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‘An incisive book that provides practical strategies and tactics for sustainable refurbishment, literally from
the ground up. Richly illustrated with informative diagrams, supported by accessible quantitative analysis
and reinforced by detailed case study examples, this book is a triumph.’
Koen Steemers PhD RIBA/ARB, Professor of Sustainable Design and Head of the Department of
Architecture, University of Cambridge

‘Nick Baker tackles head on what many eminent scientists in Cambridge regard as most pressing
contemporary problems, the sustainable refurbishment of the existing building stock, much of which is
going to be with us still in 2050. Dr Baker delivers his profound understanding of these difficult issues in a
wholly intelligible and compelling way. I cannot commend this book to my profession and its patrons highly
enough.’
Professor Alan Short, University of Cambridge and Short and Associates Architects

The refurbishment of existing buildings is a crucial yet often neglected subject within sustainable architecture
– attention is usually focused on new buildings. Many old buildings waste large amounts of energy and
provide poor internal conditions for occupants through poor lighting, poor ventilation, solar penetration and
glare, and poor control of heating and cooling. Demolition is an option but the refurbishment alternative is
increasingly seen as more sustainable in terms of architectural value, materials use, neighbourhood
disruption and waste disposal. In addition, the potential impact of low energy refurbishment is much greater
than that for new build since there are many more buildings already in existence than will be built in the next
10–20 years, the period over which many CO2 targets apply. 

The Handbook of Sustainable Refurbishment: Non-Domestic Buildings offers architects, engineers and a
wide range of building professionals practical advice, illustrated by real examples. It moves from principles of
sustainable refurbishment to specific design and engineering guidance for a variety of circumstances. It
emphasizes the need for an integrated approach by showing how refurbishment measures interact with one
and other, and with the occupants, and how performance is ultimately influenced by this interaction.

Nick V. Baker is an independent consultant and technical expert on the energy efficient refurbishment and
the development of LT software. He is affiliated to The Martin Centre, Department of Architecture, University
of Cambridge.
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In most European cities there is a vast stock of
existing buildings, many of which are getting to
the end of their useful life.To replace the stock
would take several decades and incur an unreal-
istic financial burden. It would also create a large
contribution to CO2 emissions, as a result of the
energy associated with the production of
materials and the construction of replacement
buildings.

It is therefore essential that we develop
strategies and techniques to improve the energy
performance of our existing stock. It is commonly
understood that the heating, cooling, lighting and
ventilation of buildings accounts for nearly half of
global energy consumption,with the consequent
CO2 emissions having an effect on global warm-
ing.The reduction of day-to-day consumption of
fossil fuels for heating, cooling, lighting and ven-
tilation must be the main objective in any attempt
to refurbish a building sustainably.

This guide is a product of the European
Union (EU) funded REVIVAL project, which
set out to demonstrate some of these principles
by incorporating them in five refurbishment
projects of large non-domestic buildings.Wher-
ever possible it draws from the experience of the
REVIVAL project, but includes other examples
and illustrations when necessary.

This guide is aimed at the architect, engineer,
surveyor and project manager. It sets out the case
for sustainable refurbishment and the principle
measures that can be adopted. It presents princi-
ples in a concise technical language, but follows
with an explanation of practical implications. It
does not attempt to be a source book of manu-
facturer’s information and technical data, or to
deal with construction detail.

REVIVALTeam
July 2009

Preface
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AC air-conditioned
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systems
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CSR Corporate Social Responsibility
DEC Display Energy Certificate
DEFRA Department for Environment,
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DF daylight factor
DX direct expansion
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Scheme
EPBD Energy Performance of Buildings

Directive

EPC Energy Performance Certificate
EU European Union
IR infrared
IRC internally reflected component
LED light emitting diode
l/w luminaires per watt
MM mixed mode
NV natural ventilation
PAC partially air-conditioned
PCM phase change material
PIR passive infrared
PSALi permanent supplementary

artificial lighting
PV photovoltaic
SBS sick building syndrome
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1.1 The case for low emission refurbishment:
Energy use in buildings

In the non-domestic sector in Europe, building
refurbishments offer far more opportunities for
reducing emissions than new building; the latter
represents annually less than 1.5 per cent of the
building stock.The usual motivation for refur-
bishment includes:

• replacement of degraded finishes and
components;

• tailoring space organization to new uses;
• improving environmental quality.

