received will vary depending on location � and hence the solar path variation 
throughout the year � as well as the extent to which clear or overcast conditions 
prevail. Examples of average annual solar radiation on a horizontal surface at ground 
level (Christopherson 1997) are:

Figure 1.7 Global energy in perspective

Source: derived from Quaschning 2005: Figure 1.9
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systems are operated and maintained. As the typical economic life expectancy of a 
building is typically two to four times the life expectancy of the active components 
of engineering systems, items of plant and equipment will undergo replacement at 
different times; either due to life expiry or as part of refurbishments or upgrades. 
The whole building will, eventually, be considered for part or complete renewal. The 
proposals developed at the inception stage, and the arrangements at handover stage, 
should address the needs during the subsequent continual operate/refurbish/operate 
cycle; and the eventual renewal strategy. Adaptation for inevitable climate change 
should form part of the proposals. To properly address whole-life aspects, designers 
should, ideally, take into account the ways in which similar buildings and systems 
have performed following occupation. Unfortunately, there is a paucity of operational 
performance data to inform the design approach, which is a major challenge for the 
industry (Tymkow 2006).

In order to deliver buildings that will perform in accordance with the design inten-
tions, it is necessary to have a particular focus on the period from handover to initial 
occupancy. To achieve this, there should be a planned engagement that ensures the 
testing and commissioning results are validated; and that the performance during 
the settling-in period is monitored, so that adjustments can be made to optimise 
the building performance. This extended involvement is outlined in the BSRIA Soft 
Landings Framework (2010). Chapter 4 describes the bene�ts that can arise from 
undertaking post occupancy evaluation as part of this extended approach.

1.9.4  Focusing on demand reduction as the priority

From the concepts outlined above, a simple concept model for addressing sustain-
ability in relation to energy usage is shown in Figure 1.9. In this diagram, the demand 
(i.e. �nal energy consumed by the building loads) can be considered as the output of 
a range of energy processes whose input is fuel and materials, and whose unwanted 
side effect is the production of emissions: pollution, waste heat, etc., that have previ-
ously been described for conventional supply from fossil fuels. For the purposes of 
this model, the processes can be considered to be all the processes involved lumped 
together, covering both the supply side (energy generation, transmission and distribu-
tion) and the demand side (usage in the building�s systems). So in this model, all energy 
wasted through inef�ciencies can be considered as emissions. The total environmental 
impact can, for convenience, be considered to be that made by the combination of the 
input and the emissions. The emissions have an impact that includes the paramount 
threat of climate change, but also other impacts from other pollutants, waste heat 
and so on. While climate change might represent the principal environmental threat, 
the resources have an impact arising from the �winning� of fuel and materials extrac-
tion for the whole energy systems infrastructure. The continuing resources usage also 
brings about reduction in fuel reserves, and hence the threat to energy security.

It should be emphasised that the three arrows have different measures, as this is a 
concept diagram and not a conventional �ow diagram. However, it should be apparent 
that the most appropriate starting point for reducing the environmental impact is 
to reduce the demand; the input and emissions are only there to meet the demand 
(and � for the same processes � would be roughly proportional to the demand). The 
next priority is to make all the energy processes as ef�cient as possible, so that the 
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proportions of input and emissions per unit of useful energy consumed are reduced. 
An aspect that will in�uence the demand arises from the inevitable climate change 
impacts, and the need to design for adaptation to suit. Solutions will therefore need to 
be energy ef�cient for adaptation scenarios during the life cycle.

There are, of course, certain limitations in the extent to which building service 
designers can in�uence energy processes on the supply side, which are primarily deter-
mined by conventional energy suppliers and their regulatory frameworks; and on the 
demand side, which relate to the clients� functional needs for the building. Strategies 
for building services designers will largely focus on those aspects of functional needs 
and energy processes where they can exert an in�uence.

1.10 Summary

In this chapter we have reviewed some of the key background issues related to the 
climate change aspects of energy usage and the likely impacts.

The most signi�cant threats to the Earth�s life support systems have been identi-
�ed in recent scienti�c studies, of which anthropogenic climate change is the prin-
cipal concern. The primary cause is the emission of carbon dioxide from the use of 
fossil fuels. The scale and urgency of the need to reduce carbon emissions is one of 
the principal challenges of sustainable development. Because of the delayed effect 
of CO2 presence in the upper atmosphere, climate change is an inevitable outcome 
from carbon emissions in previous decades. There are, therefore, dual imperatives 

Figure 1.9 Concept model
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for building design related to climate change: carbon mitigation to prevent additional 
future climate change, and adaptation to the climate change that is inevitable.

The built environment has a carbon impact due to both operational energy in use, 
and embodied energy related to materials usage. The processes for delivering energy 
to buildings reveal the inef�ciencies of the conventional energy mix dominated by 
power stations, using fossil fuels.

Furthermore, the reserves of fossil fuels are dwindling, and there are concerns that 
the UK infrastructure for generation and transmission is inadequate for the likely 
future needs. Reduction in fossil fuel usage is, therefore, an imperative not only to 
mitigate climate change impacts, but also to maintain security of supply. To under-
stand the potential to reduce carbon impact from buildings, it is necessary to under-
stand the patterns of operational energy usage and material usage, which will inform 
proposals for energy ef�ciency. Solutions can be found by adopting key principles for 
holistic and sustainable design, including a whole-life approach to decision making 
and usage of ambient energy where this is practical. The starting point for strategies 
for low-carbon buildings should be demand reduction.

Note
1	 Unless stated otherwise, all further �gures are attributable to the authors.



Chapter 2

The design process

2.1  Introduction

This chapter provides an outline of the process through which the design of building 
services takes place as an integral part of the wider interdisciplinary development 
of the building design. Particular emphasis is given to the key aspects and decision 
making that in�uence the building services design strategy, and hence the carbon 
performance of buildings. As the design of buildings is an interdisciplinary activity, 
the chapter starts with a brief description of the traditional design team structures, 
and the roles of the principal design disciplines.

The building services engineer�s appointment normally relates to a set of duties for 
each of a standard series of work stages. The process of design brief development, 
from the client�s initial brief, is an essential early stage activity. The key considera-
tions for the development of the brief are outlined, together with their implications 
for the engineering systems and energy performance. The essential objectives for 
this development require an early involvement to in�uence design concepts. The 
typical design process at each stage is described as a series of interconnected activi-
ties that can form part of the collaborative development by all disciplines. The 
typical composition of the design information for a building services tender package 
is explained below.

Designers have to work within relevant codes, standards, regulations and legisla-
tion. Key aspects are described, with particular emphasis on the designers� duties 
for health and safety (H&S) management. Design is a highly professional under-
taking, with considerable potential liabilities, so all design work has to be method-
ical and meet speci�c quality criteria. The nature of quality management processes 
for designers is outlined, with an emphasis on the need for auditability of design 
decisions through all stages.

2.2  Design team structures and roles

2.2.1  Design teams

The design team � or professional team � on a construction project has traditionally 
provided a consulting service that links the client � as the procurer of the building � 
with the contractor, who constructs the building. This relationship has become more 
blurred and complicated in recent times with the expansion of �design and build� 
procurement methods, where the contractor undertakes the design as well as the 



Client t-- Professional f- Contractor 
Team 

--- -- --- --- -, , 
('" Designers , agents , advisers , ... \ 
....... intermediaries , protectors ,,/ , , -- --; --------

f---- Product 

The design process 29

construction, often through �novation� of the consultants who prepared the initial 
design proposals. In a similar way, the construction for certain types of buildings, 
particularly commercial of�ce buildings, has become more complicated with a sepa-
ration of the �base-build� or �shell and core� construction stage for the developer from 
the �t-out stage(s) for the tenant(s). However, for the purposes of simplicity, to under-
stand the typical design team responsibilities and to convey the underlying principles, 
it is still useful to think of them in terms of their traditional roles.

The design team are, collectively, the designers for the building, but also act as 
agents and advisers to the client. The traditional construction contract is between the 
client and the contractor. The design team also act, in effect, as intermediaries and 
protectors of the client�s interests in their relationship with the contractor, as shown 
in Figure 2.1.

The design team is multidisciplinary and varies in size depending on the type, 
scale and complexity of the building project. As with any multidisciplinary team, 
it will only succeed if all members understand their own role, and that of the other 
members, and the disciplines work together with mutual respect. Figure 2.2 shows a 
traditional design team structure of consultancy organisations.

The principal design disciplines are architecture, civil and structural engineering, 
and building services engineering. The quantity surveyor also forms part of the 
team, although quantity surveying is not a design discipline. The architect is usually 
appointed as the lead consultant, and hence the design team leader; although other 
disciplines can hold this role, usually for projects of a non-standard nature where the 
architectural content of the work is much less than the engineering content. In many 
cases there are also a variety of specialist designers. These could be appointed directly 
by the client, or could be sub-consultants to one of the principal designers.

It is essential for the appointments to be integrated so that they collectively provide 
coverage for all the required duties, and so that each consultant has a clear under-
standing of their own duties and how these relate to the duties of the other designers. 
It is also essential for the delivery team and the client to work together in a collabora-
tive and coordinated manner.

Figure 2.1 Traditional design team relationships
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In order to understand the role of the building services engineer in the context of 
the team, it is �rst necessary to understand, in simple terms, the roles of the other key 
design team disciplines.

2.2.2 The role of the architect

Architects have a wide-ranging role that includes responsibility for the appearance, 
shape, form, space usage, �nishes and planning for the building. They have tradition-
ally been the principal designers and professionals on building projects, and their 
appointment is usually as the lead consultant. Much of the documentation and proce-
dures in the industry re�ect this role. As design team leaders they are, therefore, 
concerned with all design disciplines. Architects are the primary coordinators, having 
a high level of involvement in all aspects of the building design process.

The architect will lead with the initial concepts and will, in effect, act as the overall 
arbiter on design decisions. From an aesthetic viewpoint, the architect will aspire 
to a consistent statement or style and seek to maintain the integrity of the design 
intent (Makstutis 2010). The architect will seek to create balance, harmony and unity 
of appearance, and therefore try to minimise any visual intrusion of structure and 
services that might detract from the aesthetic aspirations. Architects have speci�c 
responsibility for obtaining the approvals for Planning and Building Regulations. 

Figure 2.2 A traditional design team structure
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They usually undertake the contract administration role through the construction 
period, although other disciplines can also act as the contract administrator.

At the commencement of a project, the architect has an underlying need to under-
stand the nature of the client�s requirement at the most fundamental level, to provide a 
starting point for developing the initial concepts. This can include observing existing 
operational patterns and use of spaces, and the nature and type of functional activi-
ties that will inform the brie�ng requirements.

From the outset, the architect will seek to create an overall vision or concept to 
de�ne the character of the proposals. This means the idea behind the form that is even-
tually developed into a coherent appearance (Makstutis 2010). The Royal Institute of 
British Architects (RIBA) guidance note on planning policy states that �clear and 
demonstrable design principles or a design vision should be established� (Adam 2001). 
The architect will usually undertake initial research from existing building designs 
and produce sketches to assess options for the basic massing and form. The architect 
will often create models (physical as well as computer); and be involved in discussions 
with interested parties and stakeholders. These will lead to the �rst, fairly sketchy, 
outline design representations as a proposed response to the site and the brief. This 
will include consideration of the location on-site of the building, or buildings; how 
they integrate with the landscape and circulation routes within and outside the site; 
and their massing, shape and texture. From an architectural perspective, each project 
tends to be considered as a unique design challenge. The development of the design 
evolves through a continuous process of iteration for all disciplines toward a resolu-
tion (Makstutis 2010).

As the design develops, the architect will progress from loose sketches that repre-
sent the project�s basic idea, through numerous stages, to more detailed drawings that 
start to identify and quantify the sub-divisions, circulation routes and adjacencies 
between spaces to meet the functional relationships. The drawings will also illustrate 
key aspects of the proportions, volume and relationship of the building(s) to the site 
and the surroundings. The drawings will comprise a series of plans, sections and eleva-
tions with appropriate scales and levels of detail. The key set of drawings showing 
the �oor plans, with room divisions, columns and structural or planning grid lines, is 
usually known as the general arrangement (or GA) drawings. The GA set will include 
the associated site plan, section and elevation drawings from all sides (Makstutis 
2010). All design team members use this set to create their layout drawings.

