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EDITORIAL

In a world in which there are increasing risks from 
global warming, overpopulation and diminishing 
conventional energy resources, buildings and 
settlements with net zero carbon dioxide emissions 
are seen as one of the ways forward in putting the 
planet back into balance and setting it on a 
sustainable trajectory. 
 
As I showed in ‘Designing Zero Carbon Buildings 
Using Dynamic Simulation Methods’1, it takes 50 
minutes for the planet to intercept enough solar 
radiation to fulfil the energy demand of the entire 
world for a year. There is therefore more than enough 
energy from the sun to meet current energy needs, 
and we need to use it more extensively. 
 
If we investigate it on a building scale, this energy 
potential becomes even more apparent. Our research 
team set up a computer simulation model of a two-
bedroom house and took it from south to north of the 
UK, by setting its location and applying 
corresponding weather data files in the model. The 
house was made particularly energy inefficient: it had 
no thermal insulation, it had single glazing, it used 
tungsten lighting, it had very poor air tightness, and it 
used an inefficient gas boiler. Even then, in every 
tested location, the amount of solar energy that 
landed on the roof surface of the house was greater 
than the total annual energy demand in it. However, 
when that energy was multiplied by a typical 
conversion efficiency of solar photovoltaic panels of 
15%, the total energy obtained was far less than the 
total demand.  
 
Subsequently, this house was made a lot more energy 
efficient in the simulation model; thermal insulation 
was added, air tightness increased, the insulation 
quality of glazing was improved, LED lighting 
replaced tungsten lighting, and an energy efficient 
gas boiler was used. All these changes amounted to 
the overall improvement of energy efficiency to the 
Passivhaus2 standard.  
 
 
 
 
 
 
 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Jankovic. L. (2012) Designing Zero Carbon Buildings Using Dynamic 

Simulation Methods. Routledge. London and New York. 
2	  http://www.passivhaus.org.uk/ [Accessed in September 2014] 

Consequently, the annual energy consumption was 
reduced approximately 13 times, and hence the 
energy landing on the roof surface became greater 
that the annual energy demand. The addition of a 
solar photovoltaic system that utilised a fraction of 
the entire roof surface, even at as low conversion 
efficiency as available today, eliminated carbon 
emissions from this house in the computer model, 
and in reality it would have eliminated energy bills 
too. It is worth noting that energy conversion 
efficiency of solar photovoltaic cells is predicted to 
increase; there are already laboratory prototypes that 
have achieved conversion efficiency of nearly 45%, 
and this will make it even easier to design new or to 
retrofit existing buildings into zero carbon buildings 
in the future. Of curse this is just one example, and 
other renewable energy technologies need to be 
considered for most effective well-rounded solutions. 
 
However, a large-scale solution to zero carbon design 
or retrofit will not be achieved by technical means 
only. We also need to look into alternative economic 
models, hand in hand with advanced design methods, 
in order to achieve substantial transformation to 
buildings with net zero carbon remissions.  
 
The material presented in this book demonstrates that 
zero carbon projects are becoming less of an 
exception and more of a norm. This conference, the 
first of its kind, gathered researchers and designers 
from 10 countries worldwide to provide a forum for 
exchange of knowledge and for establishing an 
increased awareness of this developing field.  
 
We hope that this is one of the steps towards a wider 
awareness and application of zero carbon design and 
retrofit of buildings in the future. 
 
 
 
 
 
 
 

Ljubomir Jankovic 
Professor of Zero Carbon Design 

Birmingham City University 
September 2014 
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ZERO CARBON HOUSE, BIRMINGHAM: 
SUN, LIGHT AND MATERIAL 

 
JOHN CHRISTOPHERS 

 
John Christophers is an associate at Associated Architects in Birmingham UK, where he has 

worked variously as architect, associate and director for 30 years on a variety of award-
winning and low energy buildings.  Zero carbon house was designed independently. 

 
 

ABSTRACT 
This keynote conference address outlines the design 
and constructional challenges of creating zero carbon 
house in Birmingham. Completed in 2009, this is the 
UK's first retrofit home to zero carbon standards, 
Code for Sustainable Homes level 6.   
The project’s aims and outcomes are described, 
including its use of solar and other technologies. 
Natural light and pioneering low carbon building 
materials are combined architecturally and 
environmentally to create an inspiring architecture, 
responding to the new realities of climate change.  
 
INTRODUCTION 
“I have seen the future – and it’s in Birmingham.” 
(Bloomfield, 2010)  These are the opening words in 
The Times front page story on the zero carbon house, 
shortly after its completion five years ago in 2009.  

 
Figure 1 Zero carbon house: street view, north east 

The UN Contraction and Convergence model 
(Meyer, 2007) shows how global CO2-equivalent 
emissions might reduce, or contract, from their 
predicted peak before 2050.  It also proposes that as 
developing economies, such as India and China, may 
continue to increase their carbon emissions over the 
next few decades, so the USA and more developed 
economies like the UK should aim to reduce their 
carbon emissions more quickly, until a parity of 
emissions per person, or convergence, might be 
achieved in 2100.   
Running our buildings creates approximately half of 
the UK’s carbon emissions  (Constructing 
Excellence, 2008), and half of that is from domestic 
houses.  It is striking that different lifestyles and 
occupancy patterns – the human factor – can make a 
five-fold difference to the energy usage in a home, 
but if energy is to reduce from the typical 180 
kWh/sqm.yr used in older buildings to less than 15 
kWh/sqm.yr of the Passivhaus model, huge 
improvements are both possible and necessary. 
Prior to the Birmingham zero carbon house we 
designed at Associated Architects a sustainable house 
in Worcester, which won the RIBA 2005 
Sustainability Award (Harries, 2004). 

 
Although its energy usage and insulation figures are 
very good, it attracted particular attention through its 
architectural use of very low energy building 
materials.  A north encircling cob wall was made 
using earth from the site itself, while on the house’s 
south side a highly insulated structure opened out to 
catch the sun, using passive solar principles of south  

Figure 2 Detail of 
earth wall, Cobtun, 
Worcester by 
Associated 
Architects 
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Figure 3 Zero carbon house, Birmingham: top floor 

studio.  Artwork by Jake Lever 
glazing, seasonal shading with vines and made from 
local oak and glass. 
Working on this house sparked interest in the 
architectural potential of earth-based building 
materials, which have been used in a different way in 
the zero carbon house. 
 
AIMS OF ZERO CARBON HOUSE 
In 2007 three design aims were summarised : 
First, to create a very low or “zero carbon” home to 
level 6 (the highest level) of the original UK Code 
for Sustainable Homes. (DCLG 2007) The house was 
among the very first UK buildings to achieve this. 
Second, to upgrade and extend a 170-year old early 
Victorian building to the same standard as the new.  
More than 80% of existing UK homes will still be in 
use by 2050 and must be improved to achieve serious 
carbon reductions. This aspect of the project could 
therefore have the greatest potential impact if 
replicated elsewhere, and is the first UK retrofit to 
the Code for sustainable Homes level 6 standard. 
Third, to inspire others through the use of space, 
light, materials - in other words by creating 
architecture - to demonstrate that green buildings do 
not have to sacrifice high design standards.   
Has there sometimes been a sense that the most 
exemplary buildings in terms of low energy use have 
failed to excite people as places to live and work?  
Equally, do some award-winning recent buildings 
still demonstrate an almost nineteenth century 
disregard for their fossil fuel usage?  Perhaps now it 
is no longer acceptable to have to choose between a 
beautifully designed piece of architectural design on 
the one hand, and a low or zero carbon building on 
the other.  We can have both; and to be truly 
sustainable we must have excellence in both 
architecture and sustainability.  Buildings that are 
not, may be demolished because they can no longer 
be let or maintained. 
So at this moment of cultural change precipitated by 
the climate change crisis, it seemed both appropriate 

and important to explore the architectural 
possibilities. 

ZERO CARBON STANDARD 
Defining a technical standard for sustainability is not 
easy.  Although a variety of standards exist, they 
measure different parameters and are not readily 
comparable.   
The leading Passivhaus design standard, developed in 
Germany in the 1990s was considered for the zero 
carbon house, which could have been a UK first: that 
was completed in Machynlleth at the same time in 
2009.  While respecting the rigorous work of Dr 
Wolfgang Feist on energy usage and thermal 
bridging, full Passivhaus accreditation of the zero 
carbon house seemed too prescriptive an option at a 
time when no Passihaus retrofit standard existed.    In 
practice and in use, the zero carbon house actually 
meets or exceeds many of the Passivhaus measures, 
as summarised in Table 1. 
 

Table 1 Comparison of Passivhaus standards with 
zero carbon house standards achieved 

STANDARD PHPP TARGET ZCH 

Specific heat 
demand 

< 15  
kWh/sqm.yr 

7.3 
kWh/sqm.yr 

Primary 
energy 
demand 

<120  
kWh/sqm.yr 

41 
kWh/sqm.yr 

Infiltration 
airtightness 

< 0.6  
ac/hr@N50 

0.57 
ac/hr@N50 

U-values, 
wall, roof, 
floor 

< 0.15  
W/sqm.K 

0.08 – 0.11 
W/sqm.K 

Glazing Ug < 0.80  
W/sqm.K 

0.5 
W/sqm.K 

Window Uw <0.85  
W/sqm.K 

0.65 
W/sqm.K 

 

Crucially, however, Passivhaus measures only energy 
use and does not look at other issues in the larger 
sustainability picture, such as where that energy is 
generated, its fossil fuel carbon profile, water usage, 
etc. 
A new standard was published in October 2007 just 
as detail design work on the zero carbon house was 
beginning: the Code for Sustainable Homes (DCKG 
2007) The Code certainly has flaws.  Parts of the 
methodology, such as the rainwater calculations and 
materials ratings, can seem counter-productive.  On 
site renewable energy is not a panacea.  But the 
attempt at a holistic approach is surely very welcome 
when the joined-up nature of sustainability is still 
little understood in UK. The original Code covers 
nine areas: 
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1. Carbon dioxide emissions, and energy use, 

including requirements for heat loss, low energy 
lighting, clothes drying, A(+/+) rated white 
goods & cycle storage. 

2. Reduced water use, including the use of 
rainwater. 

3. Materials with low embodied energy and 
responsibly sourced. 

4. Minimizing surface water run-off to reduce 
flooding. 

5. Waste, including facilities for recycling, 
composting and management of construction 
site waste. 

6. Reduced pollution, especially from insulating 
materials. 

7. Health and well-being through good use of day-
lighting and sound insulation. 

8. Management, including the process of 
construction, site CO2, water, air and pollution, 
and police security standards. 

9. Ecology, preserving wildlife and improving 
biodiversity. 

Levels are rated 1-6, driven by the carbon reduction 
targets in the first section.  Level 5 requires a 100% 
reduction in carbon as historically measured by the 
Building Regulations - principally heat loss.  Level 6 
goes further, including hot water, lighting and 
electrical loads.  For level 6, net carbon emissions 
need to be zero, meaning no fossil fuels are used, 
only renewable energy.  Two significant amendment 
to the Code since 2007 have now diluted this by 
around 50% by omitting “unregulated” energy use 
and allowing other factors to be offset.   
Ignoring these later erosions of the Code, the original 
version remains a rare example of the finest type of 
conviction politics, a precursor to the 2008 Climate 
Change Act, and zero carbon house is designed to the 
original stringent standard. 
Although the Government’s target is still for new 
homes to be “zero carbon” by 2016, the standard has 
now been redefined and exemptions introduced.  The 
Code for Sustainable homes has already helped to 
make a significant step change in UK housing and 
building practice.  The concept of “zero carbon” is 
now beginning to be understood more widely and it 
transforms our thinking: a building can actually 
produce at least as much energy as it consumes, and 
if its energy use is reduced sufficiently, it becomes 
feasible that it is entirely run from renewable energy. 
The full research and monitoring of the zero carbon 
house by Professor Lubo Jankovic and Halla Huws is 
presented in a separate paper at this conference, but 
among the measured figures of building performance, 
total annual heating energy has reduced from 59 
MWh (based on the original two-bedroom 1840 
house) to 1.78 MWh, and annual carbon emissions 
have reduced from 21,000 kgCO2 to -660 kgCO2 
(Jankiovic 2012). 