These reasons may be sufficient in themselves to
justify the cost. If at the same time the building
can be made more energy efficient, there will be
a reduction in running cost and a reduction in
CO2 emissions.This will often be at a modest
extra cost that can be justified by reduced run-
ning costs, or in some cases even, no extra cost.

1.2 Refurbishment versus rebuild:
Economics and environmental impact

There are many instances when demolition and
rebuild will be considered as an alternative to re-
furbishment. This could be justified purely on
economic grounds, or the advantages offered by
a new building could be considered to justify the
extra cost. However, two non-economic factors
should be considered:

1 The environmental impact of refurbish-
ment versus newbuild.

2 The socio-economic impact.

Initially, the environmental impact of refurbish-
ment will almost always be less than demolition
and newbuild.This is because all the materials
carry embodied energy – to replace them causes
new carbon emissions (Figure 1.1). Furthermore,
the demolition process and waste disposal cre-
ates carbon emission as well as other waste
disposal impacts.

Strategy for Low
Emission Refurbishment1

0 10 20 30 40

roof covering

internal partions

raised floors

concrete

steel
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cladding
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deliveries
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Embodied CO2

Figure 1.1 Embodied CO2 associated with newbuild and
refurbishment. Note large CO2 content for bulk materials
such as concrete and steel. Components made of these
materials are the ones that are not normally replaced in
refurbishment

Source: Thomas Lane quoting the Simons Construction Group in ‘Our dark
materials’, Building, 9 November 2007
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It is often argued that a new building will oper-
ate at higher energy performance than a
refurbished one, and that during its lifetime,may
have less environmental impact.This dynamic re-
lationship is shown in Figure 1.2. It demonstrates
two important effects – that newbuild is only the
lowest emitter after the break-even time period,
and that this period can be extended by im-
proved performance of the refurbished option. It
also demonstrates that if the break-even time is
beyond the time of the environmental crisis (or
emission reduction target), the life-cycle emis-
sion is irrelevant and the refurbished building is
the best choice. It is also evident that the break-
even point is sensitive to the actual performance
of the buildings; new buildings have not in gen-
eral performed as well as predicted and this will
postpone the break-even point.
The second consideration is about social benefit
and employment. Generally, refurbishment car-
ries a higher proportion of labour cost than
newbuild. For example, the repair of a concrete

structure and the cleaning of concrete finishes
will direct money to tradesmen that in the case
of new build would go to investors in concrete
and steel manufacture.

1.3 The building, plant, and occupants as a
system

Building simulations and analyses of monitored
data have shown that the building fabric alone
does not narrowly determine the energy per-
formance. Figure 1.3 shows the performance
being determined by three sub-systems, each
having a variance in performance of about two-
fold.When a poor building combines with badly
designed systems and poor management, the re-
sulting energy performance can be dramatically
worse than the best.This wide variation of per-
formance has been observed as shown in Figure
1.4. It is interesting to note that building no. 92
(extreme right) was built in 1987 and refurbished
in 1992.

4 Principles

Figure 1.2 CO2 emissions for
newbuild and refurbishment as a
function of time. The break-even point
is very dependent upon the difference
in performance (indicated by the slope
of the graph) of the refurbished and
newbuild.

building

x 2.5*

services

x 2.5

occupants

x 2.5

environmental
performance

x 16
maximum range
of performance

Figure 1.3 The building, the mechanical
services and the occupants, as a system. Each
controls a range of performance. A poor
building may require much input from
services which if badly managed leads to high
energy consumption. The reverse may also be
true. This accounts for a wide variance in
energy consumption of similar buildings
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This evidence weakens the case for newbuild,
since it shows that the inherent properties of the
building are only one of the determining factors.
This is particularly true in non-domestic build-
ings where overall energy consumption is
dominated by processes and activities in the
building. Both systems and management can be
of as high performance in a refurbished building
as in a newbuild.