It is an architect�s responsibility to specify the range and style of construction mate-
rials. The objective will be to choose a suite of materials and textures that create 
a coherent visual resolution in relation to the overall aesthetic adopted (Makstutis 
2010). As the design team takes the project through each successive stage, the design 
will evolve until it represents a more de�nite proposal. It will be the architect�s duty, 
when acting as design team leader, to take overall responsibility for directing the 
interdisciplinary design process, accepting that each discipline will have a team or 
project leader in their own right. This will normally involve chairing design meetings 
on a regular basis, to handle the �ow of design information to the other consultants. 
It will also include managing the resolution of client comments, brief development 
and other brief design changes (Makstutis 2010).

Architects have a unique role among design professionals by virtue of their involve-
ment in the planning process, and often act as the master planners for large site 
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a multi-storey building, the structural frame is usually made of steel or reinforced 
concrete columns (or a mixture of the two), reinforced concrete �oor slabs, and steel 
or reinforced concrete beams. The structural engineer�s role is often, mistakenly, seen 
as indistinguishable from civil engineers. �Civil engineering� has often been used as a 
convenient generic term for those aspects of building design work not undertaken by 
an architect.

Structural engineers are usually also responsible for miscellaneous structures 
within the overall structural frame of a building, such as primary supports, bases and 
platforms for plant and equipment. They need to have an awareness of all load dispo-
sition and load movement within the building, whether designed by themselves or not. 
This will include architectural elements, building services equipment (and often the 
vibration and thermal expansion associated with it), people and external forces such 
as wind. The structural engineer will seek to guarantee the structural integrity of the 
building in an economic way, while also seeking to realise the other design aspira-
tions. This would include trying to create clear open spaces to maximise �exibility for 
usage of the space, by minimising the number of columns within occupied areas. To 
achieve this in multi-storey buildings, there is usually a trade-off between the number 
of columns and the depth of the �oor slab and/or downstand beams; and hence the 
�oor-to-�oor height.

In addition to the design integration for plant rooms, a key aspect of integration 
is the incorporation of vertical and horizontal spaces for services distribution. This 
requires pre-formed openings in structural elements such as reinforced concrete and 
steel. All such spaces need to be designed in, and allowing for these clear spaces and 
holes is a major design consideration for the structural engineer. This is discussed in 
Chapter 12.

2.2.4  The role of the building services engineer

From the brief descriptions of the roles of the other principal design professionals 
outlined above, it can be seen that the architectural, civil and structural engineering 
designs alone would create, in effect, enclosed spaces, aesthetic treatment and internal 
�nishes together with the associated sub- and super-structures. However, without 
active engineering systems, such spaces would, for the most part, be inert. In its 
simplest sense, the role of the building services engineer can be considered to be 
primarily about designing features to make the internal spaces habitable and safe. This 
could, perhaps, be better considered as facilitating the desired functional performance 
within spaces through integrated features that form part of an overall coordinated 
building design. But it is much more than that; it is the work of the building services 
engineer to allow spaces to function in their intended manner throughout their period 
of occupancy. An essential aspect of the role is the interdisciplinary involvement so 
that the resulting outcome satis�es the objectives of the different disciplines.

The design role largely relates to the mechanical, electrical and public health (MEP) 
systems that create the required internal environment, or climate, to satisfy comfort 
criteria; provide electrical services for power consuming equipment, and water and 
sanitary services; and provide life-safety facilities to protect life in an emergency. This 
is shown in a simple diagrammatic form in Figure 2.3 as the traditional part of the 
spectrum of building services engineering. In addition, there has always been a need 
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to provide facilities for the processes undertaken in the spaces (although the process 
equipment itself does not normally form part of the �xed building services). More 
recently, there has been a growth in the spectrum of systems, with a particular focus 
on the quality and continuity of power supplies and a range of security and communi-
cations systems. This often arises from a need to support modern, and often complex, 
business processes, alongside maintaining a suitable internal environment. The imper-
ative to achieve sustainability requires an involvement to consciously design proposals 
to address carbon mitigation, energy security and adaptation, as outlined in Chapter 
1. Sustainability is therefore an overarching consideration across the whole spectrum.

The engineer will be seeking to satisfy the client�s functional objectives in an 
economic way, while supporting the overall architectural aspirations. For the outcome 
to be successful, the role should not be limited to design, construction and handover; 
it is equally about creating buildings that will achieve predictable performance for the 
likely climate scenarios, and that will be amenable to effective operation and mainte-
nance. Thus building services engineers need to consider the whole-life issues, including 
aspects such as testing, commissioning and optimal initial occupation; and the strate-
gies for operation, maintenance, upgrading and renewal throughout the building�s life.

It is usually the case that engineers have either mechanical or electrical engineering 
as their primary discipline. Mechanical and electrical engineers tend to act as general-
ists, but with an expectation that they should have suf�cient awareness of the whole 

Figure 2.3 The spectrum of building services engineering
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can be raised; and so that opportunities are not lost to in�uence the disposition of 
buildings on-site, and the form and envelope of buildings, as outlined in Chapter 3 
(CIBSE 2007). All design team members should work in a collaborative way to deliver 
a design that is integrated and energy ef�cient (CIBSE 2004a).

Design is usually undertaken in a series of de�ned stages, as shown in Figure 2.4 
based on the RIBA Outline Plan of Work (RIBA 2008). The work stages represent a 
standard framework that provides the client with an awareness of the process, together 
with the expectations for the outcome at each stage. They also provide key points 
for payment of staged fees for the design team and signing-off approvals (Makstutis 
2010). It should be recognised that the sequence of the work stages, or the content, 
may vary; and they could overlap to suit different procurement methods (RIBA 2008). 
The intention at each stage is to develop the team�s design proposals to a position 
whereby as many of the considerations as possible have been resolved. Following 
completion of each stage, it is normal to seek client approval of the proposals, and 
consent to proceed to the next stage. Traditional programmes have a sequential 
process through the design stages to procurement, construction and occupation, with 
formal client sign-off at each design stage. Business imperatives have meant that �fast 
track� programmes have become commonplace, and there is often pressure to overlap 
stages to achieve earlier completion.

2.4  Design brief development

������������ �7�K�H �Q�D�W�X�U�H �R�I �W�K�H �E�U�L�H�À�Q�J �S�U�R�F�H�V�V

An essential activity for the whole team at the beginning of the design process is to 
liaise with the client to develop the design brief. From the building services perspec-
tive, the brief should be developed to a suf�cient level so that the full extent of the 
client�s functional requirements, and the key performance criteria in�uencing the engi-
neering systems, can be determined. The brie�ng criteria should, ideally, be agreed to 
the most detailed extent possible during the appointment stage. However, in reality, 
there is usually considerable further development of the brief during Stages A and B, 

Figure 2.4  RIBA design stages

Source: RIBA 2008
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and some ongoing development during subsequent stages. It is inevitable that some of 
the detail of the brief will continue to evolve as the client�s needs change. However, 
to facilitate design in the most effective way, the key factors should be recorded and 
agreed at the outset.

In many cases, a client might be unsure about the speci�c functional performance 
that they need, or may not be able to articulate it clearly. It is important for the design 
team to critically examine and question the initial brief in a rigorous way. This is so 
that they can get to the root of the need, rather than accept and adopt a pre-ordained 
or preferred starting point that implies a particular solution that might, in reality, 
be inappropriate. This aspect of client collaboration will be essential to achieving a 
sustainable solution.

An important source of information for the brie�ng process is feedback from 
existing buildings. This includes feedback from the users and on the operational 
performance. This real-life information should be a primary reference and is, in many 
ways, more valuable than theoretical design guidance. Chapter 4 describes how post 
occupancy evaluation from similar buildings can provide a useful input for the design 
brie�ng; and help designers to achieve low-carbon building performance in practice.

It should be expected that the design brief will continue to evolve as the project 
moves forward. It is, in effect, continually developed right through the staged design 
and approvals process until the design can be said to be in an agreed and �nalised 
format. Thereafter, the nature of development is primarily related to information 
production for use in the procurement process (RIBA 2008).

2.4.2  Standard and institutional design criteria

The design of many engineering systems can be progressed, within reason, by refer-
ence to standard published criteria by professional institutions, such as the Chartered 
Institution of Building Services Engineers (CIBSE). These criteria will provide the 
normal design parameters for generic or common types of spaces. More speci�c guid-
ance on criteria and acceptable design solutions for particular building types can be 
found in publications of the relevant public sector bodies for health, education and 
other public buildings. In the private sector, many large organisations � such as large 
hotel or airport groups � have their own standard design brie�ng publications. There 
are also publications by speci�c property sector bodies, such as the British Council for 
Of�ces which covers the of�ces sector. Many client organisations, particularly invest-
ment organisations, will often defer to such established �institutional criteria� as these 
are seen as the norm for the industry, and therefore represent a safe and reliable way 
to protect the value of their asset. However, every building is unique to some degree 
and there is a requirement of the client to state speci�c objectives and criteria in order 
to describe the desired functional performance of the building and its engineering 
systems.

������������ �6�S�H�F�L�À�F �E�U�L�H�À�Q�J �G�H�Y�H�O�R�S�P�H�Q�W

Building types that are well established, and that do not deviate markedly from the 
norms for their type, might require little in the way of brief development. However, 
building types, or parts of buildings, that are inherently complex in nature, or that 
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tend to have uniquely de�ned criteria, are likely to require considerable brief devel-
opment. Such buildings might include laboratories, research centres, data centres, 
factories, entertainment centres, exhibition centres, conference centres, museums, 
media centres, industrial facilities, archives, distribution and storage buildings. 
Some of these buildings contain spaces that are primarily dedicated to equipment or 
materials, with minimal occupancy levels. They might have design criteria that are 
markedly different from those for spaces that are primarily for occupancy and whose 
criteria largely derive from human comfort parameters. It is therefore most important 
to establish any non-standard criteria prior to commencement of the design. Typical 
aspects that might be clari�ed at this stage are:

Numbers and types of occupants

The anticipated numbers of occupants for the whole building, and individual spaces 
within the building, together with any transitory aspects, should be con�rmed so that 
concurrent occupancy needs can be determined. The types of occupants will also 
be relevant as this will indicate their activity and hence the related comfort criteria. 
The nature of activities will also determine functional requirements of services; for 
example, power and data provision for workstations.

Functional performance of spaces

Each type of space should be de�ned according to the performance requirements. 
This might be directly in terms of design parameters; or indirectly, as a descrip-
tion from which an appropriate design parameter can be proposed. It is normal 
to summarise the criteria on a room data sheet for each space. This would record 
engineering design parameters for thermal, lighting and acoustic performance, 
together with facility requirements for power, communications, public address, 
security and so on.

Special equipment or facilities

It is often the case that a client will require certain items of proprietary equipment 
to be incorporated within the building. This could be process equipment, production 
equipment, computers, audio-visual facilities or other specialist or bespoke equip-
ment. The technical details, connection facilities and so on should be de�ned.

Facilities management and operational engineering requirements

So that the engineering systems may lend themselves to successful operation and 
maintenance throughout their life � and hence provide sustainable operational energy 
ef�ciency � it is essential for the design to take into account the client�s operational 
and maintenance regime. This aspect of the brief development is likely to require 
extensive engagement with the client�s facilities management or operational engi-
neering staff. It should include the proposals for energy management. It should also 
include the requirements for such access, facilities and spaces that will be necessary 
to allow: effective testing and commissioning; effective monitoring and data logging 
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of performance; planned preventative maintenance or other maintenance regime; plus 
inspection, operation and periodic partial or full replacement of equipment. This will 
include automatic controls and metering facilities, as described in Chapters 3 and 9.

Phasing

The extent to which the construction work, and associated activities, might be under-
taken in more than one phase must be described. This is often the case on large 
projects. It is sometimes necessary to provide enabling works or temporary facilities 
as a prior contract to effect conventional or phased construction.

�(�[�S�D�Q�V�L�R�Q���D�Q�G���Á�H�[�L�E�L�O�L�W�\

This relates to allowances that must be included within the design to accommodate 
future expansion of the facility; and �exibility in the way the building and the indi-
vidual spaces will be used. This is sometimes called �future-proo�ng�, although the 
term has much wider connotations.

Design margins

This covers any speci�c requirements to design to larger, or more exacting, margins 
than would normally be the case.