 

 
Figure 4 Zero carbon house oriel window showing 

external render, reclaimed brickwork with bird 
boxes, and sweet chestnut rainscreen cladding 

 
INSULATION AND AIRTIGHTNESS 
Thermal insulation standards are summarised in 
Table 1.   Put another way, the walls and roof are 16x 
better, windows 14x, and airtightness 28x 
improvement on the existing building.   
Typical wall construction uses 280mm of insulation 
fitted to the outside face of both the new and existing 
masonry at the side and rear.  After negotiations with 
manufacturers it was agreed that all mechanical 
fixings could be designed out, as these would 
compromise thermal performance. The insulation is 
grey as it includes graphite to improve radiant heat 
transmission.  It is finished in a vapour-permeable 
external render with some colour accents. 
The front elevation is internally insulated to preserve 
its brickwork and stone features.  As there were no 
historic interiors and thickness was not critical, it is 
lined with timber battens, breather paper and 350mm 
cellulose insulation made from recycled newspaper.  
Inside, a light timber framework independent of the 
external wall supports the variable vapour-
permeability airtight membrane and lime plaster 
finish. Insulating wall ties maintain structural and 
thermal integrity.  The greater wall thickness is put to 
good use by forming window seats.  Insulation wraps 
down through the cellar and beneath the old and new 
floors. 
Above, a new 450mm void is framed out beneath the 
existing slate roof.  The new roof has 400mm of 
cellulose insulation between timber I-beam rafters 
over-boarded with 100mm wood-fibre boards to give 
an improved decrement factor. 
The triple-glazed opening windows have a slim 
25mm external frame, which is covered with 
insulation externally.  Adjacent fixed windows are 
detailed as frameless stepped-edge triple-glazing 
sealed straight to the airtight membrane. 
The airtight system of grommets, membranes and 
tapes was able to seal even the most complex existing 
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and new junctions.  This has resulted in excellent 
airtightness results. 

 
Figure 5 Zero carbon house with ash tree to the 

south 
SUN AND THE ASH TREE 
To achieve zero use of fossil fuel, on-site renewable 
energy is required.  A feasibility study ruled out wind 
(38 year payback) and ground source heat pumps 
(insufficient carbon reduction).  The main source of 
the house’s energy is therefore the sun.  A solar roof 
with 8.8 m2 of evacuated tube solar hot water 
collectors is installed.  Its estimated annual yield is 
5,150 kWh.  An 850/1000 litre cylinder stores the 
heat, so one reasonably sunny day can give plentiful 
hot water for maybe four or five dull days.  The solar 
tubes therefore provide much of the hot water. 
A 7kW high efficiency clean-burn wood stove gives 
top-up heating & hot water for the very coldest 
weeks of the year, putting about 80% of its output 
into the cylinder. The engineer Matthew Hill

Figure 6 Zero carbon house solar roof: PV panels 
above and evacuated tube solar thermal tubes below 

estimated that less than one cubic metre of wood per 
year would be required for this top-up. 
An existing mature ash tree is an important feature of 
the site. The south/west triple-glazing on much of the 
garden elevation admits essential winter sunshine to 
warm the heavyweight building, and internal 
insulating blinds reduce heat loss at night.  The 
glazing is designed so that the ash tree seasonally 
shades this glass: in winter the bare tree allows low 
angle sun to penetrate deep into the house.  Ash 
comes into leaf relatively late, allowing useful heat 
gains in the spring; but in summer the pinnate leaves 
shade the glazing from the high angle and prevent 
overheating, avoiding the need for motorised or 
manual external blinds.  Again, this strategy has been 
monitored with research data verifying the results in 
practice. 
The tree is also important in another different way.  
Tree surgery was required as a planning condition, 
and that timber has provided all the fuel needed for 
top up heating during the first five winters.  The 
house was first occupied in the exceptionally cold 
winter of 2009-10, and even when all the solar panels 
were covered in snow, the wood-burning stove 
needed to be lit for a few hours only every 2-3 days. 
To meet electrical needs, including an efficient 
induction hob, the sun is used again: 35.6 m2 
(5.04kWp) of photovoltaic roof panels are installed, 
yielding a little over 4,000 kWh annually.  

 
Figure 7 Zero carbon house, top-lit living room 
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VENTILATION 
The house’s ventilation design is a pragmatic “mixed 
mode”.  The effort put into insulation, airtightness 
and designing out virtually every thermal bridge in 
the external building fabric would have been 
seriously undermined if ventilation was inadequately 
controlled.  A mechanical ventilation heat recovery 
system (MVHR) extracts warm and humid air from 
the kitchen and wet rooms.  This is taken through a 
heat exchanger which discharges the stale air but 
recovers 91% of the waste heat.  It warms incoming 
air ducted to the bedrooms and living areas to give a 
continuous very low level of ventilation, which can 
be boosted when necessary.  
On warmer days the house is naturally ventilated, as 
running the ventilation system would use energy 
rather than save it.  During the UK’s long 
intermediate spring and autumn seasons, natural and 
mechanical modes can be mixed; for instance 
opening windows during the day when air 
temperatures are higher, and closing them with the 
MVHR on a low background level at night.   
The strategy includes inward-opening tilt-and-turn 
windows to every room and low level secure vents 
that can be left open at night.  The high thermal mass 
of the house is described below and works with the 
ventilation strategy.  Natural ventilation paths 
through the internal double-height spaces, high level 
windows and rooflights all help “stack effect” 
ventilation to cool the building in summer.  
WATER, WASTE & ECOLOGY 
A 2,500 litre tank in the old cellar collects filtered 
rainwater from 80% of the roofs.  This is used for the 
wcs, washing machine and a dedicated kitchen spray 
tap.  Dual flush 4/2.6L wc cisterns are installed and 
low flow rate taps and shower fittings make the most 
of the solar hot water.  The energy used to purify and 
pump mains water is a sometimes overlooked, but 
water usage here is reduced to nominally 80 
litres/person/day (CfSH figures).  There is no 
increase in surface water run-off, as the development 
builds over existing hard standing.  
The house has full waste, recycling and composting 
facilities.  Just as important, there is designed-in 
storage for re-usable products.  Over 99% of site 
construction waste was recycled with great diligence 
by the contractors Speller Metcalfe, who received a 
national Considerate Constructors award for this 
scheme. According to the ecological study, 
biodiversity is increased by 8+ species with habitats 
including hedgehogs, lacewings, two bat-boxes and 
six bird-boxes built into the house and garden walls. 
The location of the scheme, in the Balsall Heath 
inner-city area of Birmingham, shows that 
sustainability doesn’t require extensive space or a 
rural setting.  The total carbon footprint here should 
be less than in a remote location, as many 
destinations are within easy reach by foot, bicycle or 

bus without lengthy commuting. Convenient and 
generous cycle storage is provided just inside the 
front door to facilitate and encourage this. 
Seven open days were held during the construction, 
and have continued annually, each attracting up to 
600 people. Knowledge has been shared through 
lectures, a website, Twitter, and media/TV coverage.  
The social aspects of true sustainability are not 
always acknowledged as important, but the 
enthusiasm generated has been very real.  An 
unexpected spin-off was the local planning officer’s 
comment that this was the only application she had 
known with only letters of support. 

 
Figure 8 Zero carbon house, view from garden, south 

west 

ARCHITECTURAL DESIGN 
The architectural design combines the technical 
details described above and enlarges the existing 
1840 two-up, two-down terraced house by extending 
onto the vacant hard standing adjacent.  The modern 
work doubles the space on ground and first floors and 
adds a long studio on the second floor.  The studio 
roof is at the right height, pitch and orientation for 
the solar panels ,which provide so much of the 
house’s renewable energy needs.  
Open-plan design on the ground floor creates a 
variety of different spaces: kitchen, dining and a tall 
top-lit living room.  Full height glazing to the garden 
maximizes useful winter solar gains, shaded by the 
ash tree as described above. 
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The top-lit radiating stair is compressed between the 
existing Victorian brickwork and the new gently 
curved new walls that enclose it.  The stair’s open 
treads allow light to filter down, with views through 
to give a feeling of openness.  This is further 
enhanced by shuttered openings to the stair and 
bedrooms.  The shutters may be closed (introvert) or 
open (extrovert) to change the character of the 
internal spaces, to give extra daylight, and to assist 
natural summer ventilation. 
The first floor has a bedroom with oriel window 
looking up and down the street, and a further three 
bedrooms.  Two, within the old part of the house, 
have openings overlooking the double-height living 
area. 
On the top floor a projecting timber-lined dormer 
window frames the wide view north to the city 
centre.  It anchors the end of the curved stair 
enclosure and forms a stop to the untouched roof of 
the existing 1840 house below.  On the street 
elevation, the new dormer bridges neighbouring roof 
heights. At the front, the existing house remains 
untouched.  Planners welcomed the modern green 
design, filling a vacant gap in the street, and using 
materials - reclaimed imperial bricks, white render 
and 30 degree slate grey roofs - in sympathy with the 
surroundings.  The dormer and oriel windows relate 
to the rich roof-scape of surrounding Arts & Crafts 
houses in Moseley and Balsall Heath. Although the 
scale and materials are contextual, the architecture is 
modern, not pretending to be Victorian pastiche.  
 

LIGHT 
Architecture to inspire others is the third aim 
described above.  The architectural design ideas have 
not been imposed arbitrarily, but explore and grow 
out of the green agenda.  Brian Edwards, Professor of 
Architecture in Copenhagen has written:  “Designing 
for climate change can become a positive … 
regenerative force in architecture, with buildings 
responding to rather than excluding climate.   Just as 
J.M.W.Turner transformed the polluted skies of 
London and Venice into great works of art, so we 
need to turn climate change into a new architecture.”   

 
Figure 10 Zero carbon house, reflected sunlight, 

staircase 
(Edwards 2009). Two areas, daylight and materials, 
illustrate how the architecture of this scheme has 
been shaped.High quality natural daylight floods 
through the house with roof-lights and openings with 
mirrored linings, and visitors often comment on the 
quality of the natural light.  Top lighting is 
approximately five times more effective than lighting 
from windows.  This is because the sky is brighter at 
its zenith, and there are no trees or buildings to 
obstruct the view and the light.  Better natural light 
reduces reliance on electric light and energy use, but 
designing with top lighting also has interesting 
design implications, leading to more vertical internal 
spaces.  The Regency architect Sir John Soane was 
imaginative in his use of vertical space, mirrors and 
top lighting; the sky spaces by the contemporary 
American artist James Turrell have also been 
influential in the design of this project. 

 
Figure 11 Zero carbon house: reflected sunlight in 

the top-lit double height living room 

Figure 9 Zero 
carbon house, 
staircase in 
reclaimed 
Canadian 
honeydew maple 
with hemp handrail. 
1840 brickwork to 
the right 
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Figure 12 Zero carbon house, reclaimed maple doors 

reflected in the sliding bathroom door 
Using the opportunity given by the thicker insulated 
external constructions, windows and other openings 
are carved through the walls and roof using splayed 
angles to frame views, form window seats and 
modulate daylight.  The mirror linings are thin and 
ripple very slightly, reflecting shimmering patches of 
sun, so the light often has the sparkling luminous 
quality of light reflected from a pool of water.   
The lobby door, screen and landing floor use 
reflective honeycomb-core panels to transmit and 
animate extra natural light.  The honeycomb panels 
and mirrors intensify daylight and bounce 
unexpected sunlight deep into the interiors.  

 
Figure 13 Zero carbon house bathroom, natural 

pebbles around the bath and reflected view in 
mirrored wall panels 

In contrast to the reductive idea that low energy 
buildings should only be allowed to have small 

windows to reduce heat loss, the quality and quantity 
of natural light in the zero carbon house are carefully 
controlled to balance heat gains in winter, reduced 
electrical light, and the architecture of light. 