However, there may be individual cases where
the inherent qualities of a building present insur-
mountable problems.For example,buildings with
very deep plans, relying entirely on air-condi-
tioning and artificial lighting, built in an era of
cheap energy (Figure 1.5), will always be prob-
lematic both for their energy consumption, and
internal environmental quality.Thus it is impor-
tant to properly assess the potential for
refurbishment, before conclusions are drawn.

1.4 Implications for change of use

Refurbishment is often accompanied by change
of use.This may be across recognized use types –
for example a nursing area of a hospital becom-
ing an administrative centre (Figure 1.6), or a
change from residential to office use (Figure 1.7).
Or it may be that within a use type the func-
tional demands on spaces are changing due to
reorganization and the impact of changes in
practice and technology. For example, develop-
ments in IT have a continuing influence on
office practice and the spaces that support it.

Figure 1.6 REVIVAL building Meyer Hospital, Florence:
Refurbishment accompanies change of use from nursing
area to hospital administrative and reception area, involving
different environmental conditions

Strategy for Low Emission Refurbishment 5

Figure 1.4 The annual CO2 emissions per m2 for 92 office
buildings in the UK. The 20-fold variance illustrates the
interactive effect between building, services and occupants

Source: Data from Energy Consumption Guide 19 – Energy Efficiency in
Offices (1998) BRECSU,Watford

Figure 1.5 Deep-plan buildings such as these, built in the
era of cheap energy and relying on air-conditioning and
artificial lighting, may present insurmountable problems for
sustainable refurbishment
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Figure 1.7 REVIVAL building The Albatros, Den Helder, The
Netherlands: Refurbished in conjunction with change of use
from residential to offices

It is difficult to generalize here, but it could be
said that opportunities are sometimes missed be-
cause designers impose stereotypical solutions,
often ignoring the serendipity of fitting a new
function into a building generated by a different
set of aims.

For example, in a conversion of an old fac-
tory workshop to modern office use, high
ceilings with exposed structural slabs are often
replaced with suspended ceilings for acoustic
reasons, and under the misguided impression that
the original spaces would be impossible to heat
efficiently.This action not only destroys much of
the architectural quality of the space,but will also
have a negative influence on daylight distribu-
tion, natural ventilation and, possibly, thermal
response.

Change of use may bring about changes in
purely technical parameters.These include:

• occupancy pattern and density;
• internal gains;
• lighting levels;
• ventilation rates;
• thermal set-points and response;
• acoustic properties (reverberation time,noise

exclusion).

These changes may bring about benefits and dis-
benefits. For example, an historic warehouse
converted into a library will create a difficult
challenge to the designer if the intention is to
provide daylight, due to the shallow floor-to-
ceiling height.On the other hand, a heavyweight
building that required wasteful intermittent heat-
ing in its original function as a primary school,
would not be so inefficient if used for a much
longer occupied period as, for example, a health
clinic. Furthermore, the intermittent heating
would be less wasteful anyway if the envelope
insulation was improved as part of the refurbish-
ment package.

Thus, the inherent properties of the building,
the operational requirements of the new use, and
the technical options in the refurbishment all
have to be considered interactively.

Impact on energy consumption

In spite of improvements to the performance of
the fabric and systems, change of use may bring
about an increase in the energy consumption.
This does not necessarily mean that the low-
energy refurbishment has failed, since the meas-
ures adopted have undoubtedly led to lower
energy consumption than if absent.

In measuring the success of the refurbishment
then, it would be fair to make a comparison of
the building’s actual energy performance (shown
atA in Figure 1.8) with, firstly, the existing build-
ing under the new use and complying with
accepted comfort conditions, but without adopt-
ing low-energy measures (B). Secondly, a
comparison should be made with a new build-
ing of similar use type (C).We might expect a
performance somewhere between these two or
with really successful refurbishments, even sur-
passing typical newbuild performance. Finally, a
comparison should be made with the average
emissions for the building stock of the same use
type (D).