Environmental target

The environmental assessment methodology should be agreed. The target should be 
agreed and the design team should work with the client to assist in this process. The 
client should be encouraged to set a high target (CIBSE 2007). This is an important 
step in providing clear objectives for the design; and also when creating a building 
with identi�able sustainable credentials (see Chapter 4).

One example of where it is necessary to develop a highly speci�c brief is when 
determining the level of resilience for engineering systems for buildings housing busi-
ness-critical facilities. Certain engineering systems will require a particular level of 
�resilience� or �redundancy� (CIBSE 2008a) to provide the desired level of reliability 
or availability of operation. This is particularly the case for facilities where continued 
operation is essential for security or business reasons. This would include data centres, 
communications centres, transport control centres and certain industrial, security 
and defence facilities. This is different from the criteria for life-safety facilities that 
are de�ned in statutory regulations. Systems� resilience is usually de�ned in terms of 
either a numerical reliability or availability level, or, using the well-known N-based 
redundancy statements, such as �N+1�, �N+2�, �2(N+1)� (CIBSE 2008a). The de�nition 
of such statements, as understood by the client, is all-important and should be agreed 
explicitly. It is preferable to use industry-standard de�nitions, such as the tier levels 
described by the Uptime Institute or other institutional body. The resilience de�ni-
tion should cover not only the primary function requiring continued operation � such 
as electric power for data processing facilities and equipment � but also the relevant 
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support systems, such as cooling and controls, upon which the primary systems� func-
tion will also be reliant for continued operation.

The importance of de�ning and agreeing resilience criteria in the design of these 
facilities cannot be over-emphasised. It will have a fundamental impact on the 
numbers, sizes, arrangement and types of equipment such as transformers, switch-
gear, uninterruptible power supply (UPS) modules, generators, cooling equipment and 
other ancillary equipment. This will, in turn, have a fundamental in�uence on the 
plant space requirements (and potentially the shape and size of the building), planning 
issues, and capital and running costs. It will also have a major in�uence on opera-
tional energy performance, owing to the usually lower overall energy ef�ciencies of 
multiple, parallel items of plant sharing load. It will also have a carbon impact due to 
the increased in�uence of the embodied energy in relation to multiple parallel items of 
equipment, and their operation and maintenance demands. System resilience criteria 
can therefore fundamentally in�uence the whole-life carbon impact of certain types 
of building.

2.5  The design process for building services engineers

2.5.1  The essential aspects

Typical design activities at each stage are discussed in Sections 2.5.2 to 2.5.7 below. 
However, it is probably more important to understand the essence of the design 
process, and what is trying to be achieved, rather than just thinking in terms of 
speci�c activities at each stage. The key behaviour that should be established from the 
outset is for all disciplines to work as a team in a collaborative way. This will allow 
the design to develop in a way that addresses mutual objectives and aspirations, rather 
than as an outcome of different interests pulling in different and contradictory direc-
tions. In particular, the three principal design disciplines of architect, civil/structural 
engineer and building services engineer need to work in harmony as a team with a 
common understanding and mutual respect.

In the traditional sense, the objective of the building services engineer is to provide 
suf�cient information for the procurement of competitive tenders from contractors, 
and to show the general intention of the engineering systems installations. The speci�c 
level of detail of the consultant�s design will depend upon the particular appoint-
ment and duties. The BSRIA publication (Churcher 2012) is a useful reference for 
typical expectations of the level of detail in the design deliverables for different types 
of appointment. Under the traditional consultant�contractor relationship, the actual 
working drawings used for installation are developed by the contractor based on their 
development of the consultant�s design.

It is important to understand that building design is an iterative process involving 
the development of concepts, ideas and proposals from the different disciplines; and 
regular re-working and re�ning of those proposals as the design evolves toward an 
integrated and coordinated resolution. Figure 2.5 shows a simpli�ed view of the 
design process, emanating from the need, which should be identi�ed through the 
design brief development process. Ideas develop through concepts, to a form for the 
enclosed spaces. There will be division of the form into zones � designated spaces or 
areas. This leads to proposals for treatment of spaces and selection of appropriate 
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operation, which will be determined by the management strategy for the building. As 
such, early design considerations should include durability, buildability and commis-
sionability. Taken together, these can be considered to address the energy ef�ciency 
aspects of sustainability that have the primary carbon in�uence, while accepting that 
sustainability is a wider objective, embracing other factors.

From the outset, the building services engineer should be involved in in�uencing 
the conceptual development of the shape, form, orientation and performance of the 
building envelope, in order to achieve suitable performance from the passive elements 
to minimise the need for active engineering systems and their energy usage. As the 
conceptual development of the active systems commences, in line with the energy 
strategy, it will proceed through iterative development generally, as shown in Figure 
2.6. The most important drawing for each system is the schematic, as this identi�es 
the engineering system components and their interrelation. In essence, each system 
comprises central or distributed plant, or a mixture of both; an infrastructure of 
distribution elements from the plant to the relevant branches or circuits; and terminal 
devices that treat the space, or provide a functional requirement or life-safety feature. 
Alongside these there are the controls and controlling components.

The schematic diagram is the primary reference for the system design and therefore, 
as any signi�cant change occurs, it is the series of schematics that should be amended 
�rst. The design development should ensure that several aspects are addressed concur-
rently and reconciled at each stage, with the system schematics as the reference: load 
assessments, which will in turn affect the utility connections required, and the space 
planning for plant and equipment; system layouts in relation to the architectural �oor 
plans and sections; and the integration and coordination of building services elements 
with architectural and structural elements on both layouts and sections, including 
the interfaces for terminal devices. As each iteration in the design occurs, the same 
re-working and reconciliation take place across these aspects of the system designs, 

Figure 2.6 Concept for iterative development of the building services design
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as they move toward design resolution. It cannot be over-emphasised that the earliest 
design stage is the most in�uential, but with little detail; while the later design stages 
have much less in�uence, but much more detail.

Three particular developments have had a signi�cant in�uence on the design 
process activities in recent years: environmental assessment methodologies; dynamic 
simulation modelling; and building information modelling (BIM).

There is widespread adoption of environmental assessment methodologies, such as 
BREEAM and LEED, which are described in detail in Chapter 4. Under these method-
ologies, an assessor is appointed and works with the design team throughout the design 
period to provide a continuous focus and guidance on how individual elements of the 
design might be developed to achieve the credits that contribute to the target rating. 
The use of dynamic simulation modelling to demonstrate compliance with Building 
Regulations Approved Document Part L is described in more detail in Chapter 3.

There is growing use of BIM software as a design tool. BIM is a major development 
in the design process that uses a variety of software tools to create a single information 
source for use by the project team, with all designers contributing to the model. This 
provides the potential for a high level of integrated and coordinated design, which allows 
the processes for design, and for construction, to be better managed with a greater degree 
of accuracy and consistency. This will facilitate closer collaborative working to make the 
whole process more effective and hence more cost effective. For all disciplines there will 
be improved �ow of information. As the capabilities of BIM software develop, building 
services designers hope that their model will be used not just for calculations, but also for 
simulations covering speci�c aspects of dynamic performance, such as thermal model-
ling; together with other aspects of the design process. A key objective is that the greater 
accuracy available from the integrated model will improve the construction and instal-
lation processes on-site. This should have widespread bene�ts, including better plan-
ning of delivery and construction methodologies. It is expected that this will provide 
better management of materials � with a bene�t to sustainability � and reduce time and 
errors during construction, installation and commissioning. Although design using BIM 
is not covered here, it is likely to have a considerable transformative effect on the design 
process, and on construction more generally.

Typical areas of involvement are outlined below against each RIBA stage (RIBA 
2008), focusing on the intended outcome rather than the software tools that might 
be used. It must be emphasised that this is not intended to represent, in any sense, 
an interpretation of formal duties under any agreement or appointment criteria. 
Instead, it is intended simply as a useful list of design aspects that can be considered 
at each stage, with a particular emphasis on achieving an energy ef�cient solution. 
One should recognise that design is not always carried out with such strict adherence 
to the formally de�ned stages; and certain aspects might move from one stage to 
another; for example, for different procurement methods, or if the architect decides 
to submit a planning application at an earlier or later stage than normal (RIBA 2008).

2.5.2  Stage A: Appraisal

The �rst stage of preparation is focused on the project inception and ensuring that 
the team is fully aware of the client�s intentions for the building project. The initial 
brie�ng will include identifying the client�s needs and objectives for the building�s 
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function. There is likely to be an indicative maximum cost �gure and a preliminary 
programme. The client�s initial brief should identify their business case in general 
terms, together with any key factors that might constrain the development. It may 
also include the client�s initial views or aspirations for environmental or sustain-
able performance, normally in terms of a score or category for an environmental 
assessment methodology. The design team should encourage the client to aim for a 
high target. At this stage the design focus is on the feasibility of the development. 
Appropriate studies will be undertaken and options assessed so that there is suf�cient 
information to allow the client to make a decision on whether to proceed with the 
project.

2.5.3  Stage B: Design brief

The focus of the next stage is on obtaining a standard range of background documen-
tation from the client in relation to key aspects of the brief and the site. This will allow 
the initial statement of requirements to be developed into a design brief. (See Section 
2.4 for an overview of key aspects of design brief development.)

For the building services engineer, two site aspects are particularly important for 
identifying key requirements and constraints: the existence, extent and capacities 
of utility supplies; and physical site restrictions that might impact upon the design 
proposals. The standard utility supplies are: electricity, gas, water, sewerage and tele-
communications. The speci�c utility arrangements will vary from country to country 
and location to location, e.g. some regions will not have a mains gas network; or 
in some circumstances, the availability of district heating (or, much less commonly, 
district cooling) might in�uence the energy strategy.

The client is likely to have record drawings available in relation to the site that will 
show the nature and locations of existing utilities on the site. This will include the 
sizes of the infrastructure elements, such as pipes and cables, and the terminations 
within substations, gas meter rooms and similar utility-owned buildings, rooms and 
enclosures. Such record information showing the presence of both �live� and discon-
nected underground services is also of vital importance to discharging the designers� 
duties under H&S management, as described in Section 2.7.3.

While the concept design development takes place in Stage C, it can be useful to 
develop initial ideas for the energy strategy to help inform the commencement of 
concept design across the disciplines; speci�cally with a view to ingraining energy 
ef�ciency into the design thinking at the outset. To develop the initial concepts for 
the energy strategy, as outlined in Chapter 3, it will be necessary to analyse the site 
opportunities. These would cover aspects such as the solar path and high and low 
sun angles; the prevailing wind direction; and the possible locations for an energy 
centre, as shown in Figure 2.8. As the early concepts evolve, it is bene�cial to 
undertake simple load assessments for heating, cooling and power (perhaps using 
�rules of thumb�) that will allow initial enquiries to commence with suppliers for 
gas and electricity; together with water, drainage and communications connec-
tions, as shown in Figure 2.7. The designer should make initial enquiries to the 
relevant suppliers and network operators to establish the up-to-date scenario 
regarding available service capacities to feed the development�s needs. This should 
con�rm any recent developments to the situation shown on the record drawings, 
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and can provide information on planned or proposed infrastructure developments 
in the vicinity that could in�uence the level of availability for the proposed building 
or site. It must be emphasised that the availability of services connection of the 
required capacities have an in�uence on energy strategy, and could even determine 
whether the building is a feasible proposition. Where the existing infrastructure 
is insuf�cient, the network supplier will advise on the level of local reinforcement 
required to provide the capacity of connection necessary, for which there could be 
considerable cost implications.

There are many physical constraints that could impact upon the engineering systems 
design, including access limitations, noise, relative site exposure and shelter, wind, 
electromagnetic interference (EMI) and air quality. Any access limitations might 
restrict the maximum sizes of components that can be delivered to the site for the 
initial construction (or subsequent replacement) and might in�uence the equipment 
selection in the design, or methodologies for construction. High ambient noise levels 
might require acoustic features to be incorporated into the site landscape layout, 
building envelope and heating, ventilation and air-conditioning (HVAC) systems to 
provide attenuation to satisfy internal acoustic criteria. Similarly, a site in an area 
with very low ambient noise levels might require higher levels of acoustic attenuation 
than normal in the engineering systems to minimise noise in�uence from the new 
development. Sites in different locations can vary widely in their levels of exposure to 
the elements � from low level city centre sites which are relatively sheltered, to sites 
on higher ground and which might have very high levels of wind and precipitation, 
to marine environments with a saline atmosphere. The ambient air quality might be 
affected by heavy traf�c or industrial activity, again in�uencing the selection and 
disposition of HVAC system equipment.