MATERIAL 
Fourteen different reclaimed materials are used in the 
construction.  Some, like the structural timber from 
an old school, drains, and roof decking are not 
visible; but many are.  New interior walls are 
finished in natural self-coloured lime plaster, with a 
slight glint of ground recycled green glass aggregate.  
Recycled glass is also used for the kitchen worktops 
and wet room floors.  Brass ironmongery - designed 
by the Danish architect Arne Jacobsen - is vintage 
1960s reclaimed.  The warm glowing 200-year old 
reclaimed Canadian honeydew maple boarding was 
sourced from a demolished local factory floor.  It 
makes the stairs, an internal shuttered balcony, 
kitchen, window seats and the complete lining of the 
top floor timber dormer. 
Where new materials are used, they are low 
embodied energy and generally natural and many are 
heavy.  Coupled with its ventilation strategy, the 
house’s clay block walls, rammed earth floors, and 
solid Victorian brickwork are all heavyweight 
materials which heat up or cool down very slowly.  
They store passive heat gains from the sun, 
occupants, electric appliances etc, helping to keep 
internal temperatures stable in both winter and 
summer.  This high thermal mass made with low 
carbon building materials seemed the simplest, most 
sustainable and least expensive way of ensuring the 
building would not overheat in the predicted hotter 
summers, providing adaptation to climate change in a 
way that has not been generally measured.  
The three-storey unfired clay block load-bearing 
structure is unusual.  The 200mm thick walls 
required careful protection during construction so 
they did not end up as a pile of mud.  The earth has 
very high thermal mass (better than concrete or 
brick) and hygroscopic qualities, which can act like 
an air-conditioning system and help regulate internal 
humidity. 

 
Figure 14 Zero carbon house, top floor studio, 
reclaimed maple dormer window far right and 

shuttered doors to staircase 
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Figure 15 Zero carbon house rammed earth flooring 
The earth block structure is rendered over, both 
internally and externally.  More visibly, however, 
rammed earth floors run throughout the house, 
undulating gently and polished with citrus oil and 
beeswax.  The earth floors are generally 75mm thick, 
laid over insulation on the ground floor and over 
composite timber floor structures on the upper levels.  
They are made with densely compacted material 
from the site excavations and with some additional 
clay, becoming very hard with age like the earth floor 
of an ancient barn.  Although earth is one of the 
oldest construction materials known, and is still used 
internationally in many countries today, it also has 
interesting contemporary associations in the work of 
artists such as Richard Long.  
The polished surfaces of the floor add further 
reflectance to the natural light already described.  
Together with the exposed internal brickwork of the 
original building, these materials enrich the 
architecture, offering an alternative to the high 
energy architecture of stainless steel, concrete and 
grey metal.  There is some resonance here with with 
Japanese ideas of wabi-sabi – valuing imperfection, 
the quality or patina that comes with age or wear or 
repair. (Koren 1994) This is modern architecture 
certainly, not pastiche; but the architecture is 
radically different from over-simplified, brash or 
machine-like buildings. 
 

CONCLUSION 
Since completion, the response to the zero carbon 
house has been overwhelming, with international 
media coverage and awards. The design, and 
especially the quality of the natural light and the 
earth floors, have generated great interest.  Many 
visitors have gone away determined to do something 
green to their own home or lifestyle or organisation. 
The scheme is the first and only UK retrofit to the 
original Code 6 zero carbon standard.   
 
 
 

 
Although this particular project is a bespoke one-off, 
many of its principles could be replicated on a wider 
scale.  The scheme sends a positive message to 
politicians, professionals, homeowners and others 
about the potential for retrofitting, offering more 
carbon savings and less environmental impact than 
new build, and opening up design possibilities.  
The contemporary sculptor Anthony Gormely has 
written “The carbon crisis calls for a re-examination 
of our faith in the technological basis of western 
progress. A change in belief is a cultural change”  
(Gormley 2010) 
If so, I hope this small building offers some ideas 
about the possible technology and architecture of that 
new culture. 
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ABSTRACT 

The LCCM (life cycle carbon minus) house is a 
detached house that ultimately reduces its energy 
consumption. It also generates energy by using on 
site renewable energy systems (ex. photovoltaic) and 
could decrease the amount of CO2 emissions to 
minus level. This project has started in 2009. It is 
considered as the top runner of advanced energy-
efficient housing for a low-carbon society in Japan. 

 In 2011, the LCCM demonstration house was 
constructed in Tsukuba. It is aimed to spread the idea 
of LCCM and verify its characteristics through the 
actual construction. In the previous reports1) 2), the 
over view of the LCCM house project and the design 
concept of the LCCM demonstration house were 
introduced. In addition, this paper shows actual 
characteristics of the LCCM demonstration house on 
its construction and experimental residence. 

INTRODUCTION 
Recently, it has been increasingly required to save 
energy in  residence part of Japan.  In particular the 
importance of reducing energy consumption in 
construction phase further has increased, as saving 
energy consumption in operational phase has 
advanced. 

In this situation, the concept of life cycle carbon 
minus(LCCM) house is considerd as the top runner 
of advanced energy-efficient housing. It surpasses 
energy-saving or zero-energy houses, and decrease 
CO2 emissions to minus level through a life cycle of 
house.  

A variety of developments on the concepts of zero-
energy house, plus-energy house, zero-carbon house 
and others has been carried out overseas, such as 
BedZED of UK that aims for zero-carbon and “Plus-
Energie Haus” of Germany which allows selling 
electricity generated from solar power. The concept 
of Japan is differ from other nations which attempts 
to decrease the amount of CO2 emissions to minus 
level during a building lifecycle. 

To realize the concept of LCCM house, this project 
has started from 2009 and was processed for 3 years 
by focusing on four WG. Besides, the demonstration 
house was designed and constructed in 2011. 

CONCEPT OF LCCM HOUSE 
The LCCM house is aiming to ultimately reduce 
CO2 emissions impact through a lifecycle of house.   
It means a house that thoroughly reduces amount of 
CO2 emissions from entire procedures of production, 
construction, operation, repair and discard, and 
generates energy by using renewable solar energy, 
solar heat, biomass and others, and could decrease 
amount of CO2 emissions to minus level. (Fig.1) 

Fig.1 is an image which shows four main points to 
realize the concept of LCCM. First is reducing CO2 
emissions during construction. Second is ultimately 
saving energy consumption in operational phase. 
Third is to generate energy that exceeds CO2 
emssions during operation. In addition, forth is  
reducing  energy to repair  and renovate as less as 
possible.

Figure 1 CO2 balance throughout lifecycle and steps for LCCM (image) 
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These steps make to achieve LCCM. Although, it is 
very difficult to be entirely realized in one house. 
This concept need severe balance between CO2 
emissons and CO2 offset through a lifecycle of house. 
Therefore, it is studied from various aspects  in the 
LCCM house research development project. 

STUDY OF CO2 EMISSIONS DURING 
OPERATION/CONSTRUCTION 

Study of CO2 Emissions during operation 

The first step to consider the LCCM house is to 
ultimately save energy durring operation. Because, 
during a lifecycle of residential building more than 
30 years, the period that emits the most CO2 is 
during the operation, and the amount is about 70% of 
total emission. 

Fig.2 shows the achievement  of  carbon minus 
through energy saving and energy creation. This 
image focuses only on the operation stage. The 
LCCM house is required to achieve the drastic 
reduction of CO2 emissions through deployment of  
energy –saving technologies and create energy by 
solar power generation. 

In regard to reduction measures, it is important to use 
not only high-efficiency air conditioning and water 
heating equipment, but also natural energy. It is 
required to well combine equipment with ventilation 
in summer and solar radiation in winter. Therefore, 
we simulated a variety of equipment related to the 
environment and the way to effectively use natural 
energy. The result of the simulation became the 
reference for designing the demonstration house. 

Particularly, the way of using HVAC system will 
relate to an architectural design. To implement the 
passive design and utilize natural resource, the 
composition of building openings and the interior 
space should be well considered. It takes time to find 
the best design by simulating. However, it might be 

difficult to do such holistic discussions and 
simulation studies for most housing design projects. 
If design tools could be developed, the idea of 
LCCM would become possible to apply on all 
housing design. 

On the other hand, appropriate operation of the 
equipement is important likewise. It is assumed that a  
family of four residents live in the house. The 
simulation is based on general lifestyle and resident’s 
actions to save energy.   

The method for energy generating we chose is solar 
power system and fuel cell. The electricity is 
generated efficiently by installing solar panels on the 
south roof of the demonstration building. The point 
we are focusing is not only the simulation result of 
the equipment operation, but also the appropriate 
equipment selection. 

Study of CO2 Emissions during construction 

In order to achieve the goal of LCCM, energy 
conservation and CO2 emissions reduction during 
operation are basic requirements. However, to reduce 
the CO2 emissions during construction is also 
important in the view of  a lifecycle of  house. 

There are mainly two approaches for reducing the 
amount of CO2 emissions during construction. One 
is to select members of framework and materials that 
are produce low CO2 emissions on manufacture and 
transportation. The other is to choose the members 
and materials which are durable. The first approach is 
to reduce the carbon footprint from each stage of 
manufacture, collection and transportation of 
materials. The second approach is to extend the 
period of material lifecycle. For example, the CO2 
emissions amount will become half through 
extending the lifecycle years from 15 years to 30 
years. Therefore, it is important not only to choose 
the low CO2 emitted material, but also to consider 
using the materials for longer period.  

 

Figure 2 CO2 Achievement of carbon minus through energy saving and energy creation 
(image with a focus only on the operation stage)

Lighting 

Cooking 

Hot-

water 

Cooling 

Heating 
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we examined the amount of CO2 emissions during 
both design and construction phases for the LCCM 
demonstration house. In design phase, the way of  
reducing the amount of  building  marterials and the 
seleciton of  building materials which is low CO2 
emissions have studied. The amount of CO2 
emissions to construct the demonstration house is  
estimated and compared with the amount of CO2 
emissions in conventional houses. (Fig.3) In design 
of the demonstration house, wooden structure is 
chosen because of its small amount of CO2 emission. 

Figure 3 indicates the relation between proposed 
measures to reduce CO2 emissions during the 
construction stage and the effect. In the conventional 
wooden house, the part of foundation is the largest 
amount of CO2 emissions. After reducing the 
quantity of concrete by changing the shape of the 
foundation, the CO2 amount is decreased. The CO2 
emissions amount of the LCCM house tends to be 
larger than the amount of conventional house during 
construction, because that the higher performance 
elements are used. One of the problem is that solar 
power generation which is required to achieve the 
LCCM concept show the large amount of  CO2 
emissions.  

In actual construction of  the demonstration house, 
we surveyed the carbon footprint of materials which 
is used in the demonstration house and reserched the 
amount of the waste disposal at the construction site. 

By current design technique is still not able to 
complete the process of LCCM design, because of 

the lack of data for assessment. Therefore, the 
development of database for simulation and 
assessment tool are important. Furthermore, to 
accomplish the goal of LCCM, it is important to 
develop a tool of calculating the CO2 emissions 
during construction and also the database. However, 
there is not enough information to make the data. To 
popularize the concept of LCCM house on entire 
social environment, the database should be developed 
and completed. 

DESIGN CONCEPT OF THE LCCM 
DEMONSTRATION HOUSE 
The LCCM demonstration house is constructed in 
Tsukuba-city near Tokyo, Japan. It is located in the 
mainly warm climate area, but maximum temperature 
in summer is over 30 degree and minimum 
temperature in winter may be below 0 degree. It 
means that seasonal variations in climate is very 
marked. In additon, the site is facing south and 
adequate to gain solar radiation heat.  

Therefore, The demonstration house is designed to 
adapt the feature of claimate and to effctively use 
natural energy.  Its design methodology is "the house 
changing to different set of clothing for seasons". For 
environmental control, the house has the mode 
change system which can responses to various 
requests from seasons and human activities. It 
suggests a flexible way to control building 
environment, just like wearing the cloth. 