The example here shows that the refurbished
building emits 35 per cent of that predicted for
the original building with a change of use, and

6 Principles
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58 per cent of that of the measured average for
the existing building stock, although it emits 10
per cent more than a new building.The fact that
the refurbished building with its new use emits
nearly twice that of the original building with
its original use, is not of much relevance.

Figure 1.8 Comparing like with like: Assessing the
improved performance of a refurbished building

1.5 Environmental comfort standards

Improved comfort standards are often the initial
motivation for refurbishment. The building
shown in Figure 1.9, an office block built in the
1970s, is poorly insulated with large areas of sin-
gle tinted glazing, no shading and a poorly
controlled heating system. Since its original oc-
cupation, density has increased, and there has
been a proliferation of computers and other
business machines. The frequent complaint is
overheating in summer, both under-heating and
overheating in winter, and poor air quality.

The client’s presumption may well be that full
air-conditioning would be the answer. If con-
ventional comfort standards were sought, this
could indeed true, although this would be nei-
ther an economical nor environmentally friendly
solution.

If refurbishment measures included shading,
improving the envelope insulation, and reinstat-
ing openable windows, comfort conditions
would be greatly improved, although the strict

standards achievable by air-conditioning may still
not be met for all of the year.However, it is now
widely accepted that for buildings running under
predominantly passive systems, occupant satis-
faction can be high, even when the conventional
standards are not met.

A key factor is the presence of adaptive oppor-
tunity.This is the ability of the occupant to make
changes to the environment, and/or make
changes to their personal condition, in order to
improve their comfort.Typical opportunities that
might be present are listed below.

Positive adaptive attributes
• relaxed dress code;
• occupant mobility;
• access to hot/cold drinks;
• openable windows;
• adjustable blinds;
• desk fan or locally controlled ceiling fan;
• local heating/cooling controls;
• workstation/furniture flexibility;
• shallow plan (minimizing distance from win-

dows);
• cellular rooms (reduces mutual disturbance);
• surface finishes appropriate to visual task;

Strategy for Low Emission Refurbishment 7

A

B

C

D

E

refurb. building, new use.
ACTUAL

original building, new use.
CALCULATED

newbuild, new use.
CALCULATED

average for building stock
 of same use type. ACTUAL

original. building, old use.
ACTUAL

energy consumption

Figure 1.9 An over-glazed lightweight building of the
1970s suffering from overheating in summer and under-
heating in winter. The client’s perception is often that the
only solution to comfort problems is air-conditioning
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• daylight and task lighting backup;
• good views (external and internal);
• transitional spaces (verandahs, atria, etc.);
• good access to outside areas.

Negative adaptive attributes
• uniformity of physical environment (temper-

ature, lighting, colour);
• deep plan, reduced access to perimeter;
• dense occupation with restricted workstation

options;
• sealed windows;
• views obstructed by fixed shading devices;
• central mechanical services control.

Studies have shown (Baker and Standeven, 1994)
that the presence of several of the positive at-
tributes will result in occupants tolerating
temperature excursions typically up to 5°C
above conventional upper temperature limits,
and around 3°C below conventional lower lim-
its. This may allow the designer to opt for the
passive solution rather than the air-conditioned
solution.

This will have implications for initial cost,
maintenance cost and carbon emissions. It will
also have implications for the choice and prior-
itizing of refurbishment measures. For example,
if it were decided to air-condition the building,
the replacement of standard double glazing with
high performance low-e units would have a
greater impact on carbon emissions than if the
building were to be freely ventilated by open-
able windows.This is because the temperature
differential in the latter case would be small or
even non-existent. However in both cases, shad-
ing would be highly beneficial.