Many of these factors will be relevant to planning matters and the feasibility assess-
ment for utilising ambient energy; and might require special features and materials 
selection in the design proposals. For example, sites close to sources of EMI (such as 
railway lines or power lines) or radio frequency interference (such as radar facilities), 
might require special features to minimise any undue in�uences within the building, 
to achieve electromagnetic compatibility.

At this stage the structure of the design team, and the roles of the individual 
design disciplines, will usually be established. The design team leader will be identi-
�ed � usually the architect � and the interrelationships and lines of reporting will be 
con�rmed. It is usually at this stage that any necessary specialist sub-consultants will 
be identi�ed. Stages A and B might be merged on smaller projects.

The outcome from this stage will normally be an initial recommendation on the 
feasibility or viability of the building in relation to the client’s initial brief, budget and 
programme.

2.5.4  Stage C: Concept

During this stage the team will develop the concept design from the fairly loose and 
sketchy feasibility proposals to an outline design of meaningful shape and form. For 
the design to be developed to the required level, the building services engineer is likely 
to visit the site to obtain detailed information on existing services and features. It is 
also likely that any relevant surveys will be undertaken.
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The communication with authorities is likely to have been minimal prior to this 
stage, but will now involve more detailed consultation on the key principles affecting 
the engineering systems, particularly those for life safety, which would be related to 
the �re strategy, and �means of escape� routes.

While the initial concepts for systems may have been considered at the previous 
stage, it will be necessary to consider alternative ways in which different systems 
might satisfy the requirements. The building services engineer should critically 
examine those aspects of the brief, budget and programme that will have most impact 
on the energy performance and engineering services design. The programme should 
be examined and assessed in terms of practicality for the extent of design work and 
studies required under the scope of duties in the appointment. For complex projects 
that are likely to require non-standard solutions, suf�cient design time will be required 
for the design team to undertake the necessary research and specialist studies, and to 
develop a range of solutions. Similarly, for sites with inherent complexities � such as 
congested inner-city �brown�eld� sites; or sites of irregular shape, on dif�cult terrain, 
in remote areas or with limited access � suf�cient design time will be required to 
assess the impact of these restrictions on possible design solutions.

The building services engineer will create an outline design to summarise the 
proposals. This will comprise drawings, sketches and design advice, which the archi-
tects will use, along with outline design information from the civil and structural 
consultants, to prepare concept proposals. The proposals will represent an integrated, 
but not especially detailed, solution covering all disciplines in the form of a Stage C 
report, together with outline speci�cations (RIBA 2008).

There will be a preliminary cost plan compiled by the project QS. This is likely to 
show all the costs associated with the project activity, covering not just the construc-
tion value of the building but also aspects such as land purchase, design team fees, 
local authority charges and fees for statutory authority services connections. There 
is usually a requirement to produce a building services cost estimate at this stage. 
This is normally based on unit costs, either £/m2 or £/room, or other useful unit 
basis. Although the QS normally has responsibility for the overall cost management 
(including the costs for building services), it is important to recognise that the cost 
estimate produced by the building services designer is a useful �gure that is likely to 
be discussed in relation to this element of the cost plan.

2.5.5  Stage D: Design development

A client�s decision to give approval for the design team to proceed to Stage D is 
usually an indication that the client has a considerable commitment to proceed with 
the project, for the process through Stage D and beyond is primarily one of adding 
more detail to the concept proposals and therefore incurring further design costs 
(Makstutis 2010). The previous discussions on the design brief should be continued 
and concluded. The intention is that, while some further minor development of the 
brief is inevitable, in effect, it should be considered as concluded at this stage for the 
functional aspects.

At this point, the programme will be of a simple form and should indicate the 
design, procurement contractor mobilisation, construction, handover and occupa-
tion. It is essential to determine the client�s imperatives for the completion date, which 
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For the design of civil and structural engineering to progress, it will be necessary 
to provide details of the key structural loads related to MEP equipment. This will 
require drawn information showing the location of the heaviest equipment, with foot-
print dimensions and mass for each item. The equipment items of most relevance 
are large water-�lled items such as tanks, thermal storage vessels and large pipes; 
together with large and heavy individual items of equipment such as chillers, boilers, 
transformers, generators, switchgear, cooling towers and UPS modules.

The structural engineer is likely to allocate a uniform loading density throughout 
all plant areas, to cover a normal arrangement and distribution of MEP equipment. 
However, the heaviest items may require additional structural features, such as thicker 
�oor slabs that will impact upon the structural design and cost. The structural engi-
neer might impose limitations on the locations of heavy equipment, and once these 
have been agreed there is limited scope for changing the locations of equipment.

The load assessments for heating, cooling and power will be further developed as 
the design detail progresses. As the architectural proposals for the envelope � facade 
and roof � are developed, the HVAC system proposals will become more detailed so 
that preliminary sizes can be allocated for components such as boilers, air-handling 
units (AHUs), fans, pumps and chillers.

The building services engineer will prepare drawings and sketches so that the lead 
consultant�s design can be developed. The required calculations will be undertaken 
for load assessment and equipment sizing. The drawings will normally include sche-
matic diagrams for the main MEP systems, block plant layouts for plant rooms and 
key layouts for risers; together with �oor layouts on architect�s GA drawings for the 
main systems. It is likely that updated outline speci�cations will be issued to indicate 
the materials and workmanship standards. This information package will allow the 
QS to prepare a cost plan. A Stage D report will be prepared to summarise this stage 
of design development.

It is likely that the application will be made for detailed planning permission, with 
the building services engineer providing supporting information to the necessary level 
of detail (see Section 2.7.1).

2.5.6  Stage E: Technical design

When the client gives the team approval to proceed to Stage E, the design can be 
developed suf�ciently to allow a good level of coordination of the various compo-
nents and elements. This will involve detailed calculations for all items of equipment, 
and detailed development of all drawn information. While the Stage D design would 
have shown the generality of the design for all spaces, the Stage E design is likely also 
to cover all particular and non-standard aspects. This will normally include each 
terminal device (diffuser, grille, luminaire, socket, radiator, chilled beam, etc.) and 
branch or �nal circuit from the on-�oor distribution point. Schedules can be created 
with the key design and performance parameters to summarise the important infor-
mation for items of equipment.

The coordination of design between building services sub-disciplines, and between 
building services, architecture and structure, will have been a necessary consideration 
up to this stage, and will have involved sketches to test and resolve speci�c coordi-
nation issues. At Stage E, the coordination information becomes more formal as a 
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The planning approval process consists of submission of a range of drawings and 
other technical material that describes the intended development. For outline plan-
ning approval, the information does not usually need to be in detailed form, and 
tends to be fairly general. The visual information mainly relates to the massing of the 
building(s) and the layout and character of the proposed development, so that this can 
be seen in context and its wider impact assessed (Adam 2001). The objective of the 
submitted drawings is to provide suitable information so that the authority can appre-
ciate the key features of the development, and make a decision accordingly (Makstutis 
2010). The level of information is likely to vary depending on type of development, 
or the scale (Adam 2001). A more comprehensive set of drawings will be required for 
detailed planning approval.

The planning departments of local authorities seek to ensure that proposals comply 
with the relevant policies governing the nature of the built environment as it develops 
in their locality. Most urban areas will have a unitary development plan (UDP) or 
similar, that allocates zones for particular types of development, such as residential, 
industrial, commerce, retail, etc. The objective is to protect the interests of residents 
and other parties that might be affected by changes taking place (Makstutis 2010).

Planning can be a lengthy process for certain types of proposals and will often 
involve public consultation, meetings and negotiations. In some cases, buildings 
might obtain approval without going through the formal procedure of a full planning 
process. It should be noted that planning only considers the nature and acceptability 
of the proposed development in relation to the prevailing policies for the area. It does 
not consider any safety aspects, which are covered in Building Regulations. In the 
UK, key planning criteria are set out in a series of planning policy guidance notes 
(DCLG 2012).

2.7.2  Building Regulations

�Building Regulations�, or �Building Control�, relates to the compliance of the speci�c 
design for the building and its engineering systems in relation to the relevant codes 
or regulations, such as the Building Regulations approved documents in England and 
Wales (DCLG 2010a). In contrast to planning, Building Regulations are standards for 
the performance of the construction works. The regulations cover aspects such as �re 
safety; health, air, water and noise; accessibility; and energy conservation.

The Building Regulations applicable in England and Wales exist principally to 
protect the public by ensuring the health and safety of people in and around build-
ings. They also cover access to and around buildings. The regulations apply to most 
new buildings and many alterations of existing buildings, whether domestic, commer-
cial or industrial. The regulations cover most aspects of a building�s construction, 
including its structure, energy conservation, �re safety, sound insulation, drainage, 
ventilation and electrical safety. Details of certain elements of the design have to be 
submitted for approval. The construction on-site is monitored by a local authority 
of�cial or approved inspector, previously known as the Building Control Of�cer.

For building services designers, the most important aspects will normally be:

Part B:	 Fire safety
Part F:	 Ventilation
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Part G:	 Sanitation, hot water safety and water ef�ciency
Part H:	 Drainage and waste disposal
Part J:	 Heat producing appliances
Part L:	 Conservation of fuel and power (see Chapter 3)
Part P:	 Electrical safety.

2.7.3  Designers’ duties for health and safety (H&S)

An important duty for all professionals involved in the design of construction projects 
is to manage the H&S implications of the structures or systems they design. The 
construction industry has, unfortunately, given rise to a signi�cant number of injuries 
and fatalities and, historically, its record has been poor in comparison with other 
industries. It is useful to consider situations in terms of �hazard� (something with the 
potential to cause harm) and �risk� (the resultant likelihood that harm will occur from 
the hazard, taking account of the controlling measures introduced). Certain speci�c 
aspects of the construction process have easily identi�able potential hazards � for 
example, activities involving craneage manoeuvres; working at high level, particularly 
in exposed areas such as roofs; working in trenches and tunnels. These are generic 
hazards relevant to the designs of all disciplines.

For those designing mechanical and electrical systems in buildings, however, the 
nature of the fuels, systems and equipment involved means that they have speci�c 
inherent hazards that need to be properly managed and controlled. Speci�c H&S 
hazards could potentially arise from a variety of sources: electricity, gas, combus-
tion, water, drainage, sewerage, steam, hot surfaces, rotating plant, noise and vibra-
tion, fumes, �bres, particulate matter, con�ned spaces, chemicals, compressed air 
and many others. The nature of the construction process provides a sense of imper-
manence � the creation of a one-off, short-term, in situ activity, where the �workplace� 
is undergoing continual change and can have a high degree of workforce density 
and on-site mobility. This inevitably makes it more dif�cult to manage risks, when 
compared with industrial activities in surroundings of a more permanent and easily 
controlled nature.

It is important to have a whole-life approach to H&S management, and the recent 
legislative developments (HSE 2007, 2012) have recognised this. In some ways, it 
parallels the life cycle approach required for sustainability, by looking beyond just the 
delivered and completed construction to cover lifetime usage and, ultimately, disman-
tling or demolition as well. The building services designer must, therefore, consider 
the potential hazards that could arise during the whole-life of the building:

1	 Construction and installation: H&S hazards arising from the delivery, assembly 
and installation of systems and equipment as part of the overall construction 
process.

2	 Testing and commissioning: H&S hazards arising from the process of testing 
equipment and systems, and making adjustments during the commissioning 
process; and when setting systems to work in their �nal operational state.

3	 Usage: H&S hazards arising from usage of the building by occupants.
4	 Operation and maintenance: H&S hazards arising from the activities required to 

operate and maintain systems and equipment throughout their operational life.
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An important part of the QM process is the undertaking of design reviews. Careful 
consideration should be given to the strategy for the review process at the outset, so that 
it is appropriate for the project�s scale and complexity. It is normal for all calculations 
and drawings to be checked independently, usually by a competent colleague. Most 
projects have independent design reviews, usually at an interim or scheme design stage; 
and at the output stage, prior to the information being issued for tender and procure-
ment. Where the project involves a non-standard brief or design approach involving 
innovative principles or technologies, it is important to have a detailed peer review of the 
concepts prior to proceeding. The design review activity will normally involve checking 
the developed design against the original brief and changes to the brief, together with 
checking adherence to (and acceptability in relation to) standard engineering principles 
and the relevant statutory and industry standards and regulations. It will usually result in 
marked-up comments related to calculations, drawings and speci�cations recording the 
reviewer�s recommended aspects for attention. There should be a mechanism through 
which the designer absorbs and acknowledges each comment, and records that this has 
been done. Large, important and technically complex projects might have many design 
reviews, both within the design organisation, and externally. Clients sometimes appoint 
a separate consultant as a monitoring or �checking consultant� for this purpose.