Figure 3 Proposed measures to reduce CO2 emissions during the construction stage 
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Figure 5 Drawings of the LCCM house 

Photo 1* Exterior (left), Photo 2* Interior of 1st floor   *Photos by Koichi TORIMURA 

Figure 4 Design concept of the LCCM demonstration house 

18



 

Furthermore, realization of the concept of LCCM 
requires conditions such as 1) the construction 
methods and building materials are low CO2 
emissions, 2) the building performance and 
equipment allow low energy consumption for hot-
water supply, heating, cooling, ventilation and 
lighting, 3) the house has the equipment which can 
generates energy or use renewable energy, and 
moreover, 4) people who live in it know how they 
should behave to utilize its building environmental 
performance.  

These conditions sometimes conflict each other, such 
as day lighting and sun shading. The demonstration 
house solves this kind of problems by the same 
concept “Changing the cloth”. (Fig.4, 5, Photo1,2) 

DESIGN STRATEGIES OF THE LCCM 
DEMONSTRATION HOUSE 

Mode change system responding to various 
seasons and human activities 
One of the characterristic of the demonstration house 
is the mode change system responding to various 
environmental differences, such as seasonal, day and 
night, human activities and their lifestyles. Fig.6 
shows basic six modes that are based on the 
methodology that separately uses or integrates 
passive and active ways in the right place.  

This house is equipped with many windows that have 
various different functions to realize the change of 

mode.These windows are arranged in multi layered 
way for passive and active environmental control in 
daily life. According to different requiremennts from 
seasons and human activities, they can be used in 
various combinations. 

The functions of each layers are as follows: 1) 
insulation and airtight layer of wooden window, 2) 
solar control layer of wooden louver, 3) insulation 
layer of honeycomb screen, 4) compartment air 
conditioning layer of wooden door and honeycomb 
screen, 5) gaze control layer of roll screen. 
Furthermore, deciduous trees and grasses planted 
around the house act as the natural layer to control 
sunlight and radiant heat from the ground. 

Residents can customize the indoor environment by 
combinations of these layers according to climate and 
their life style as changing their dress for the season. 

Multi-layer and striped composition 

The floor plan is designed to be suitable for 
composition of multi layer. The shape of the plan is 
long from east to west. Its form allows to maximize 
solar gain from the south and to reduce negative 
effect of sunlight in summer. 

 In this house, entrance, living room, dining room, 
kitchen, lavatory and guest room are on the first floor. 
Three small bed spaces and two workspaces are on 
the second floor. 

  

Figure 6 Basic six modes of environment control 
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The floor plan is composed of three zones arranged 
in stripe pattern. (Fig.7) Southern zone is "BUFFER 
ZONE". This zone has engawa or veranda that are 
open to the south for facing sun. Northern zone is 
"STATIC ZONE". This zone is closed and protected 
against a cold wind from north. Central zone between 
these is "ACTIVE ZONE". This zone is large space 
with high ceiling, to stimulate lively human activities. 
Main living and dining room are locateted in  
"ACTIVE ZONE". 

“Natural ventilation mode, Night purge mode” 

Residents can adapt the indoor environment for the 
seasonal change by using  these layers. It leads to 
make good use of natural energy.  

In a calm season, "natural ventilation mode" creates 
comfortable breezed and shaded spaces. Opening 
south windows and shading sunlight by louvers allow 
natural ventilation. In summer night, "night purge 
mode" is ready for taking in the cool air. While  
resident’s bedtime, opening the windows at the top of 
ventilation tower makes to exhaust the hot air and 
take in the cool air.(Photo3) 

In these modes, the ventilation towers in northern 
zone serve an inportant function to encourage smooth 
airflow. They are located in the position sandwiched 
between small bedrooms. They also create gaps of air 
pressure above roof, create the airflow from bottom 

area to towers. In the summer season, the site have 
the prevailing wind from south and east-west. 
Therefore, the angle of roof and the position of 
windows of towers are decided with CFD simulations. 

On the other hand, these modes suppose that the 
southern windows as the insulation and airtight layer 
are also open, it creates big semi-outdoor spaces 
under the eaves by transforming engawa and veranda. 
The space equipped with sunshade louvers which 
prevent solar radiation heat. 

Wooden sunshade louver 
Generally, the sunshade on the outside of window is 
more effective than inside. But this type of sunshade 
needs strong weather resistance. In this case, 
aluminum blinds are utilized, whereas they emit the 
large amount of CO2 during their production. In 
addition, the season when the sunshade plays an 
active roll is the period when the natural ventilation 
is also expected. It means that the strength against 
wind is required for the louvers. 

For such reasons, this house has wooden sunshade 
louvers on the inside of southern windows. Wooden 
louver is weaker than aluminum according to weather 
resistance. But it has a big advantage of embodied 
CO2. 

 

Figure 7 Multi layered diagram (left)  
Photo 3* Ventilation tower in the north elevation
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In this house, wooden louvers are protected on the 
inside of windows and under the roof. Their 
dimension (depth, thickness and interval) is decided 
depending on the prevention of unnecessary sun 
radiation heat during summer and the endurance 
against wind while natural ventilation mode. 

Furthermore, they are movable to allow that solar 
gain and sunshade are compatible.(Fig.8) 

“Direct gain mode” 

In sunny day of winter, "direct gain mode" is suitable. 
It aims maximum use of solar energy. Southern 
windows are closed, engawa changes into an interior 
space just like a sunroom. 

This space serve as "BUFFER ZONE". Only the 
floor of  the buffer zone is finished by black tiles for 
increasing thermal mass. It is expected to gain more 
solar heat and to aboid the heat shock with reducing 
the difference in temperature between the buffer zone 
and main rooms.(Photo4) 

The south elevation of this house was intended to be 
open largely to gain solar energy, and the shape of 
walls of east and west is formed as parabolically. 
This form allows to increase the amount of solar gain 
and the area of photovoltaic panels on the roof.  

In addition, these walls work as the wind-catcher 
because of creating gaps of air pressure around them. 
It means that the wall is useful throughout the year. 

“Heating mode” “Cooling mode” 

These modes mentioned above are mainly in passive 
way, whereas "cooling mode" in summer daytime 
and "heating mode" in winter based on active control. 
In these active modes, multi-layered windows are 
closed to achieve low energy consumption by 
minimization of air volume that are air-
conditioned.(Photo5) 

In the demonstration house, the operation of air- 
conditioner is decided as the intermittent, because 
their quick response and low operating energy are 
preceded. Therefore, the main rooms, which are air –
conditioned spaces, are composed of materials that 
have less thermal mass.  

Therefore, it means that delicate control of air-
conditioning is effective to save energy and active 
control of  indoor environment by  residents is 
inportant. 

“Absence mode” 
At last, "Absence mode" is ready for cases when 
residents are out. This mode allows to avoid 
situations that high-insulated and air-tight houses 
sometimes overheat caused by shutting all windows 
while resident’s absence.  

The idea of this mode is like "the standby mode" of 
home electronics or "the sleep mode" of personal 
computers. It gives quick and effective air-
conditioning when residents come home. 

 

Photo 4* View from engawa (left) :The floor is finished by black tiles.  
Photo 5* View from main Bed space

Figure 8 Structure and mechanism of wooden sunshade louver 
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After the completion of construction of this house, 
various verifications are on going. Trough 
experimentations of inhabitants, new modes are 
found and verified in addition to these basic six 
modes 

REPAYMENT OF CO2 IN THE LCCM 
DEMONSTRATION HOUSE 
Through the design, construction and experimental 
residence conducted after completion, the actual 
amount of income-outgo CO2 of the LCCM 
demonstration house was calculated. 

The amount of embodied CO2 emitted during 
construction phase is estimated at approximately 30 
ton-CO2 (Fig.3). This amount is greater about 10% 
to the embodied CO2 of conventional wooden house 
in Japan.  On the other hand, the experimental 
residence after completion was conducted in several 
times, winter, summer and autumn. These 
experiments measured the amount of the operating 
CO2 and the generated energy. From the result, 
operating CO2 is 3.5 ton-CO2 per year and the 
amount of appropriated CO2 by generated energy (by 
photovoltaic panels) is 6.5 ton-CO2 per year (Fig.9). 

This calculation means that the amount of repaid 
CO2 is over 2 ton-CO2 per year during operation 
even though the amount of emitted CO2 by repairs 
are taken off. This result is better than our 
supposition when we designed this house. 

In the experimentation, many environmental factors 
were validated. For example, they are the amount of 
CO2 emissions by each use, the amount of solar 
power generation in various weather conditions, the 
fluctuations of indoor and outdoor temperatures and 

the effectiveness of mode change system. The details 
of these results are shown in the reference3). 

CONCLUSION 
The LCCM demonstration house is realized as one  
example of the LCCM house that targets on ultimate 
reduction of CO2 impact. Through the design and 
construction of the demonstration house, many kinds 
of subject are discussed. In particular, holistic 
approach to consider both oparating and construction 
phase is required in the design process. Therefore, 
various verifications including experimentations of 
inhabitants are on going. 

This is a demonstration house, not a model house. In 
other words, it means diverse possibilities of design 
on the LCCM concept are left. 

REFERENCES 
1) Tsuyoshi SEIKE et al., Study on Life Cycle 
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Int. Conf. SB13 Oulu Finland, pp.82-87, May, 
2013 
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Finland, pp.76-81, May, 2013 

3) Kozo TAKASE et al., THE RESULT OF 
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Des. Vol.19, No.42,661-664, Jun.,2013 

 

Figure 93) The amount of repaid CO2 per year estimated 
from experimental residence 
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ABSTRACT 
The Birmingham Zero Carbon House is a retrofitted 
Victorian house that has achieved carbon negative 
performance. The house has been extensively 
simulated in parallel with detailed instrumental 
monitoring, collecting data of energy production and 
consumption as well as indoor thermal conditions, 
proving its zero carbon status in the current climate 
and in different locations. 
Model calibration was carried out using two 
methods: 1) tracking the total annual energy 
consumption and renewable energy production using 
a bracketing approach that narrows down the error 
range until the relative error between the total 
simulated annual energy and total measured annual 
energy falls below 1%; 2) tracking the dynamic 
temperature behaviour and adjustment of model 
parameters so as to achieve less than 1 oC root mean 
squared error between simulated and measured 
temperatures. The calibrated model was used to study 
the building performance in different future climates, 
using probabilistic future weather data in a medium 
carbon emissions scenario.  
The analysis indicates that the climate change will 
require a robust approach to the design of new and 
retrofit applications that not only deals with higher 
summer temperatures but also with lower winter 
temperatures. 

INTRODUCTION 
Context and aims 
The Birmingham Zero Carbon House was originally 
built 170 years ago, and it achieved zero carbon 
status recently, through retrofit (Figure 1). The house 
is in fact carbon-negative, as it emits less carbon 
dioxide into atmosphere than it effectively absorbs. 
The house is occupied by its architect and owner, 
John Christophers and his family, and it is a living 
example that is ideal for analysis of zero carbon 
retrofit. 
The house was a 2 bedroom dwelling, and was 
extended outward and upward, into a 4 bedroom 
dwelling over three levels. The house was highly 
insulated, with internal insulation on the front 
elevation and external insulation on the back 
elevation, achieving a U-value of 0.14 W/(m2k), the 

roof has a U-value of 0.08 W/(m2k), and the ground 
U-value is 0.14 W/(m2k). 
 

 

 
Figure 1 Zero Carbon House: top – street view (top) 

and garden view (bottom) 
 

The design of the house was inherited from the 
architect, and has been extensively simulated in 
parallel with detailed instrumental monitoring. The 
main features of the Zero Carbon House are:  

• Solar gains from south west reduce space 
heating demand 

• High air tightness and heat recovery 
ventilation 

• Natural daylight 
• Solar photovoltaic system generates 

electricity 
• Solar thermal system heats domestic hot 

water 
• Additional heating: Wood burning stove 

used only in very cold weather 
• Energy efficient lighting 
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• Rainwater harvesting 
• Use of locally sourced recycled materials 
• High level of thermal insulation reduces 

heat transfer between inside and outside 
• High amount of thermal mass smoothes out 

temperature fluctuations 
Our aims are: 1) To study the current performance of 
the house through the monitoring, 2) To calibrate the 
dynamic simulation model using measured 
performance data, 3) To investigate the robustness of 
the building behaviour to climate change using 
dynamic simulation, and 4) To devise a set of design 
guidelines for robustness and adaptation to climate 
change. 