In some cases, exceptional overheating con-
ditions may be unacceptable, although
conditions prevailing for most of the year may
be satisfactory without air-conditioning. In this
case, intermittent comfort cooling may be ap-
plied. The technological aspects of this are
discussed in section 7.11. Here we make the
point that a modest dependence on comfort
cooling may result in a building being able to

take the predominantly passive option. Further-
more, because of the intermittent nature of the
comfort cooling, and its controllability, it will not
be necessary to apply such strict comfort limits
as in a conventional air-conditioned building.
This strategy, often referred to as ‘hybrid’ or
‘mixed mode’, results in comfort cooling often
being a viable and energy efficient option.

1.6 Passive environmental strategies

Statistically, air-conditioned buildings consume
significantly more energy than naturally venti-
lated buildings. In temperate climates, field
studies have shown that in spite of the extra cap-
ital and running costs, occupant satisfaction was
no greater than in naturally ventilated buildings
(Figure 1.10). Even in hotter climates, as a study
of office buildings in Lisbon showed, satisfaction
in some air-conditioned buildings may be sig-
nificantly less than in some naturally ventilated
buildings.Thus the strategy for avoiding air-con-
ditioning is a good one, although hybrid systems
and comfort cooling (described later in section
7.11) may represent a viable alternative.

The situation often faced in refurbishment is
of a building with very poor comfort conditions,
where air-conditioning is seen as the only solu-
tion. However, it could be that after making
fabric and system improvements, comfort con-
ditions become acceptable.This should be tested
by analysis or simulation before the air-condi-
tioning option is adopted.

This may even apply to a building that has air-
conditioning already.Many over-glazed buildings
of the 1960s and 1970s were subsequently air-
conditioned to make conditions bearable.
However, measures such as shading, fabric insu-
lation, reduction of glazing area, adoption of
adaptive controls, may well render full air-con-
ditioning unnecessary. Even if air-conditioning
is adopted, these measures will reduce the air-
conditioning loads significantly.

8 Principles
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Natural ventilation

Many candidate buildings for refurbishment will
have high rates of infiltration.This is particularly
true of buildings constructed using pre-cast con-
crete components, and panel and curtain wall
systems, with dry linings – typical construction
techniques of the 1960s to 1980s era (Figure
1.11). In buildings with original glazing systems,
these too were very leaky. In cooler climates, the
result of the high infiltration rate is a waste of
energy due to heat loss.However, one benefit of
the high air-change rate was good air quality.

Figure 1.11 REVIVAL building Lycée Chevrollier, Angers,
France: Built in 1958 of pre-cast concrete construction with
dry lining and poorly fitting metal windows, it had very high
infiltration rates before refurbishment

Refurbishment measures to reduce uncontrolled
infiltration must then recognize the need to pro-
vide ventilation to ensure that a minimum air
quality is maintained.This does not mean that
the benefits of the more airtight envelope will
all be lost, provided some means to prevent over-
ventilation is present. Broadly, the principle is
‘build tight, ventilate right’.

In predominantly warm climates (i.e.with lit-
tle winter heating) reduction of infiltration only
brings energy benefits if the building is air-con-
ditioned to a temperature significantly below the
prevailing outdoor temperature. If it is not to be
air-conditioned the main concern switches to
getting enough ventilation to remove heat gains
and to generate air movement.This will demand
large openable areas.

Night ventilation
A further important function may be the provi-
sion of night ventilation to cool the structural
mass.The principle is illustrated in Figure 1.12.
This function will also require large openable
areas in the envelope, and unobstructed flow
paths within the building. Furthermore, it is es-
sential that the ventilating air can be thermally
coupled with the thermal mass of the building.
These requirements may present design chal-
lenges, particularly in relation to security and
noise control.

Strategy for Low Emission Refurbishment 9

Figure 1.10 Overall occupant comfort by
ventilation types; natural ventilation (NV),
advanced natural ventilation (ANV), mixed
mode (MM) and air-conditioned (AC). The
coloured plots are for the PROBE (UK) survey
and the open plots from the Building Use
Studies data. Summer survey results from 26
office buildings in Lisbon show that occupant
satisfaction in naturally ventilated buildings
(NV) and partially air-conditioned buildings
(PAC) was higher than in air-conditioned
buildings (AC)

Source: The Probe Study (2001) Building Research and
Information, vol 29, 2 March
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