One important objective of the QM process is to create an �audit trail�. This means 
to retain all necessary information to demonstrate how the �nal design came about, 
such that this could be inspected by a third party. An audit trail is essential should 
there be any future litigation in relation to the design. Project �les, including the 
design and calculations �les, are usually archived for a number of years in accordance 
with the conditions in the designer�s appointment agreement with the client.

With the growing use of modern common electronic information exchange systems 
for projects, the emphasis has shifted to auditable electronic �ling.

2.9  Summary

To undertake their role successfully, building services designers must have a clear under-
standing of their own duties, and the duties of other professionals within the design team. It 
should be recognised that building and engineering systems design is an iterative and inter-
disciplinary process, requiring cooperation, integration and negotiation. Teams should 
work together in a collaborative manner. The design normally proceeds to a programme 
through clearly de�ned stages, with cost reporting on the proposals and client sign-off 
before approval to proceed to the next stage. A key early activity is the development of 
the design brief to con�rm the speci�c aspects in�uencing the building services concepts. 
Sustainability matters and targets should be considered from the outset by all disciplines. 
In order to in�uence these aspects, building services engineers should be involved in the 
decision making at the earliest concept design stage. The design proposals eventually 
form a detailed set of production information that is issued for tender and procurement 
of a contractor. The building services designer must adhere to relevant legislation, policies 
and codes; and has particular duties in relation to the H&S management of the systems 
designed, and an involvement in submission for planning consent and building control 
compliance. Designers� work should be undertaken within a QM process to maintain the 
quality of the design outcome and delivered material; and to create an audit trail of the 
design decisions and information exchange that resulted in the �nal design.



Chapter 3

Generic design strategies for low-
carbon buildings

3.1  Introduction

This chapter outlines a strategic approach to reducing carbon emissions in build-
ings. The focus is on appropriate generic design considerations that can be addressed 
in priority order as practical steps to promote energy ef�ciency. Speci�c technical 
aspects are not covered in depth here, as most of these are explored in Chapters 5 to 
9. Reference is made to selected aspects of the approved documents to the Building 
Regulations in England and Wales, to provide some context of regulatory frameworks 
for energy conservation. It should be noted that this chapter only covers strategies 
related to carbon mitigation. It does not address the many other issues relevant to 
sustainability in buildings � such as water, drainage, materials, recycling and biodi-
versity � which should also be considered as part of a wider strategy for sustainable 
design.

3.2  Developing a focused approach

A useful approach to achieving low-carbon buildings is shown in Figure 3.1, and 
involves a sequence of planning, designing and managing. The design process stages 
were described in Chapter 2. The early stages will involve appraisal of the site to 
assess the physical features and ambient conditions, and hence the options avail-
able to satisfy the development�s requirements with minimal use of carbon. The site 
appraisal can in�uence the locations and layout of building(s) on the site. The next 
step is to design the building(s) and systems based on a logical energy hierarchy. The 
third step is for the building(s) to be operated in an ef�cient way, while meeting the 
functional requirements.

In Chapter 1, a conceptual model was presented of an approach to reduce carbon 
emissions in buildings. This proposes that the focus should, �rst of all, be on reducing 
energy demand. The energy demand is a function of both necessity � to achieve comfort 
and functional criteria � and demand management. The energy demand will depend on 
many factors, and will vary with the building type and function, but for most building 
types it will be largely determined by the characteristics of the envelope � primarily 
the thermal performance of the external walls, glazing and roof. The initial focus is, 
therefore, on optimising the envelope, building form, orientation and massing; and 
incorporating such passive features that might be appropriate to bene�cially utilise 
available ambient conditions, and thereby reduce the need for active energy. Another 
aspect of demand reduction is to put in place such management regimes and controls 
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facilities that will reduce the usage of active energy to only that amount required to 
satisfy the occupancy criteria, adjusting accordingly as requirements and occupancy 
patterns vary. The intention is always to do this without reducing the �enjoyment� or 
the functional performance of the occupied space. This aspect of demand reduction is 
a function of technology (automatic controls, monitoring and metering); the manage-
ment regime for operation and maintenance; and occupancy behaviours.

An important starting point, therefore, is appropriate engagement with the client 
at the design brie�ng stage, and to seek an opportunity to communicate with the 
operational and maintenance (facilities management) staff who will be responsible for 
running the building�s services. This will provide an opportunity to explore features 
that can be incorporated to allow ease of operation, maintenance and energy manage-
ment consistent with their preferred approach. It will also provide an opportunity 
to review any assumptions about occupancy behaviours that might be amenable to 
review, with the intention of adopting a less energy intensive approach. These meas-
ures will reduce the need for active energy. Such early engagement may not always be 
possible, however, particularly for speculative buildings.

The second priority is to address the active energy provision process, which can be 
considered as comprising all of the processes for energy generation, supply, distribu-
tion and the active energy using systems in the building. The emphasis is on ef�cient 
energy supply and simple energy ef�ciency measures that have traditionally been good 
engineering design considerations. Systems should be designed to be inherently energy 
ef�cient, and incorporate the simple steps that can be taken to minimise carbon emis-
sions, such as recovery of heat in thermal systems.

The use of renewable energy systems should be considered as the third stage of 
the hierarchical energy strategy. Provision of renewable energy might be subject to 
speci�c local authority planning policy, requiring a proportionate on-site contri-
bution. However, renewable energy should be seen in the context of other carbon 
reduction measures, so that the relative effectiveness and potential limitations are 
understood. In many cases renewables may not be an appropriate choice compared 
with investment in more rigorous energy ef�ciency measures. There is no real sense 
in incorporating renewables where they would be merely offsetting carbon emissions 
arising from the use of inef�cient systems; the active systems should, instead, be made 
more ef�cient. Simple energy ef�ciency measures may not be glamorous, and may 
have no visible presence to occupants or the public, but are usually far more effective 
than some of the more �token� renewable technologies that are often � incorrectly � 
seen as the essential hallmarks of sustainability.

Figure 3.1 Path to low-carbon buildings
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We describe them here in a fairly simplistic sense as an introduction to some of the 
main considerations. For detailed guidance, reference should be made to other publi-
cations covering building physics, building science and information on the thermal 
performance of building materials (Rennie and Parand 1998). There is a renewed 
focus on the need for research and education in building physics, to address the 
relatively limited guidance available, as outlined in the 2010 Report from the Royal 
Academy of Engineering (King 2010a).

In order to create an acceptable envelope, it will be necessary to work closely with 
the architect from the outset to explore and evaluate site considerations and the prac-
tical options for location and orientation of the building(s). These issues are complex, 
because all aspects are interrelated and cannot be viewed in isolation. Computer 
modelling is used extensively as a tool to inform design and/or check compliance with 
Building Regulations. The specialist area related to the interdisciplinary design of the 
external facade is an evolving discipline sometimes termed �facade engineering�. The 
objective is to achieve an optimum balance for the envelope�s energy performance, 
alongside achieving a satisfactory outcome for non-energy aspects, such as aesthetics, 
planning, acoustics and �re performance. The intention, from an energy perspective, 
is for the envelope to modify the climate through moderating those aspects that are 
undesirable, and encouraging those aspects that are bene�cial (CIBSE 2004a; Rennie 
and Parand 1998). This will usually include:

Figure 3.4 Developing a passive approach: concept
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3.4.7  Thermal mass (external and internal)

While the (area-weighted) thermal transmittance of envelope components will deter-
mine the static heat �ow, the thermal mass will determine the dampening of tempera-
ture changes due to thermal inertia, and the extent to which the structure can act 
as a thermal buffer. Buildings and parts of buildings can be considered as more 
�heavyweight�, or �lightweight�, depending on the amount of thermal mass. External 
and internal walls (and �oor slabs) can be thermally massive due to the speci�c heat 
capacity of their materials and their thickness. This will cause these parts of the 
building structure to absorb and store a proportion of the heat (or coolth), rather than 
letting it pass through, resulting in a thermal time lag which evens out, or smooths, 
the internal temperature variation. By selection of suitable arrangements of thermal 
mass of appropriate speci�c heat capacity, the time lag can be such that heat (or 
coolth) can be stored when not wanted and released when bene�cial. For example, 
when utilising solar space heating, heat can be stored in well-insulated �oor slabs and 
walls through exposure to solar radiation during the daytime; and can be released in 
the evening, when required as the external temperature falls. Similarly, where cooling 
is required during the day, it can be achieved by �night-time cooling� through venti-
lation, i.e. by introducing naturally ventilated air at high level to exposed sof�ts at 
night, to cool them down. This is so that, when the external temperature rises during 
the day, the internal temperature swing is reduced (see Chapter 5).

A useful arrangement when seeking to minimise solar gains is for the east and west 
walls of a building to be provided with signi�cant thermal mass, where practical in 
relation to the architecture. This reduces the effect of the prolonged periods of lower 
sun angles early and late in the day, and thus limits the temperature levels resulting 
from the solar in�uences later in the day. Solar shading can be provided on the south 
facade to shade against the high level sun during the middle of the day.

The thermal effects of the multitude of structural elements within buildings of 
different thermal transmittance and mass can only be assessed in detail through 
dynamic modelling. Chapter 10 describes the principles of thermal load assessment 
using admittance, to demonstrate the impact of thermal inertia.

������������ �&�R�Q�W�U�R�O �R�I �D�L�U �L�Q�À�O�W�U�D�W�L�R�Q

It is necessary to control the level of air in�ltration to avoid additional heat losses 
in cold periods, and heat gains during hot periods. This requires good sealing and 
attention to architectural details for elements of the building envelope. Controlling 
air in�ltration can be more problematic when the pressure differential increases, for 
example in tall buildings and buildings in exposed locations. Controlling air in�ltra-
tion can also contribute to satisfying acoustic criteria by reducing noise in�ltration. 
Section 3.8 describes the limiting design criteria in Part L. Chapter 5 outlines the 
design approach to air in�ltration in relation to natural ventilation.

3.4.9  Arrangement of internal spaces

The allocation and disposition of spaces within buildings should be planned so that, 
where possible, their comfort criteria can be achieved in the most energy ef�cient way. 
This goes beyond passive design for the envelope; it is about appropriate adjacencies 
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solar control features and are becoming more commonplace on modern buildings. 
The building has been orientated to bene�t from the prevailing wind direction so 
that it can use natural ventilation. This is also used at night-time for pre-cooling the 
of�ce spaces in conjunction with the thermal mass of the exposed concrete sof�t. The 
building also uses building-integrated renewable energy systems: photovoltaics and 
solar water heating. Chapter 4 includes a post occupancy case study on this building.

Figure 3.6 shows a residential development where particular attention has been 
given to the energy performance of the envelope through the characteristics and spatial 
relationship of opaque and glazed elements. The building features low U-values for 
walls, windows and doors, together with low thermal bridges and air permeability.

Figure 3.7 shows a distribution warehouse for a brewery where the envelope has a 
high level of thermal mass, a �green roof� and minimal glazing. This provides a suit-
able level of thermal inertia to maintain stable internal temperature conditions for 
storing beer, with minimal use of active energy.

Figure 3.6  Low energy residential building: Mariners’ Quay, Newport, UK

Source: Andrew Hazard’s image

Figure 3.7 
Low energy storage 
building: Adnams 
Brewery Distribution 
Centre, Suffolk, UK

Source: image courtesy 
of Adnams Brewery
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to its high primary energy carbon factor � and should therefore be used sparingly. It is, 
therefore, inappropriate for heating purposes, except in special cases. However, as the 
planned de-carbonisation of grid electricity takes effect, some re-consideration may 
be necessary. This is due to the versatility of electricity � the majority of energy using 
equipment can utilise electricity � and its ability to be derived from a variety of sources.