UK climate projections 
The UK Climate Projections 2009 (UKCP09) 
provide climate information for the UK up to the end 
of the century. Although weather projections are 
uncertain, they are crucial to develop future 
adaptation strategies. The UKCP09 weather 
projections are based on advanced climate modelling, 
past observations, the Intergovernmental Panel on 
Climate Change (IPCC) emissions scenarios and 
expert judgement. It has three carbon emissions 
scenarios; high, medium and low to represent the 
possible future states (UKCIP, 2010). 
To quantify the uncertainties in the projections 
caused by: natural climate variability; modelling 
uncertainty; and uncertainty in future emissions; 
probabilistic projections are provided, based on 5 
Cumulative Distribution Function (CDF) probability 
levels (of 10%, 33%, 50%, 66% and 90%) (UKCP09, 
2010). 
Simulations performed using future weather data 
allow risk-based analysis and adaptation strategies to 
be implemented in early design stages. 

METHODOLOGY 
In this section we describe the research method and 
how different components of the method are 
combined together to provide a holistic approach to 
the analysis of the Zero Carbon House. The 
underlying method for zero carbon design and retrofit 
is based on the work by (Jankovic, 2012),  in which 
building performance must satisfy energy, comfort 
and economic criteria in order to comprise a 
successful zero carbon performance. 

Instrumental monitoring 
The Zero Carbon House is instrumented with a 
system of wireless sensors, sending information to 
the wireless data logger.  
The monitored parameters include: internal air 
temperatures; internal relative humidity; carbon 
dioxide concentration; energy obtained from the solar 
hot water system; energy from the photovoltaic 
system, including generated, consumed and exported; 
energy imported from the electrical grid; energy 

obtained from the wood burning stove; energy used 
by the immersion water heater; solar energy falling 
on the roof surface; and external air temperature.  
A total of 20 parameters are measured every minute 
and sent to the data logger. The data logger is then 
accessed remotely over the Internet, for the purpose 
of visualisation of the monitored parameters and for 
data download. 
Thermal imaging 
Methods such as monitoring and dynamic simulation 
rely heavily on numerical procedures. The thermal 
imaging described in this section is more of a 
qualitative method. When used externally, dark 
colours represent lower heat loss, and bright colours 
represent higher heat loss (Figure 4). The reverse is 
the case in internal thermal imaging, where dark 
colours represent higher heat loss, and bright colours 
represent lower heat loss (Figure 5). The thermal 
images from Figure 4 and 5 will be discussed in more 
detail in the results section. 
Occupant survey 
Occupant thermal comfort is one of the key 
ingredients of zero carbon design (Jankovic, 2012). 
The thermal comfort of occupants in the Zero Carbon 
House was established through a questionnaire and 
interviews. The main tool for establishing thermal 
comfort in this work was the seven point scale from 
Fanger (Fanger, 1970). Based on a number of 
responses from numerous volunteers, a relationship 
between the predicted mean vote (PMV) and 
predicted percentage of dissatisfied (PPD) people is 
established (Figure 3).The meaning of zero vote is a 
thermal neutrality – a ‘Goldilocks’ zone in which a 
person feels neither warm nor cold, but just right. 
Thermal neutrality is therefore the best performance 
that the designer can achieve for the building 
occupants, even though the PPD for thermal 
neutrality is 5%, meaning that there will always be at 
least 5% of people who are dissatisfied with thermal 
comfort conditions in a building (Figure 3). The 
analysis of the occupant survey from this figure will 
be carried out in the ‘Main results’ section. 
Dynamic Simulation 
Dynamic simulation was carried out using IES 
Virtual Environment. The geometry of the model was 
built using architectural drawings and detailed 
measurements. The heat transfer parameters are 
based on detailed specifications obtained from the 
architect, and the occupancy patterns were obtained 
through occupant questionnaire and interviews. The 
Birmingham weather data file is obtained from a 
built-in library of the IES simulation software. 
When it is first built, every simulation model 
contains a degree of inaccuracy, referred to as a 
‘performance gap’. This is a discrepancy between the 
performance of the simulation model and the actual 
building (Monfet et al., 2009). In the case of non-
existing buildings that are being designed, the 
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performance gap can represent a real problem and 
can lead to over or under specification of the 
mechanical systems in the building.   
This problem is however eliminated in existing 
buildings, which are being monitored as well as 
simulated. One of the purposes of the monitoring 
system described in the previous section is to provide 
information for calibration of the simulation model. 
Calibration is a process of minimising the error 
between the simulated and actual building 
performance, by means of recursive adjustments of 
the simulation model until the error has reached the 
required level (Reddy et al., 2007). Two types of 
calibrations were carried out with the simulation 
model of the Zero Carbon House: 1) annual energy 
calibration; 2) temperature fluctuation calibration. 
 

 
Figure 2 Cumulative frequency of occurrence of 
errors before and after temperature calibration 

 
The annual energy calibration was carried out so as 
to achieve the error of less than 1% between the 
simulated and monitored energy consumption. The 
temperature fluctuation calibration was subsequently 
carried out so as to minimise the discrepancies 
between annual hourly temperatures between the 
simulation model and the actual building. The result 
of the temperature calibration is shown in Figure 2, 
where the cumulative number of occupied hours is 
shown as a function of temperature discrepancies 
between the simulation model and the actual house. 
The red curve in this figure shows that temperature 
discrepancies before the calibration were up to 8 oC 
in up to 3000 occupied hours. This compares with the 
discrepancies of less than 1 oC after the calibration, 
giving a much more accurate and responsive model 
that closely corresponds to the actual building. After 
the calibration, the simulation model can be used 
with confidence to investigate what-if scenarios of 
the building performance under different conditions. 

EXPERIMENTS AND RESULTS 
Energy and carbon emissions performance 
The results of energy and carbon emissions 
performance of the calibrated simulation model are 
shown in Table 1. Thermal energy consumption is 
reduced considerably by the solar hot water system, 
so that the total annual thermal energy consumption 

is 5.56 MWh.  The total electrical energy is negative 
(-1.33 MWh), as surplus, which is generated by the 
photovoltaic system, is exported into the grid. 
Therefore the grand total of the energy consumption 
is 4.23 MWh. As the house floor area is 206.8 m2, the 
annual energy consumption per floor area is 20.45 
kWh/m2 (Table 1). 
Carbon dioxide emissions are calculated using the 
energy consumption figures and applying the 
corresponding emission factors (Table 1)  (DEFRA, 
2014, IES, 2011). As the emission factor for grid 
displaced electricity is negative, the overall total of 
the carbon emissions is also negative, as shown in 
Table 1. The figure of -662 kgCO2/annum confirms 
the zero carbon, or indeed carbon negative, status of 
the house. 
Thermal comfort performance 
In summer, the predicted mean vote (PMV) is 0.09, 
corresponding to the predicted percentage of 
dissatisfied (PPD) of 5.17%. In winter, the PMV is -
0.3 and the corresponding PPD is 6.87%. Taking into 
account that PPD for thermal neutrality is 5%, the 
PPD discrepancy from thermal neutrality in summer 
is 0.17% and in winter 1.87%. 
It is important to emphasize here the meaning of 
thermal neutrality. This corresponds to a perception 
of an individual that he/she feels neither too warm 
nor too cold in a building, but just right. Designers 
should therefore aim to create buildings that provide 
thermally neutral environment for their occupants. As 
the diagram in Figure 3 shows, even in a thermally 
neutral environment there will be 5% of dissatisfied 
people, and this number will rise exponentially as 
PMV gets further from neutrality. In the Zero Carbon 
House, the departure from thermal neutrality is 
minimal, thus confirming high level of thermal 
comfort. 
 

Figure 3 Occupant survey using predicted mean vote 
and predicted percentage of dissatisfied   

 

Economic performance 
Economic performance calculations are explained in 
detail by Jankovic (Jankovic, 2012). The initial 
investment into retrofit of the original house was 
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£47,345, and the annual return £5,752, resulting from 
energy savings and income from the feed in tariff. 
When these savings are amended in order to take into 
account the future value of money normalised for the 
current time, assuming the inflation rate of 3% and 
actual investment interest rate of 3.05%, the financial 
returns vary from £5,581 in the first year to £5,517 in 
the 25th year. 
As shown by Jankovic (Jankovic, 2012), not all zero 
carbon buildings are financially viable, and thus the 
process for zero carbon design must achieve financial 
viability as well as technical criteria for carbon-
neutral or carbon-negative emissions and thermal 
comfort criteria for a minimum departure from 
thermal neutrality. Overall, the payback period is 
between 8 and 9 years, and the net benefit in 25 years 
time is £91,380. Taking into account the initial 
investment of £47,345, the return on investment, 
after all costs have been paid, is ROI = 193%. This is 
a significant figure. Although it will vary with 
inflation and the investment interest rate, it 
demonstrates high financial viability of the Zero 
Carbon House. 
Results of thermal imaging 
Thermal imaging was used as a qualitative analysis 
tool that complements other methods, such as 
instrumental monitoring and dynamic simulation.  
Examples of the results of external thermal imaging 
are shown in Figure 4 and Figure 5. Dark colours in 
external images and light colours in internal images 
indicate low heat losses. 
The external thermal images show clearly which part 
of the image is the Zero Carbon House and which 
part is not. The left side of the street image is much 
darker than the right side, showing a clear difference 
between the Zero Carbon House and the next door 
house. A tunnel between the two houses glows red, 
indicating high heat losses, and a closer inspection 
revealed that these heat losses were coming from the 
conventional house next door. The high level of 
insulation in the Zero Carbon House is evident from 
darker parts of both street and garden side images.  

The garden side image also shows that the heat loss 
from the window of the zero carbon house is 
comparable to that from the external wall in the 
conventional house next door. These external thermal 
images provided an independent confirmation of the 
low energy performance of the house obtained 
through instrumental monitoring and dynamic 
simulation.  
Whereas external thermal images were used only as a 
confirmation the low energy performance, the 
internal images were used to detect any problems and 
to rectify them. These images revealed a crack 
between the wall and the ventilation duct (Figure 5- 
top) and a missing insulation on the door hinge 
(Figure 5-bottom), and this information was passed 
onto the developer for rectification. 
Overheating analysis 
Using the results of the calibrated simulation model, 
overheating analysis was first carried out for the 
current climate conditions. The overheating was 
considered to be occurring when the internal air 
temperature exceeded 28oC in living spaces 
according to the CIBSE guide A (CIBSE, 2006). The 
results of this initial overheating analysis for the 
Typical Reference Year (TRY) and Design Summer 
Year (DSY) has shown no overheating in the current 
climate. Overheating occurs when applying future 
weather files, increasing steadily under TRY future 
climate predictions of 50th percentile, thus reaching 
almost 102% of the initial value in 2080 under the 
medium emissions scenario, 228% of the initial value 
under the high emissions scenario in the same year. 
The overheating appears to be worse under the DSY 
50th percentile predictions, reaching 184% of the 
initial overheating hours under the medium emissions 
scenario in 2080, and almost 232% of the initial 
value under the high emissions scenario in the same 
year. 
 