Where the concurrent thermal and electric load pattern is suitable, CHP/co-gener-
ation can provide a low-carbon solution for a proportion of the annual requirements. 
A CHP engine provides a means of concurrently generating heat and electricity that is 
both highly cost effective and has a considerably reduced environmental impact. CHP 
can only be used in certain circumstances where there is a suitable load scenario; but 
where this is the case, it is likely to be the single most bene�cial active engineering 
measure to reduce the level of CO2 emissions and running costs (CIBSE 2004a; IET 
2008) (see Section 3.7).

������������ �(�Q�H�U�J�\ �H�I�À�F�L�H�Q�W �S�O�D�Q�W �D�Q�G �G�L�V�W�U�L�E�X�W�L�R�Q �D�U�U�D�Q�J�H�P�H�Q�W�V

A key consideration for any active engineering system is the extent to which plant 
will be centralised or dispersed, as this will have a considerable impact on the energy 
losses due to distribution, and hence the overall energy ef�ciency. The basic approach 
should be similar for power, heating and cooling distribution, namely to locate the 
plant close to the main load centre(s), to minimise distribution losses in relation to the 
anticipated annual load pattern. The plant arrangement (i.e. the numbers and sizes of 
items of plant to meet the required installed capacity) should be selected to provide 
the best overall performance through the range of load scenarios. The norm might 
be a part-load condition well below full load, so diurnal and seasonal variations in 
energy ef�ciency should be considered. This will often require selection of multiple 
equal-sized modules or components to provide the best opportunity for optimised 
energy performance for the anticipated load pattern, and for future load growth. The 
selection should consider base-load capacities and shared part-load ef�ciencies. The 
need for energy ef�cient distribution relates not only to primary distribution (or infra-
structure), but also the distribution elements of systems, such as cabling, ductwork 
and pipework. The intention is always to design distribution elements so that they are 
inherently energy ef�cient by reducing lengths and resistance per unit length.

Spaces that are remote or used on a highly intermittent basis should be served 
by separate localised plant that can be sized accordingly and run independently of 
central plant. In such cases, it is usually better to run smaller, slightly less ef�cient 
plant, rather than running central plant with signi�cant distribution losses, and/or 
running in an inef�cient mode for long periods.

It will also be necessary to minimise standing losses in all systems and equipment. 
This applies most obviously within thermo�uid systems, to reduce energy losses 
from bypasses and redundant legs. It also applies to electrical systems, including lift 
systems, multiple parallel UPS systems and standby loads for process equipment.

������������ �(�Q�H�U�J�\ �H�I�À�F�L�H�Q�W �+�9�$�& �V�\�V�W�H�P�V

The systems for controlling the indoor climate are pivotal to the overall building 
services design strategy and the energy performance. Suitable HVAC systems should 



78  Generic design strategies for low-carbon buildings

be selected to satisfy the comfort criteria for the spaces served and to provide a healthy 
indoor climate. This will include considerations of the characteristics of the emitters 
or terminal devices, and their locations within the spaces, so that the conditions are 
maintained effectively within the occupied zones. It will also include the methods for 
generation of heating and cooling power; the types of thermo�uid circuits and their 
operating modes; and the arrangement and characteristics of fans or pumps for circu-
lation. Treated spaces should be subdivided to allow separate control in a meaningful 
and representative way, so that spaces with different conditions or criteria act differ-
ently. It should be possible to match the particular energy demand with fast response, 
through suitable controls, so that energy consumption is no more than necessary to 
meet the requirements.

Systems should minimise the creation of waste heat; and maximise the bene�cial 
re-use of any waste heat that is unavoidably created, including heat recovery and 
recirculation of �valuable� treated air, where this is viable. Designs should seek to 
minimise unwanted heat gains into cooled spaces; and similarly maximise unwanted 
heat gains into heated spaces, where this is practical (CIBSE 2004a) (see Chapters 
5 to 8).

3.5.5  Explore the design parameters

Design parameters, particularly those related to comfort conditions, should be explored 
and challenged, where appropriate, to see whether there is some scope to relax them 
� or perhaps to seek a partial relaxation, for certain times and circumstances and 
thereby reduce energy demand (CIBSE 2007). This relates primarily to thermal and 
illumination criteria, which have a fundamental in�uence on energy demand. It also 
relates to acoustic criteria, which can in�uence attenuation requirements in ventila-
tion systems, and hence fan power (and embodied energy). The opportunity to relax 
criteria will depend, to some extent, on the client�s �exibility. However, the designer 
can identify, as part of the design brief development, the order of carbon (and hence 
cost) bene�t versus the perceived shortfall in conditions for speci�c parameters, so 
that an informed choice can be made.

3.5.6  Mo tive power for fans and pumps

The main motor-driven components within the HVAC systems are circulation pumps 
for heating or chilled water systems, and fans for mechanical ventilation systems. 
The motors that drive pumps and fans can consume a considerable amount of energy. 
This can be optimised through selection of the motor drive equipment, as outlined in 
Chapter 9; and through selecting suitable parameters for the hydronic or ventilation 
systems, as outlined in Chapters 5 to 8.

3.5.7  Coolth generation

The carbon impact related to the generation of cooling power will depend upon the 
types of equipment, choice of refrigerant and system parameters. This is covered in 
Chapters 6 to 8.



Generic design strategies for low-carbon buildings  79

3.5.8  Lighting

Arti�cial lighting systems should be selected so that they maintain appropriate lighting 
of the spaces, utilising natural daylighting wherever practical. There is a particular 
need to minimise lighting energy usage in spaces that require cooling, as it represents 
an internal gain that will require additional cooling energy to offset (see Chapter 9).

3.5.9  Process or uncontrolled loads

Process, uncontrolled or unregulated loads can represent a signi�cant level of energy 
consumption, which can, in turn, increase the energy consumption for cooling and 
ventilation in many buildings. However, there is often considerable wastage of energy 
from small power systems and other process loads, so it is one of the main areas 
requiring attention by the management regime (see Chapter 9).

3.5.10  Hot w ater services

Hot water services usually account for a relatively minor proportion of energy 
consumption in most commercial and public buildings, when compared to HVAC 
systems and lighting, but it varies with building type. The relative proportion will be 
higher in buildings with high water usage, such as hospitals, hotels, leisure centres 
and certain types of residential accommodation. The primary focus should always be 
to reduce demand through incorporation of water ef�cient devices, such as low �ow 
showers (see Chapter 8).

3.5.11  Lif ts

In some types of buildings there can be high levels of lift passenger traf�c, either 
due to the disposition of the occupants by �oor and/or the nature of the occupancy 
activity. In such cases, lifts can account for signi�cant levels of energy consumption. 
Various measures can be taken to optimise energy performance (see Chapter 9).

3.5.12  Controls, metering and monitoring

All of the active engineering systems will require suitable controls to ensure that 
regulation takes place to maintain the functional performance at relevant times, 
while minimising energy usage. Metering and monitoring will also be required for 
the ongoing involvement and attention from the management regime. The provision 
of controls, metering and monitoring can be considered as an aspect of both the 
active engineering systems and the management regime, as outlined in Section 3.6 
(see Chapter 9).

3.5.13  Renewable energy technologies

The potential for utilisation of a site�s available ambient or renewable energy should be 
considered within the energy strategy report. The main site considerations for renew-
able energy are the solar path and the wind pattern, as shown in Figure 2.8; together 
with ground (and possibly water) conditions for ground source energy systems. Solar 
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the �management regime� to encompass both the formal arrangements for operating 
the building, and also the behaviours of the occupants � which can, in turn, be in�u-
enced to a considerable extent by the management regime. The desired outcomes can 
only be achieved through the combined involvement and commitment of both the 
operational staff and the occupants.

In order to encourage the occupants to adopt the most appropriate behaviours, it 
will be necessary to get their commitment and engagement, which can be assisted 
through providing education and information on the building�s energy performance. 
This should directly relate the energy and environmental impacts in a way that can be 
understandable in relation to occupancy behaviours, management and personal inter-
vention (CIBSE 2004a). The psychology of behavioural engagement is well beyond 
the scope of this book, but it should be recognised that creating a sense of ownership 
and involvement can be an essential factor in the success of the building.

The management regime should include an active strategy for energy management 
(CIBSE 2008a). This would be in the form of a comprehensive energy management 
policy that forms an integral part of (or is developed alongside) the overall plan and 
regime for operation and maintenance (CIBSE 2004a). This is also a function of 
plant space allocation to ensure maintenance effectiveness, as outlined in Chapter 
12. A monitoring plan should form a key part of the policy, and include a metering 
strategy to allow continuing monitoring and control of the energy consumption. This 
will require a mixture of automatic and manual controls, metering and monitoring 
facilities that jointly provides the human�machine interface (HMI). The concept is 
shown in Figure 3.11 Appropriate automatic and manual control features should 

Figure 3.11 Concept for controls, metering and monitoring
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be incorporated within designs to facilitate matching system usage against actual 
requirement. This can include exploiting the operational variables in systems so 
that the mode selected is the most appropriate for the changing usage pattern of the 
building (see Chapter 9).

The active engineering systems should be amenable to initial testing and commis-
sioning in an integrated way, allowing the building and systems to perform in the 
manner intended by the design (CIBSE 2004a). This should include demonstrating 
achievement of design conditions for the anticipated range of scenarios. It is also 
useful to provide independent validation of the results; and to seek optimisation 
through extended involvement during the initial period of occupation, as outlined in 
the BSRIA Soft Landings Framework (Bunn and Usable Building Trust 2009).

The systems should also be amenable to subsequent operation, adjustment and 
regular �ne-tuning throughout the building�s life, so that optimal energy performance 
can be achieved and maintained as the norm. This can be achieved through close 
agreement with the client and operational staff and the adoption of a suitable strategy 
for planned maintenance, usually including schedules of maintenance activities for 
all building services equipment, which will contribute to its energy ef�ciency. For 
example, to reduce fan energy consumption, there should be a planned activity for 
cleaning �lters on a regular basis and replacing them periodically, so that the pres-
sure drop does not increase. Because the occupancy arrangements and functional 
needs will change with time, it is inevitable that some periodic �ne-tuning will be 
necessary. This will include making adjustments to the systems, so that they match 
more closely the changing needs. Certain systems might require occasional partial 
re-commissioning from time to time so that the range of likely changes can be accom-
modated. This could include changes of usage; changes of occupancy types and 
levels; re-arranged layouts; or new departments, functions and associated equipment 
resulting in changes in internal gains (CIBSE 2008a).

3.7  Combined heat and power (CHP)

The basic principle and logic for co-generation of heat and power has been outlined 
in brief in Chapter 1. Conventional heat engines used for electricity generation only 
convert about one-third of their fuel (primary energy) input into mechanical energy, 
which is then available for conversion to electrical energy via an alternator. In a 
CHP plant, the engine is �tted with heat exchangers to capture the heat that would 
normally be rejected (e.g. from exhaust, jacket cooling, lubrication oil) and use it for 
applications such as space, water or process heating. Heat and power are therefore 
generated simultaneously, which provides a signi�cant increase in overall energy ef�-
ciency. The speci�c ef�ciency will depend on the engine type and rating, the load 
cycle, and so on. Typically, up to 80% (and possibly more) of the fuel input can be 
converted into useful energy (IET 2008; CIBSE 2009a). Figure 3.12 shows an energy 
balance for a typical small gas-�red CHP plant. Utilising CHP not only reduces emis-
sions of carbon dioxide and operational energy costs, but can also reduce the relative 
levels of other pollutants that arise from conventional generation.

The prime mover for CHP systems used in buildings is normally a gas engine. It 
could also be a micro gas turbine. These are reciprocating engines fuelled by natural 
gas. Heat is recovered from the engine�s exhaust and the cooling water jacket. The 
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The overall ef�ciency of the CHP plant, n, should take account of the part-load 
operation, and can be expressed as:

n = Q heat + Q power
            Q fuel input

Where:
Q heat = annual useful heat supplied
Q power = annual electricity generated (net of parasitic electricity use)
Q fuel input = annual energy of the fuel supplied (in gross calori�c value terms)

Similarly, the heat to power ratio, R, can be expressed as:

R =	   Q heat 
	 Q power

Large-scale CHP is the norm in some parts of northern Europe where there is a 
commendable energy policy based on total energy generation, rather than narrow 
considerations of electricity generation alone. There are numerous city-wide schemes 
that provide district heating in an economic way due to the high load density. Certain 
types of residential developments can bene�t from community energy networks fed 
from CHP and district heating systems where the load pattern and density is appro-
priate. For such schemes to be successfully integrated, the overall planning should 
include the necessary space for the infrastructure in the street, with suitable allow-
ance in ducts for the pipework and cabling; and buildings should have �wet� heating 
systems for future-proo�ng to allow heat exchange via heat interface units, with the 
potential to bene�t from other low-carbon sources, as well as CHP (Bateson 2009). 
In contrast, the UK has traditionally had a relatively small amount of CHP genera-
tion; however, this has been rising in recent years. In 2011, the UK had an installed 
CHP electrical capacity of 6,111MWe, having risen from 4,451MWe in 2000 (DECC 
2012b). In 2011, the proportion of electricity in the UK that was generated from CHP 
plants was about 7.4%, or just over 27,000GWh; while the total heat generation was 
over 48,000GWh (DECC 2012b).