Table 1 Energy consumption and carbon emissions 
 

 Energy 
(MWh/annum) 

Carbon emissions 
factor 

(kgCO2/kWh) 

CO2 emissions 
(kgCO2/annum) 

Space heating energy 1.78 0.013 23 
DHW heating energy 7.86 0.013 102 
Solar thermal energy -4.08 0.013 -53 
Sub-total thermal energy 5.56  72 
Electrical energy used 2.73 0.517 1411 
Total electricity generated -4.06 0.529 -2145 
Sub-total electricity energy -1.33  -734 
Grand total thermal and electrical 4.23  -662 
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Figure 4 External thermal images from the street 

side (top) and garden side (bottom) 
 

Mitigating overheating 
As overheating predicted in this way appears to be 
significant, the question is whether it could be 
mitigated with relatively simple measures such as 
shading and/or free cooling. The analysis of 
mitigation of overheating was carried out for DSY 
climate files under the high emissions, being the 
worst case scenario. 
Two types of shading devices were introduced into 
the simulation model, applied to the south-west 
facade. Brise-soleil shading of 120 cm, and external 
louvers for the summer months. The most significant 
reduction is in the year 2030, between 10% (120 cm 
brise-soleil) and 35% (louvers). The effect of shading 
is diminishing through the future climate years, so 
that the reduction of overheating is between 1%  (120 
cm brise-soleil) and 24% (louvers). 
As the results of mitigation of overheating with 
shading devices was not entirely satisfactory, still 
leaving significant overheating in the building, the 
effect of free cooling was subsequently investigated. 
Free cooling is a term that refers to cooling with 
external air, at the time when its temperature is lower 
than the inside temperature, whilst the inside 
temperature is approaching the overheating 
temperature. This is typically achieved using 
mechanical ventilation heat recovery (MVHR) 
systems in a bypass mode so that colder incoming air 
does not exchange heat with warmer exhaust air. As 
the simulated building already has the MVHR 
system, this type of cooling was considered to be 
realistic. 

 
 

 
Figure 5 Internal thermal images: a crack around a 
ventilation duct (top) and missing insulation on the 

door hinge (bottom) 
 

Firstly, a free cooling profile was created in the 
simulation model, so as to operate the mechanical 
ventilation under the following conditions:  
 
1) external air temperature is lower than internal air 

temperature, and  
2) internal air temperature is greater than 26 oC. 

 
The somewhat lower temperature trigger for starting 
the free cooling of 26 oC was chosen in an attempt to 
prevent the overheating in advance, rather than to 
deal with overheating when it has already started to 
occur. 
Secondly, three air change rates for free cooling were 
set in the internal conditions template: 1, 3 and 5 air 
changes per hour (ACH). 
Similarly as in the case with shading, the most 
significant reduction of overheating through free 
cooling was achieved in the year 2030, with 56% 
decrease from the initial overheating hours under 1 
ACH, and 60% decrease under 5 ACH. Unlike solar 
shading, free cooling provided significant reduction 
of overheating through the future climate years, 
achieving 19% reduction of the total overheating 
hours at 1 ACH in 2080, and 50% reduction at 5 
ACH in the same year. 
However, even with this significant reduction, the 
overheating was still occurring in the building. A 
question was then raised whether the combined effect 
of shading and free cooling could lead to more 
significant reduction of overheating. The results of 
the combined analysis are shown in Table 6. The 
combined effect of these two measures reduces the 

27



number of overheating hours to 20 in the year 2030 
representing the reduction of almost 74.3%.  

 
Figure 6 Reduction of overheating through 

mitigation 
 

In 2080, the reduction is just over 59%, making the 
total number of overheating hours of 95. The effects 
of the mitigation measures are summarised in Figure 
6. 

DISCUSSION 
The payback period, the net benefit at the end of the 
25 year period, and the return on investment were 
calculated using the feed-in tariff and energy prices 
at the time of the original analysis. Although it is 
guaranteed for this house for 25 years, the feed-in 
tariff in the UK has changed since this analysis was 
carried out, so that newly retrofit houses would get 
much lower financial incentives, resulting in longer 
payback periods. Any future change of the carbon 
emission factors will result in changes to the actual 
carbon emissions from the house, although these are 
expected to be negative regardless of future changes. 
The analysis of the Birmingham Zero Carbon House 
was carried out from the point of view of operational 
carbon dioxide emissions, without taking into 
account embodied carbon.  However, most of the 
original structure of the house has been recycled, 
including bricks, timber in the roof and floor. 
Thermal insulation is partially made of recycled 
newspaper and internal rendering is made of lime 
with crushed recycled glass. All of this contributes to 
a considerably lower carbon footprint in comparison 
with newly built zero carbon houses. 
The calibrated model was tested using medium and 
high emissions scenarios of 50th percentile. Both 
TRY & DSY weather files showed a great increase of 
overheating, which was related to the number of 
occupied hours over the CIBSE comfort threshold 
temperatures of 28oC in living spaces. 
The overheating increase of up to 228% indicated the 
need of future proofing buildings in the context of 
climate change, in order to maintain thermal comfort 
as well as a carbon negative performance. Several 
methods were used in order to mitigate overheating: 

external shading; free cooling; and a combination of 
shading and free cooling.  
Mitigation methods need to be part of the retrofit 
decision-making process, in order to eliminate further 
costs in the future and also to help maintain a low 
energy performance. With the current focus on 
heating demands, we need to be aware of the highly 
possible cooling demands as shown in the dynamic 
simulation results 

CONCLUSIONS 
The paper investigated the performance of the 
Birmingham Zero Carbon House, a Victorian 
residence built 170 years ago that has achieved zero 
carbon status through retrofit. The combination of 
instrumental monitoring, dynamic simulation, 
thermal imaging, thermal comfort analysis, and 
economic performance analysis confirmed that 
Birmingham Zero Carbon House is carbon negative, 
that it provides good thermal comfort for the 
occupants and that it is financially viable with high 
level of return on investment.  
The results of this paper show that overheating 
arising from climate change can be effectively but 
not fully mitigated using relatively simple measures, 
such as shading and free cooling. The combination of 
these two measures achieves the best results. 
These results should not be generalised, as they 
correspond to a specific case of the Birmingham Zero 
Carbon House, which has high level of thermal 
insulation and thermal mass. The future climate data 
used for this analysis are probabilistic, which further 
restricts a generalisation. However, the results show a 
clear pattern of reduction of overheating hours, 
demonstrating that our homes would be able to 
provide comfortable shelters under increasingly 
difficult conditions resulting from the climate 
change. Therefore, it is advisable to prepare homes 
gradually for adaptation to climate change. 
Considering that a large number of houses in the UK 
will survive till 2050 or beyond, zero carbon retrofit 
is increasingly being viewed as a necessary measure 
for reducing carbon dioxide emissions. Although this 
measure requires investment, the high economic 
viability of this particular design is very encouraging 
and it can be used as an example for the way 
forward. 
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ABSTRACT 
Zero Carbon in the building industry is a goal that 
can be reached by focusing on energy- and resource-
efficient solutions and by utilising renewable 
resources both for building materials and energy 
supply. By this, buildings and settlements can 
become CO2 neutral and independent from fossil 
energy resources.  
With the overall goal to demonstrate innovative 
building concepts, 6 residential units and 1 
community centre (“Life Cycle Habitation”) will be 
designed and built in Lower Austria to make energy-
efficient settlements the standard of tomorrow. 

INTRODUCTION 
A relatively large percentage of energy and resource 
consumption occurs in the building sector (Directive 
2010/31/EU). This concerns the production of 
building materials, the construction of buildings and 
also the energy consumption during the use phase 
caused by the users. Energy for space heating and 
increasingly for space cooling is needed especially 
for buildings of low energetic standards. 
Furthermore, energy for domestic hot water and 
appliances (like cooking stove, washing machine, 
light and other electrical devices) is required. Along 
the life cycle of buildings additional energy and 
resource consumption results from demolition and 
disposal of buildings or building parts at the end of 
their lifetime.  
With its high consumption of energy and thus mostly 
fossil fuels for the majority of processes, the building 
sector is also one of the biggest perpetrators of CO2 
emissions and construction waste as a consequence 
of demolition or remodelling of buildings as well as 
at the construction site (packaging, plastic pipes, 
clippings of insulation materials etc.), which is 
difficult to recycle or dispose of. The aspects of 
deconstruction, recycling and disposal were 
particularly focused in Austria due to a massive 
increase of building waste in the last years. Although, 
according to the “Federal Waste Management Plan 
2011” by the Ministry of Life (Lebensministerium, 
2011), the total amount of waste decreased by 
500.000 t to 53.543.000 t, waste from the building 

sector accounts for 12.7 % of total waste in Austria 
(6.870.000 t). A prognosis for 2016 foresees an 
increase to 7.395.000 t.  

METHODS 
The assessment of building components usually 
considers criteria such as insulation effect, absence of 
thermal bridges and, on the part of consumers, costs 
for the selection of materials. Constructions with 
sufficient insulation and no thermal bridges can be 
achieved with various materials, if building physics 
are considered and implementation is done carefully. 
Ecological assessment of different building materials, 
however, yields varying results. A comprehensive 
ecological assessment requires consideration of the 
whole life cycle. 
The concept of Life Cycle Habitation is therefore 
based on energy-efficient building solutions (passive 
house components, improved household appliances, 
thermal insulation etc.) and on the utilisation of 
renewable resources for building materials to reach a 
lower energy demand for production as well as 
shorter transport distances. In addition to this, 
deconstruction is considered from the planning 
process on to promote recycling and composting after 
the use period. For a further reduction of the carbon 
footprint it is also necessary to have an energy 
system using locally available renewable resources. 
To reach this goal, solutions in three strands will be 
implemented to reduce CO2 emissions and waste of 
resources significantly over the entire life cycle: 

1. Highly energy-efficient and sustainable 
building materials are used: straw bales are 
regional renewable resources with very low 
“grey energy” (100 times less than 
conventional insulation materials), they 
store CO2 and provide high thermal 
insulation.  

2. Innovative construction types (load-bearing 
and pre-fabricated modular constructions): 
Building components of the village will be 
produced in collaboration by local SMEs 
(Small and Medium Enterprises) that are 
organised in an efficient way. 
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3. Energy self-sufficiency: Renewable 
resources (solar energy, biomass) are used 
to generate thermal energy for thermal 
energy services and to generate additional 
electrical energy. (Wimmer et al., 2012) 

SUSTAINABLE BUILDING MATERIALS 
Assessments 
Assessments and quality control of buildings can be 
executed on different levels and foci: Besides 
building rating programs such as LEED (USA) or 
WBS (Switzerland), the Austrian klima:aktiv 
assessment criteria show a broad approach including 
architectural quality, site, infrastructure, energy, 
social quality and economics (Klima:aktiv, 2012). A 
mandatory assessment instrument in Austria is the 
so-called Energieausweis, an indicator computing the 
energy demand per m2 and year in accordance with 
national and European laws (EAGV, 2012). 
Assessment of building materials is a sensitive topic: 
a big range of different materials is available for 
building owners and planners. In order to choose the 
most appropriate, a number of technical and 
environmental factors have to be considered. 
Building materials should be non-polluting, have 
warm surfaces, be humidity balancing, capable of 
sorption, have pleasant smell, low radioactive 
radiation, and show high haptic quality (Raft et al., 
2004). To improve environmental impacts these 
criteria are complemented in Life Cycle Habitation 
by two main strands:  
1. Technical parameters (like heat conductivity, heat 
storage capacity, reaction to fire, vapour diffusion 
resistance, sound insulation or dimensional stability) 

are pre-conditions of material decisions for different 
elements of the building. 
2. To minimise negative impact on the environment a 
low PEI (primary energy demand of non-renewable 
resources) in MJ/kg, GWP (Global Warming 
Potential) in kg CO2/kg, and AP (Acidification 
Potential) in kg SO2/kg, as shown by Baubook, is 
required (Baubook, 2014).  

Renewable resources 
Highly energy-efficient and sustainable building 
materials based on renewable resources, such as 
straw bales, have been proven to be functional, and 
show a very low PEI and positive effect for the CO2 
balance of the building (Krick, 2008). With the 
Austrian Technical Approval (ÖTZ) in 2010, the 
functionality of straw bales as an insulation material 
has been certified (Wimmer et al., 2011). Because of 
the simple production process (the raw material straw 
only needs to be pressed and tied up) the production 
energy of the straw bales is by a factor of 100 lower 
in comparison to conventional insulation materials 
such as EPS, comparing wall constructions with the 
same U-value (Figure 2). 
But also a comparison of the GWP of these insulation 
materials is showing a similar positive environmental 
effect. While fossil or mineral-based materials are 
releasing huge amounts of CO2 during the 
maufacturing process, materials made of renewable 
resources in contrary are able to store it (Figure 3). 

Figure 1 Project impact on the life cycle (own image) 
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Figure 2 PEI of different insulation materials 

 
Figure 3 GWP of different insulation materials 

Also, local availability is a core aspect for low grey 
energy of construction materials, considering the 
energy demand for transport. Through this, local 
economies, especially small and medium-sized 
enterprises, are stimulated by producing and using 
renewable materials and low carbon technologies for 
buildings and appliances. Materials and constructions 
with recycling or composting potential are preferred 
(Wimmer et al., 2012). 

INNOVATIVE CONSTRUCTIONS 
For a comparison it is important to evaluate the entire 
construction because not only individual construction 

materials can be re-used, recycled or used for energy 
production, but also whole building parts and 
modules. Figure 4 shows a comparison of a 
conventional wall element and a wall element 
constructed with renewable resources – mainly wood 
and straw bales – and their environmental and 
technical benchmarks. The best performance in 
respect to that criterion is shown by renewable 
resources such as straw bales, which can store CO2 
throughout the building’s lifetime (Wimmer et al., 
2011). 

Modular prefabrication 
There are several variants for wall constructions 
using wood and straw for prefabricating single 
elements or entire constructions. Through the 
strategy of standardised prefabrication combined 
with an efficient coordination of the participating 
companies, waste will be reduced to a minimum as 
well as unnecessary material consumption through 
design and installation errors. 
In industrial prefabrication, manufacturing processes 
of building components and modules are 
standardised so that the finished parts are aligned to 
each other. Therefore the construction time on the 
building site can be shortened, material waste 
reduced and assembly faults avoided. 
Prefabrication is already possible for large elements, 
such as complete bathrooms units or rooms with 
integrated kitchens. Continuation of modularisation 
should encompass the manufacturing of compatible 
elements for the building envelope, housing 
technology as well as appliances. This requires inter 
alia a well-planned cabling concept for all 
components of the energy system (supply and 
demand side), which has to be developed already in 
the planning phase. The system of wires and pipes 

Figure 4 Comparison of two different wall constructions: conventional wall construction (above); 
construction with renewable and local materials (below) 
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should be kept short and without crossing so that the 
elements are easy and fast to connect on the 
construction site. The design of the floor plan types is 
important in this context as well if the modules and 
the housing technology are to be combined in an 
efficient way while still allowing flexibility. 
Beside an efficient connection of the building 
envelope and housing technology in a high quality, 
modular building elements have the advantage of 
being easily assembled, disassembled and upgraded 
after their useful life or when user demands change 
within a re-use system. 
Waste as well as time and energy can be saved 
during the building phase through prefabrication of 
elements and modules. This is not only beneficial for 
building owners, but also for manufacturers because 
of a more economic production with higher quality 
(Wimmer et al., 2009). 

Construction types 
A first variant of wall constructions consists of whole 
modules which have been prefabricated and filled 
with insulation material in the factory.  
A second variant is to prefabricate individual 
elements, for instance wall modules containing small 
or big bales, and then let the involved SMEs of the 
cluster assemble them on the construction site.  
For the second variant, as shown in Figure 4 (below), 
it is possible to prefabricate the elements made of 
CLT (cross laminated timber) accurately with a CNC 
shaper as well as the wooden components for the 
façade, which then are supplemented on site with the 
materials straw and clay, which were taken from 
immediate vicinity.  
For a sustainable and efficient use of raw materials, 
removal should be based on the cascades principle, 
thus keeping raw materials and products in a circular 
economy as long as possible. The utilization cascade 
consists of single and multiple substance-based 
utilisation with decreasing added value (product and 
material recycling) and subsequent composting or 

energetic utilisation (thermal utilisation). Disposal of 
materials should only be considered as the last 
choice.  
Nowadays, however, many elements consist of 
composites which are no longer separable. Therefore 
it is necessary to use detachable connections and 
fittings, which can already be foreseen in the factory. 
Concerning re-use and recycling possibilities it is 
hence important to examine not only single materials 
but to evaluate the entire construction. The degree of 
recyclability of a construction depends on the 
properties of the used materials, the mass and 
cascade of the materials as well as their assembly 
within the construction. 
All materials used in the constructions of Life Cycle 
Habitation can be disassembled and therefore re-used 
or recycled. The separability and cascades of the used 
materials are described in Figure 5 (Bointner et al., 
2012). 
These measures can of course also be adopted for 
variants of loadbearing or partially loadbearing 
systems – either single elements, which are used for 
the construction, or whole prefabricated modular 
units containing domestic engineering, wet cells etc. 
These can in the best case be interconnected to the 
core of the building, around which the straw bales 
(big or small bales) can be placed afterwards for 
static and thermal reasons, finishing for example with 
an exterior layer of plaster (Wimmer et al., 2012). 

ENERGY SELF-SUFFICIENCY 
Demand for electricity keeps rising in private 
households of EU-27 countries, despite increasingly 
energy-efficient devices. From 1999 to 2009 demand 
has risen by 18.5 % (Eurostat.ec.europa.eu, 2013). 
This situation asks for a resource-efficient energy 
concept that foresees renewable energy sources, such 
as the one which is planned to be installed in the 
project Life Cycle Habitation. 
In conventional energy systems in households, most 
appliances are operated by electricity although they 

Figure 5 Cascade of a wood-straw wall construction 
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actually provide thermal energy services. In contrast 
to this, energy self-sufficiency of the buildings in this 
demonstration settlement is based on the maximum 
utilisation of thermal energy gained from solar 
energy and biomass. All thermal appliances such as 
washing mashine, dishwasher or dryer are operated 
by thermal energy. Based on the idea of an indirect 
operated solar cooker (Schwarzer, 1993) a concept 
for an adopted and optimised version of this solar 
cooker was developed to be implemented in the 
community centre using thermal oil as a heat transfer 
medium in an additonal conduit system, while 
cooking for the living units is provided by biogas. 
The cooker is also equipped with a connection 
facility for a refrigerator and a freezer, which also 
require a higher temperature level for operation with 
thermal energy (Wimmer et al., forthcoming) (see 
also Figure 7).  
Through a consequent consideration of the required 
form of energy and the use of the most appropiate 
technologies, it should be possible, based on the 
energy balance (input/output), to reduce the 
consumption of electrical energy by up to 80% 
compared to the median consumption of Austrian 
households as shown in Figure 6 (Wegschneider-
Pichler, 2009). 

Figure 6 
Energy consumption and saving potential in Austrian 

households through LCH energy concept 

electric 
loads in 
house-
holds 

median electricity 
LCH 

electricity 
reduction 

down to … 

thermal 
energy LCH 

(excl. 
heating) 

kWh/a kWh/a % kWh/a 

hot water 
heating 1612 0 0 1612 

recirculation 
pump 347 347 100 0 

freezer 329 0 0 189 

lighting 298 149 50 0 

cooking 
devices 291 29 10 0 

cooling 
devices 263 0 0 167 

dishwasher 222 50 22 115 

heating incl. 
operating 
energy 

220 10* 5 6 kWh/m2a** 

dryer 178 50 28 264 

washing 
machine 175 40 23 126 

total 3934 
kWh/a 

675  
kWh/a 17 % 2473  

kWh/a 
* ventilation system with heat recovery, not universally valid 
** calculated energy demand for heating of the S-House (Wimmer 
et al., 2005)  
 

It is foreseen that the size of the the project (6 
residential units and 1 community centre) will be 
extendend after the project up to 80 units in different 
multi-storey buildings (two and three floors) as well 
as terraced houses with an average size of 85 m2 for 

which the project results should be used as 
replication template. Electrical energy demand for 
the entire village is calculated to be about 54 MWh/a 
and thermal energy demand will be about 
198 MWh/a (without heating). Because of measured 
solar radiation for the chosen location in Lower 
Austria (global radiation 1559 kWh/m2a, direct 
radiation 710 kWh/m2a, diffuse radiation 
848 kWh/m2a) (Meteonorm) a theoretical demand for 
250 m2 of photovoltaic panels as well as 767 m2 of 
solar collectors has been calculated for the provision 
of all 80 living units. However, due to imbalanced 
radiation over the year, especially in winter, a 
biomass back-up system is necessary to cover the 
thermal energy demand, using e.g. logs or wood 
pellets. Technologies for the production of both 
thermal and electrical energy, such as micro-CHP, 
are an optimal supplement for solar collectors and 
photovoltaic systems in winter seasons. For provision 
of the cooking devices 28 m3/d of biogas are needed, 
which can be produced in a local biogas plant close 
by (Reisinger et al., 2013). 

DISCUSSION AND CONCLUSION 
To reach the overall objective of this project, the 
demonstration of innovative building concepts that 
significantly reduce CO2 emissions and contain a 
minimum of grey energy (i.e. energy from fossil 
fuels) over their entire lifecycle and to make energy-
efficient settlements the standard, in line with EU 
2020 objectives, it is necessary to combine the three 
strands: sustainable building materials, innovative 
constructions, and energy self-sufficiency, each of 
which shows great effects for reducing primary 
energy demand. For implementation and further 
replication on a larger scale, 3 building types 
(apartment, townhouse and compacted flat-roof 
buildings with an effective area of approximately 
710 m²) will be combined. Urban development 
aspects will also be taken into account, since building 
compounds bring in additional resource-saving 
options as compared to individual buildings: 
Building density, number of stories, A/V (surface 
area/volume) ratio and building orientation are 
factors that influence heating energy demand and 
which are relevant for integration into the urban 
environment. High density housing thus shows 
advantages compared to one-family houses (Bußwald 
et al., 2011). 
The emphasis on material and energy decisions is 
seen in a broader scope of different requirements: 
The dense typologies are complemented by services 
to target an efficient overall concept, such as 
collective waste management or mobility concepts 
(support of public transportation, car sharing 
programs, charging stations for e-cars, individual 
parking places exclusively situated at the boundary of 
the area). The outdoor area can be designed using 
environmentally materials for pathways 
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Figure 7 Thermal-based energy system for Life Cycle Habitation (own image) 

(Hohensinner et al., 2011) and green areas as well as 
common kitchen gardens can be provided. 
In order to reach sustainable development of the 
settlement, it is necessary to provide different options 
for housing and usage so as to attract diverse 
demographic target groups (varying in age, income, 
family status, etc.). 
Taking into account these planning aspects on a 
larger scale and combining them with energy and 
resource-efficient solutions on a technical level thus 
brings about carbon neutral solutions which can also 
be up-scaled to urban development. 
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ABSTRACT 

On-site energy management is one of the key 

strategies toward improving energy efficiency and 

reducing CO2 emissions in the building sector. The 

Japanese energy supply situation has changed 

drastically before and after the nuclear power plant 

accident in 2011 because the power plants operation 

has been restricted considering safety. Since the 

energy market prices and CO2 emission factors of 

electricity generation have changed, it is expected 

that the potentials of on-site energy management will 

also have changed.  

This article describes the potential for energy sharing 

between four different types of Japanese buildings 

with their own on-site combined-heat and power 

(CHP) energy generation, and models the 

performance of different scenarios considering CHP 

operation strategy, energy market price and CO2 

emission factors. Comparison of primary energy 

consumption between individual and combined 

scenarios shows that the potential advantages of 

energy sharing are determined by the combinations 

of buildings and the CHP operation strategy. 

Moreover, if the CHP operational modes are 

optimised, then energy sharing provides greater 

advantages of reduced operation cost and CO2 

emission under market conditions where the power 

supply configuration of the centralized generation is 

subject to change. 

INTRODUCTION 

Required energy for zero energy building (ZEB) or 

zero carbon building (ZCB) should be covered to a 

very significant degree by on-site or nearby energy 

production. However, most of ZEB are ‘nearly’ zero 

energy, which cannot achieve without supporting by 

grid. It means that absolute off-site zero energy 

management with single building is quite difficult. 

Thus, the approach of this study expands the target 

from single building level to community level, for 

example distributed energy systems. Some practices 

of distributed energy systems are based on local 

centralized energy systems (e.g., Pehnt et al, 2006, 

Burch et al, 2012) and some articles discussed the 

definitions of distributed energy systems (e.g., El-

khattam et al, 2004, Pepermans et al, 2005). 