3.8  Regulatory context: Building Regulations Approved 
Document Part L in England and Wales

3.8.1  Background

Many countries have legislation in place to regulate the conservation of energy in 
buildings. Building services designers must create and submit their design proposals 
to the relevant authorities in the required format to achieve compliance in accordance 
with the prevailing legislation, at the design stage and post-completion. In England 
and Wales, the Building Regulations Approved Document Part L (DCLG 2010a) is 
the document covering conservation of fuel and power. The Approved Document 
provides practical guidance on ways in which compliance can be achieved for the rele-
vant energy ef�ciency requirements of the Building Regulations. Reference is made 

(3.1)

(3.2)
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here to selected aspects of Part L 2010 only, providing some context of regulatory 
frameworks and how they in�uence the design approach.

The 2010 regulations are a development of earlier versions in which regular improve-
ments have been made to reduce environmental impact. The 2006 regulations repre-
sented a signi�cant tightening of the carbon emissions criteria compared with the 
previous version (2002), with typical reductions in target levels for non-residential build-
ings in the order of 28%, and about 20% for residential buildings. The strategic objec-
tive for Part L 2010 was to further reduce carbon emissions from the building stock, 
and also to improve compliance by closing the performance gap between that predicted 
at design stage and the actual emissions as measured at completion. The stated aim was 
to achieve an overall reduction in carbon emissions of 25%, relative to the 2006 regula-
tions, as cost effectively as possible. The objective was to achieve this in two ways: �rst, 
as a �at 25% reduction for domestic buildings; and second, as an aggregate 25% reduc-
tion for non-domestic buildings. Similar incremental levels of reduction are planned for 
the next versions due in 2013 and 2016. It is likely that similar step-changes will take 
place every few years (driven by EU directives) as part of the move toward the concept 
of �zero emissions� buildings (however this might be de�ned); so the anticipated future 
scenario is for continual reduction in the permitted emissions.

It is usual for the primary energy fuel factors used within the CO2 emissions calcu-
lations to change with each update. In the 2010 regulations, the carbon emission 
factor for grid gas increased by 4% to 0.198kgCO2/kWh, and for grid electricity 
by 22% to 0.517kgCO2/kWh, compared with 2006. These �gures are historically 
dependent upon strategic government fuel and energy generation policies and the 
time-frame considered.

With the urgent need to reduce emissions, and the anticipated signi�cant tightening 
of criteria in the near future, it is appropriate to see the Part L criteria as the minimum 
acceptable performance standards, rather than the actual preferred target. They 
represent a set of overall regulations for carbon reduction against which designers 
need to demonstrate compliance; but that does not prevent designers from aiming 
for further improvements in performance, some of which may not be too dif�cult to 
achieve. This aspect of the project brief should be discussed with the client as part of 
environmental target-setting during design brief development. Indeed, other aspects 
of environment benchmarking may override Part L targets (such as targets set by an 
environmental assessment methodology).

The regulations cover new buildings and changes to existing buildings, for domestic 
and non-domestic buildings:

Part L1A	 Domestic buildings (new)
Part L1B	 Domestic buildings (existing)
Part L2A	 Non-domestic buildings (new)
Part L2B	 Non-domestic buildings (existing)

Because of the relatively higher energy impact per unit area of non-domestic (i.e. 
commercial and public) buildings, the following sections mainly relate to Part L2A 
as an example of the requirements. While they are not included in the regulations at 
present, it is likely that the criteria for future revisions will be expanded to include 
additional energy ef�ciency benchmarks of building services design performance, 
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applications. A brief introduction has been provided for the generic energy ef�ciency 
considerations of the most relevant mechanical and electrical systems, all of which 
are covered in some depth in subsequent chapters. Incorporation of renewables should 
generally be a lower priority. It is essential to address all the technical issues related to 
renewables, particularly the likely energy yield and carbon savings in practice, so that 
the viability can be assessed in the context of alternative carbon reduction measures.

An essential aspect of the approach for delivering energy ef�cient buildings is the 
adoption by the client of a management regime that will be committed to running the 
building in an optimal way. Some of the key considerations for effective whole-life 
operation have been outlined, including commissionability and a planned and struc-
tured approach to operation and maintenance.

While building services designers can identify a suitable hierarchical approach to 
energy performance, they must, as a minimum, ensure that their designs comply with 
the relevant regulatory requirements. The Building Regulations Approved Document 
in England and Wales Part L has been brie�y described, as an example. The require-
ments for new non-domestic buildings have been outlined in brief, together with the 
likely implications for speci�c elements of the design.
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They are valid for one year. The accompanying advisory report is valid for seven 
years. The requirement for DEC came into effect�on 1 October 2008.

4.3  Why do we need POE?

Energy assessment (already covered by Regulations in Europe as outlined in the 
previous section and elsewhere) is not the only issue to be addressed by a POE which 
is wider to include environmental conditions and user satisfaction.

4.3.1  Environmental assessment tools

A number of environmental assessment tools have been developed with BREEAM 
and LEED being the most well known.

BREEAM (BRE Environmental Assessment Method) was developed by Building 
Research Establishment (BRE) in the UK in the 1990s. Credits are awarded in nine 
categories according to performance and combined together using the weighting 
of each category to produce a single overall score. A building is then awarded a 
Pass, Good, Very Good, Excellent or Outstanding depending on its overall score. 
These categories include management, health and well-being, energy, transport, 
water, materials, waste, land use and ecology and pollution. There are BREEAM 
schemes for a range of building types.

Figure 4.1 
Example of a DEC in the UK taken 
from one of the buildings at Brunel 
Campus, Uxbridge

Source: courtesy of Brunel University
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GBTool has been under development since 1996 and is used in the Green Building 
Challenge, which is an international collaborative effort to develop a building 
environmental assessment tool that exposes and assesses the controversial aspects 
of building performance and from which participating countries can draw ideas 
to incorporate into or modify their own tool. It has evolved considerably, and over 
25 countries are now involved in the system. The latest version, GBTool 2005, is 
developed by International Initiative for a Sustainable Built Environment (iiSBE). 
There are three factor levels when assessing a building using GBTool: the high 
level �Issues�, the second level �Categories� and the third level �Criteria�. The top 
level consists of seven general performance issues, 29 categories are included in 
the second level, whereas the third covers 109 criteria. The weighting of the scores 
at the lower levels is used to derive the assessment scores, i.e. category scores are 
obtained by aggregating the constituent criteria weighted scores. The weighted 
scores of issues are then used to obtain the overall score of the building. The 
weighting value, from the lower levels to the overall building, is a total of 100%.

HK-BEAM (Hong Kong Building Environmental Assessment Method) was 
�rst launched in December 1996 with funding from the Real Estate Developers 
Association of Hong Kong. HK-BEAM is used to measure, improve, certify and 
label the whole-life environmental sustainability of buildings. It assesses build-
ings in terms of whole-life site, material, energy, water, indoor environment and 
innovative aspects. Improvements are identi�ed during assessment and buildings 
are labelled as Platinum, Gold, Silver Bronze or Unclassi�ed accordingly. It inte-
grates the following aspects such as land use, site impacts and transport, hygiene, 
health, comfort and amenity, use of materials, recycling and waste, water quality, 
conservation and recycling, energy ef�ciency and conservation. The overall grade 
is based on the level of applicable credits gained as well as on a minimum percent-
age of indoor environmental quality.

Thus, in the last 10 to 15 years, a number of environmental assessment tools have 
emerged that are useful for POE assessments. But how did POE start?

4.3.2  History of POE

A literature review on the subject carried out (Pegg 2007) indicates the following:

1	 Theory followed on from �operational research� � post Second World War.
2	 Initial POE �ndings appear in the late 1950s and early 1960s, focused on mass 

house building projects.
3	 Part of original RIBA � Royal Institute of British Architects (1965) Plan of Work 

(Stage M), later omitted (1973).
4	 The �eld of environmental psychology grew in the 1970s, which led to a desire to 

understand how buildings affected people.
5	 This was coupled with the energy crisis, out of which came a movement for �green� 

buildings.
6	 Concerns arose as Sick Building Syndrome was observed in a number of deep plan 

air-conditioned buildings, leading to a wider debate about the purpose of buildings.
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7	 Probe Studies (UK) a DTI sponsored research project performed POEs on 20 UK 
low energy buildings, 1995.

8	 UK green building effort steps up with revisions to Building Regulations, plan-
ning policy and the adoption of BREEAM.

9	 Federal Facilities Council (US) reported that they systematically review all new 
buildings (2003).

A study in the late 1990s found that clients of the UK construction industry were 
frequently dissatis�ed with the completed product, while the industry reported low 
pro�tability. One of the reasons for this dissatisfaction is the lack of a natural feed-
back route for designers (and contractors) to learn how their buildings are working, 
and what the users really think of the solutions. This process is indicated diagram-
matically in Figure 4.2.

Indeed it is not only designers who lack feedback. There is a trend to outsource 
facilities management in large corporations, this means that the parent organisation 
is not closely connected to the operations of the building and is not able to improve 
brie�ng on subsequent buildings.

However, feedback was recognised as being a useful component of design, and was 
included as Stage M of the RIBA plan of work (this is a document that describes the 
responsibilities of architects at each stage of a building project) in 1965. However, it 
was not sustained, being removed in 1973. This is possibly because architects did not 
receive fees for reviewing their work.

One reported problem is that bene�ts are split between the client (current and 
future), design team and construction team and, therefore, no one believes that they 
should fully fund the process of POE. Of course other barriers exist, such as the reluc-
tance to discover negative aspects of the design (potentially leading to costs) and the 

Brief

Construct

Commission

POE

Design

Figure 4.2 The role of POE in the building design and use cycle
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The key elements that these �elds have in common are the recognition that the 
subject concentrates on the interactions between the users and the built environment, 
and subsequent connection of that information with the building design process. The 
feedback process can be summarised in Figure 4.3.

Some of the earlier studies looked at attempts to meet housing demands in the 1930s 
and 1940s to assess the effectiveness of architects� attempts at providing functional 
spaces around society. These studies found that architects� assumptions about how 
these societies would function were naïve, and in error. The studies were grounded in 
the social sciences, using interviews and observation to determine the successes and 
failures of estates. The work looked at how spaces affected socialisation, and prac-
tical living, all compared to explicit assumptions and hypothesis.

Studies in the early 1970s used a variety of techniques to determine the needs 
and assess the current practice of building comprehensive schools. They viewed the 
problem from �rst principles and developed a representative model of how organi-
sations within buildings operate, determining the in�uence of the environmental 
systems on the activities of the users. The studies used a variety of methods including 
examining current design practice, using surveys and taking physical measurements 
in buildings.

The work identi�ed methodologies and spatial planning guidance that affected 
future buildings, highlighting some workable concepts for planning a building (such 
as the POP ratio, a comparison of the actual perimeter of the building, compared to a 
cylinder of equivalent �oor area).

In North America the theoretical foundation of studying buildings after completion 
was discussed in studies, which viewed the work from an environment�behaviour 
point of view, and used multi-methods to look at how the building affects the users. 
The work pointed out the con�icts between airtight �energy ef�cient� buildings and 
health related ventilation problems.

The prevalence of open-plan air-conditioned of�ces saw much dissatisfaction. 
Sick Building Syndrome was one of the key problems in these open-plan of�ces and 
comprehensive studies were undertaken to provide more knowledge about this effect. 
Most studies found little direct linkage between a particular building type and HVAC 
technology, but did �nd that the ability to exert control over one�s environment was 
associated with symptoms.

The interest in the environment, and speci�cally energy usage was investigated in a 
range of POEs of buildings incorporating passive solar features. Known as the Solar 

Feedback loop

POEConstructDesign
Client
needs

Figure 4.3  Basic concept of feedback within building design
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4.6  One example from a recent European study

As mentioned before, operational energy studies are now part of regulatory frame-
work in Europe and elsewhere. The next step is to carry out studies which include 
monitoring of achieved environmental conditions and user satisfaction surveys. Such 
a study was conducted under the European programme, Intelligent Energy Europe.

One studied building from the UK is Red Kite which is also mentioned in the 
previous chapter as an example of a low energy design building. The building is situ-
ated in a climatic region with moderate heating and cooling load. An external photo 
of the buildings is shown in Figure 4.7.

Red Kite House is a three-storey of�ce building in south-east England with a 
total �oor area of 2,500m2. Each �oor is mainly an open-plan of�ce area with some 
meeting and other rooms. The total number of staff is about 250, some of whom are 
permanently stationed in the building; others spend a proportion of their working 
time away from the of�ce and are only intermittently present, using a �hot-desking� 
arrangement. Occupied weekday hours are between 8.00 and 18.00.

The form of building is designed to ensure that an effective natural ventilation 
strategy can be achieved and, as a consequence, it has a relatively long, narrow plan 
on an east�west axis, with a typical depth of 16m. The limited depth ensures good 
use of natural lighting. A brise soleil (Figure 4.8) is situated at roof level on the south 
facade and is designed to provide protection from direct solar gain in the summer 
months but to allow useful heat gains in the heating season. The brise soleil incorpo-
rates photovoltaic cells that reduce the building�s electricity demand on conventional 
grid supply. Roof-mounted thermal solar collectors provide hot water for washrooms.

The building is naturally ventilated by automatically controlled high level windows 
on each �oor of the main facades. Larger manually operated windows are also avail-
able. The ceiling of each storey is exposed concrete (Figure 4.9). This thermal mass is 
used in conjunction with night-time ventilation to reduce peak internal temperatures 
in summer. In addition to the ventilation strategy, described in more detail later, 

2011 Occupant survey

Image to visitors

Health

Meeting your needs

Design

Noise

Lighting

1 2 3 4 5 6 7

Comfort overall

Air quality in winter

Air quality in summer

Temperature in winter

Temperature in summer

1 = unsatisfactory, 7 = satisfactory

1998 Occupant survey

National Benchmark (1998)

Figure 4.6  User satisfaction results

Source: Redrawn from Bordass and Leaman 2011, after BSJ March 2012



Figure 4.7  External view of the Red Kite House building

Figure 4.8 
The brise soleil incorporating PV 
cells in Red Kite House
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4.6.2  Evaluation of energy and environmental conditions performance

Energy performance

The monitored energy consumption data for 2006, normalised on unit treated �oor 
area basis yields annual consumptions of 66kWh/m2 for heating and 127kWh/m2 for 
electricity (Figure 4.10).

These may be compared with benchmarks current at the time of construction given 
in the UK Energy Consumption Guide 19: Energy Use in Of�ces (ECG19) for natu-
rally ventilated, open-plan of�ces (see also CIBSE TM41). For typical practice, the 
benchmarks are 151kWh/m2 for heating and 81kWh/m2 for electricity. The good 
practice values are 79kWh/m2 for heating and 54kWh/m2 for electricity. These are 
shown in Figures 4.11 and 4.12, together with similar benchmarks for a standard 
air-conditioned building.

Red Kite House has an excellent heating consumption, below the good practice 
benchmark for naturally ventilated open-plan of�ces, and substantially lower than 
for air-conditioned of�ces. The electricity consumption, however, is higher than both 
typical and good practice for naturally ventilated open-plan of�ces. This is likely to 
be as a result of the Red Kite House�s relatively high density of occupation, and the 
high computer and of�ce appliances not re�ected in current benchmarks. It was not 
possible to check this as sub-metering of the electricity circuits was not available.

Indoor climate

Thermal: Temperature measurements were made at six locations during the period 15 
March to 15 September 2006. These provided an initial overall assessment of perfor-
mance, the results of which are summarised in Table 4.1, indicating the proportion of 
occupied hours for which the temperature at �ve locations exceeded 28°C.

Heating
66 kWh/m2

34%

Electricity
127 kWh/m2

66%

Figure 4.10  Heating and electricity measured energy consumption









































126  Energy ef f icient ventilation

������ �9�H�Q�W�L�O�D�W�L�R�Q���H�I�À�F�L�H�Q�F�\

In many cases, the circulation of air within a single space would be between mixing 
and displacement ventilation. For this reason indices have been developed to measure 
the ability of the ventilation system to remove contaminants. The following de�nitions 
have appeared in the ventilation literature since 1980s (Liddament 1993; Sutcliffe 
1990) and the descriptions that follow have been adapted from Mundt (2004).

������������ �$�L�U �F�K�D�Q�J�H �H�I�À�F�L�H�Q�F�\

At the design stage when the use of the space is unknown, the ventilation should 
be designed to give a rapid air exchange in the room. The air change ef�ciency is a 
measure of this. In order to explain this, the concept of age of air is introduced �rst, 
which measures how old the air is in a space. Thus the local mean age of air at a given 
point is a measure of the air quality at that point. In a fully mixed situation the local 
mean age of air will be the same in the whole room. If there is a shortcut from supply 
to exhaust, the local mean age of air will be low in the short circuited zone, and high 
in the stagnant zone. This is shown diagrammatically in Figure 5.8 where another 
concept, �Q�R�P�L�Q�D�O���W�L�P�H���F�R�Q�V�W�D�Q�W is also introduced; this is the local mean age of air at 
the exhaust, de�ned as:

v
n q

V
� �2

	 (5.1)

where

�2n	 = the nominal time constant of ventilation h
V	 = the room volume, m3

qv 	 = the supply air�ow, m3/h

From the de�nition, the nominal time constant depends on the air�ow rate and 
volume of the room, and is independent of the ventilation pattern.

Figure 5.8 illustrates how nominal time constant and local mean age of air are 
related. �The local mean age of air of a small volume in the room is the average time 
from the time that the molecules in the room enter the room. The local mean age is 
thus given by the time at which the concentration of original molecules falls to zero at 
point�P. The local mean age increases linearly from zero at the entrance to the nominal 
time constant to the exit. The average room mean age of air is therefore half of the 
nominal time constant in the case of piston �ow�.

Air change ef�ciency can then be de�ned as the shortest possible air change time 
(which is the nominal time constant) over the actual air change time.

nominal time constant
Air change efficiency =

actual air change time
	 (5.2)
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5.4.2  Contaminant removal effectiveness

In many cases we are interested to know the ability of a ventilation system to remove 
contaminant and this can be done by comparing the concentration in the exhaust 
with the mean concentration in the room. This measure is called �F�R�Q�W�D�P�L�Q�D�Q�W���U�H�P�R�Y�D�O��
�H�I�I�H�F�W�L�Y�H�Q�H�V�V:

concentration in the exhaust
Contaminant removal effectiveness =

mean concentration in the room
	 (5.4)

A satisfactory result is achieved when the concentration of contaminants in the 
space is low compared with the concentration in the exhaust air. The concentration 
in the exhaust is dependent on the release rate of the contaminant and the ventilation 
�ow rate, and is independent of the ventilation arrangements. The exhaust concen-
tration can also be compared to local values of the concentration of contaminants; 
these indices are called local air quality indices. This index is used in large spaces 
with local pollution sources with a focus on the speci�c location of breathing zones 
of occupants or workers. These can be calculated using computational �uid dynamics 
(CFD) models or tracer gas measurements.

5.5  Calculating ventilation rate due to natural driving forces

When the ventilation strategy for a building is for natural or mixed mode, it is neces-
sary to calculate the air�ow provided by natural forces. This is dif�cult to carry out 
accurately considering the number of possible air paths into the building and the 
variability of external driving forces of wind and temperature. There exists guidance 
on how to carry out quick calculations at the feasibility stage and detailed computer 
simulation tools, either stand-alone (for ventilation calculations only) or integrated 
within thermal simulation models.

In the following section, the process of feasibility stage calculation methods is 
described, based on publications such as CIBSE Guide B (2005b), BS5924 (1991) and 
CIBSE AM10 (2005a).

5.5.1  Flow through purpose designed openings

For a given applied pressure, the nature of air�ow is dependent on the dimensions 
and geometry of the opening itself. For well-de�ned, purpose-provided openings such 
as vents, air�ow is usually assumed to be turbulent and is often approximated by the 
ori�ce equation given by:

Q = Cd A (m3/s)
2

�!
�ûP�«

�¬

�ª
�«
�¬

�ª½

	 (5.5)
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Where:

Q	 = air�ow rate (m3/s)
Cd	 = discharge coef�cient
�!	 = air density (kg/m3)
�û�3	 = pressure difference across opening (Pa)
A	 = area of opening (m2)

In this instance the area, A, is the total net physical openable area. This is usually 
much less than the dimension of the vent itself because a signi�cant part of the vent 
area is taken up with an insect screen or loose �lling. In this equation, A represents 
the area of a single opening which is equivalent in resistance to all the resistances 
between the inlet and the outlet (CIBSE 2005a). If there are multiple resistances, the 
resistance need to be summed in series, using:

=
1 �� i = j

i = 1A2

1

Ai
2 	 (5.6)

Where Ai is the area of the �i�th element in the path
In cases of openings on opposite walls, using the ori�ce equation (5.5), the total 

opening area A on each facade can be calculated from the area (AE) between the two 
facades, as follows (BS EN5925 1991):

= +
1

A1

1

A2

1

AE
2 	 (5.7)

�7�K�H���G�L�V�F�K�D�U�J�H���F�R�H�I�À�F�L�H�Q�W

The discharge coef�cient is dependent on the opening geometry and also on the direc-
tion of approaching �ow (e.g. wind direction). For a �at-plate ori�ce in which the air 
stream is directed at right angles to the opening, it typically has a value of approxi-
mately 0.61�0.65. Such a range is widely used in preliminary design calculations. 
However, for practical components the actual value will be dependent on the compo-
nent itself as well as wind direction. For more detailed analysis, therefore, the compo-
nent should be tested to obtain its actual �ow characteristics.

5.5.2  Estimating wind induced pressure

In general it is observed that relative to the static pressure of the free wind, the time 
averaged pressure acting at any point on the surface of a building may be represented 
by the equation:
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Pw = CP�� 
2

�!

2
	 (5.8)

Where:

Pw	 = wind induced pressure (Pa)
�!	 = air density (kg/m3)
Cp	 = wind pressure coef�cient
v	 = wind velocity at a datum level (usually building height) (m/s)

Terrain and shielding

Since the strength of the wind close to the Earth�s surface is in�uenced by the rough-
ness of the underlying terrain and the height above ground, a reference level for wind 
velocity must be speci�ed for use in the wind pressure calculation. When calculating 
the wind impact on ventilation, the wind velocity is commonly expressed as the meas-
ured speed at building height. As a general rule, �on-site� wind data are rarely avail-
able and therefore data taken from the nearest meteorological station must usually be 
applied. Before such data can be used, however, it is essential that such measurements 
are corrected to account for any difference between measurement height and building 
height, and intervening terrain roughness must also be taken into account. By nature 
of the square term in Equation 5.8, wind pressure is very sensitive to the wind velocity 
and, as a consequence, the arbitrary use of raw wind data will invariably give rise to 
misleading results. This is, perhaps, one of the most common causes of error in the 
calculation of air in�ltration rates and wind induced air�ow rates.

Suitable correction for the effects of these parameters may be achieved by using a 
power law wind pro�le equation of the form:

= �.z��
v

vm

	 (5.9)

Where:

z 	 = datum height (m)
v 	 = Mean wind speed at datum height (i.e. height of building) (m/s)
vm 	 = mean wind speed at meteorological station (m/s)
�. and �� are coef�cients according to terrain roughness (see Table�5.8)

This equation and the associated coef�cients are taken from BS EN5925 (1991). 
Example coef�cients are given in Table�5.8.

Such an approach is generally acceptable for winds measured between roof height 
and a recording height of 10m. It is inappropriate for the reduction of wind speeds 
measured in the upper atmosphere. Alternative methods of wind correction are also 
used based on a log law pro�le.
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