Distributed energy systems, so called ‘Energy 

community’ in this study is defined as a cluster of 

buildings in which every building can generate both 

electricity and heat using micro-generation 

technologies, such as CHP systems or photovoltaic 

panels, and can share both types of energy with the 

other buildings mutually. Some previous studies of 

the authors have described the possibility and 

advantages of energy sharing among buildings (Kayo 

et al, 2010, 2013).  

As a starting point for the study, we focus on three 

main possibilities for creating an energy community. 

The first issue concerns the advantage of energy 

sharing among buildings, i.e. the amount of local 

energy production and consumption that is possible, 

or the extent to which energy sharing can minimise 

the need for external energy input to the boundary. 

The second issue concerns the feasible combinations 

of buildings. Shifting demands for energy and the 

existing energy supply can lead to either energy 

surplus or deficit at various hours of the day, 

depending on variations in the demand profile. These 

surpluses and deficits can also be shared with 

neighbouring buildings. The third issue concerns the 

CHP system, which pertains to all buildings. The 

capacity, efficiency or operational strategy of the 

CHP system affects the amount of energy sharing 

that occurs between buildings. The amount of surplus 

and deficit energy varies according to the balance 

between CHP capacity and energy demand. 

Moreover, one of the advantages of energy sharing is 

the ability to improve energy efficiency by shifting 

the partial load. Our calculations and analysis have 

yielded interesting results and findings in relation to 

these issues. 

METHODOLOGY 

Energy flow and building boundary 

Figure 1 shows the energy flow and its boundary. 

The balance between demand and production should 

be calculated hourly. Each building had a CHP 

system as a local energy source. The total energy 

demand for electricity (Edem) is the sum of the 

electricity demand (Dele) in addition to the space 
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cooling demand (Dspc) covered by the electric chiller 

(EC). The total demand for heat (Hdem) includes the 

space heating demand (Dsph) and domestic hot water 

demand (Ddhw), which are covered by heat from the 

CHP systems via the heat exchanger (HEX).  

The energy supply from the neighbouring building is 

available in energy sharing cases, and the shared 

amounts of electricity (Eshare) and heat (Hshare) are 

also considered in the analysis. The amount of shared 

energy (Eshare and Hshare) at each hour of the day can 

be calculated according to the gaps in the total Eshare 

and the total Hshare of all buildings within the 

boundary. Surplus electricity, which is not utilized 

within the boundary of the cluster, is exported to the 

commercial grid (Eexport). The excess heat after 

sharing is released into the air (Hexhaust). Local energy 

sharing is expected to decrease transportation losses 

compared with those of primary energy obtained 

from centralized generation. However, for reasons of 

simplicity, the present analysis does not consider the 

transportation losses associated with sharing. 

Building type and combinations 

One of the purposes of this study is to identify 

suitable building combinations for sharing electricity 

or heat from CHP systems. Four types of building 

were selected for analysis: an office building, a hotel, 

a hospital and a shopping centre. Table 1 shows the 

types of buildings within the calculation boundary. 

There are four cases involving a single building, and 

eleven cases involving a cluster of buildings cases, 

representing all possible combinations for four 

different buildings. The case number indicates the 

building combination: 1 indicates the office building, 

2 the hotel, 3 the hospital and 4 the shopping centre. 

For example, “case 23” is that of hotel and hospital, 

and “case123” indicates a three-building combination 

of office, hotel and hospital. The scale of each 

building was 6,000m
2
 in order to simplify the 

problem. It also means the target of this study is 

small or middle scale buildings, which have less 

energy demand for applying to district heating and 

cooling network (DHC).   

 

Table 1 

Building types and CHP capacity 

 

Energy data 

The demand data refer to the default data from the 

‘Computer-Aided Simulation for Cogeneration 

Assessment & Design III’ (CASCADEIII) provided 

by the Society of Heating, Air-Conditioning and 

Sanitary Engineers of Japan (SHASE, 2003). Each 

item in the demand data is classified as [kWh/m
2
] 

and was investigated using existing buildings. The 

energy demand data comprise electricity, space 

heating, space cooling and domestic hot water. The 

data consist of the demand distribution for every 

month and the average hourly demand for 

representative days in each month. Thus, the data set 

No. Building type Floor area Pchp.e 

1 Office  6,000m2 117 

2 Hotel 6,000m2 111 

3 Hospital 6,000m2 116 

4 Shopping centre 6,000m2 175 

Space cooling 
demand (spc)

Electricity 
demand (ele)

Domestic hot 
water (dhw)

Space heating
demand (sph)

Commercial 
electric grid

fuel

HEX

GB

Egrid

Echp

Hchp

Hgb

Dele

Dspc

Dsph

Ddhw

EC
Hec Space cooling 

demand (spc)

Electricity 
demand (ele)

Domestic hot 
water (dhw)

Space heating
demand (sph)

fuel

HEX

GB

Egrid

Echp

Hchp

Hgb

Dele

Dspc

Dsph

Ddhw

EC
Hec

Boundary (cluster of buildings)

Local heating network

Esurplus Esurplus

Hsurplus
Hsurplus

Eshare Eshare

Hshare Hshare

single buildingsingle building

Local electric grid

CHP CHP

Hexhaust Hexhaust

Eexport Eexport

Figure 1 Building boundaries and energy flows for a cluster of buildings with energy sharing 
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includes 24 hours of data for 12 representative days 

in each month, giving a total of 288 hours of data. 

CHP operation strategy 

The electric capacity of the CHP systems (Pchp.e) is 

shown in Table 1, which is determined via the 

percentage of the hourly peak in relation to the total 

electricity demand (Epeak). The energy production 

used by the CHP systems is one of the key issues in 

energy sharing. Thus, three CHP control strategies 

are examined: electricity-tracking operation (el tr.), 

heat-tracking (he tr.) and constant output (const.). 
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Figure 2 Annual primary energy per floor area (2 buildings combination) 
 

Figure 3 Annual primary energy per floor area (2 buildings combination) 

 

Figure 4 Annual primary energy per floor area (3 or 4 buildings combination) 
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The electricity-tracking operation follows total 

electricity demand, Edem. The heat-tracking operation 

follows total heat demand, Hdem. The CHP systems 

always operate at full output and are in constant 

operation. In the shared cases, the CHP systems of 

each building operated according to their own 

demands, and the present analysis does not consider a 

combination of different operational strategies. The 

energy consumption can be calculated depending on 

the operational strategy. Since CHP systems only 

measure the electricity demand in situations 

involving electricity-tracking operations, the heat 

deficit is not covered by additional output from the 

CHP systems but covered by gas boiler (GB), even if 

the CHP systems can produce more heat.  

Operational cost 

The economic benefits of local energy sharing are 

calculated considering scenarios for feed-in tariff 

system or unstable energy market (see Table 2). 

Compared with the base scenario (BS) for normal 

prices (Agency for Natural Resources and Energy, 

2012, 2013), in scenario 1 (S1), the electricity price 

is raised due to changing the electricity generation 

composition in central power plants. In scenario 2 

(S2), the value of local electricity generation by CHP 

is raised and selling price to the grid is doubled. 

Scenario 3 (S3) represents the combination of S1 and 

S2. The price of city gas is constant in all scenarios 

(Japan Energy Conference, 2008). 

 

Table 2 

Energy prices 
 Electricity Price [ JPY/kWh ] Gas price 

 Buying Selling  [ JPY/kWh ] 

BS 21 6 12.5 

S1 31.5 6 12.5 
S2 21 12 12.5 
S3 31,5 12 12.5 

 

CO2 emission 

In addition, the CO2 emission factors are considered. 

Table 3 shows the emission factors in this study. 

Scenario BS refers to the situation in 2009, before 

nuclear power plants were limited around the Tokyo 

area (Ministry of the Environment, Japan, 2009). 

Scenario 4 (S4) refers to the factors for 2012, after 

the operation of nuclear power plants was restricted 

and fossil fuels were subtitled in the energy mix 

(Ministry of the Environment, Japan, 2012).  

 

Table 3  

CO2 emission factors 

  Electricity Gas 

  [kg-CO2/kWh ] [kg-CO2/kWh ] 

BS 2009 0.384 0.175 

S4 2012 0.525 0.175 

 

RESULTS AND DISCUSSION 

Primary energy consumption 

Figures 2 to 4 show the results of the total primary 

energy consumption per total floor area for the three 

CHP operation strategies. The primary energy factors 

were 9.97 MJ/kWh (2.77 kWh/kWh) for electricity 

from the grid and 3.6 MJ/kWh (1.00 kWh/kWh) for 

gas, which is used for the CHP systems and GB. 

Since the dataset of energy demands comprises 

hourly data for each month, we converted the hourly 

results for primary energy consumption [kWh/m
2
 

day] into monthly consumption rates when 

considering the number of days [kWh/m
2
 month], 

and summed them throughout the year [kWh/m
2
a]. 

By comparing cases without CHP (w/o CHP), the 

results show that local energy generation via CHP 

with electricity or heat tracking operation provides 

advantages in all cases. The results under constant 

operation show that the large quantity of gas 

imported for CHP operation causes high primary 

energy consumption at the site. Thus, the operational 

mode should be decided according to energy demand 

characteristics. The results indicate the percentage of 

total primary energy reduction through energy 

sharing compared with the individual case, excluding 

electricity export. 

Electricity-tracking operation 

In the shared cases, the results for the electricity-
tracking operations, the primary energy consumption 

due to the gas consumption by the CHP systems and 

GB were all lower than those for the separate cases. 

The amount of gas consumed by the CHP systems in 

the combined office building and shopping centre 

scenario (case 14) declined from 485 to 420 

kWh/m
2
a, which indicates that the CHP system 

increase operational efficiently via sharing. The hotel 

and shopping centre combination (case 24) showed 

the greatest reduction in gas use, which means that 

the heat produced by CHP systems can be utilised 

efficiently by coupling an electricity-dominant and a 

heat-dominant building. In addition, this combination 

(case 24) can reduce electricity consumption by 8.9% 

compared to sourcing energy from the electricity 

grid. The total energy consumption declined by more 

than 7% for the two-building combinations of office 

building and shopping centre (case 14), hotel and 

shopping centre (case 24) and hospital and shopping 

centre (case 34), whereas it declined by more than 

6% for the three-building combinations of an office 

building, hotel and shopping centre (case 124) or an 

office building, hospital and shopping centre (case 

134), which constitute the largest reductions among 

all of the results. Since energy demand for an office 

building or a shopping centre is electricity-dominant, 

the electricity-tracking operation is suitable for local 

energy sharing. When comparing the two- and three-

building scenarios, the total primary energy 

consumption for the combinations of an office 
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building, a hotel and a shopping centre (case 124, 

6.7%) and that of an office building, a hospital and a 

shopping centre (case 134, 6.8%) were slightly less 

than for the office building and shopping centre (case 

14, 7.6%). Thus, the combination of a hotel and 

hospital are not as effective for reducing energy 

consumption as an office building and shopping 

centre, because both a hotel and hospital feature heat-

dominant energy demands. On the other hand, the 

combination of an office building and a hotel (case 

12, 3.1%) or that of an office building and a hospital 

(case 13, 3.0%) helped reducing primary energy 

consumption compared to the combinations of an 

office building, hotel and shopping centre (case 124, 

6.7%) or an office building, hospital and shopping 

centre (case 134, 6.8%). This means that if CHP 

systems operate according to an electricity-tracking 

strategy, then energy sharing will be more effective if 

it includes buildings that have electricity-dominant 

demands.  

Heat-tracking operation 

In the results for heat-tracking operations, the amount 

of gas consumed by CHP systems increased by 

sharing energy. For instance, in particular, they 

increased by more than twice as   much with the 

combination of an office building and a shopping 

centre (case 14); however, since the amount of gas 

consumed by GB and electricity consumption from 

the grid declined, the total primary energy 

consumption levels were lower than for other CHP 

operation strategies. In particular, the combination of 

an office building and hotel (case 12, 7.4%), that of 

an office building and hospital (case 13, 8.1%), that 

of a hotel and a hospital (case 23, 9.0%) or that of an 

office building, hotel and hospital (case 123, 8.3%) 

all significantly reduce their primary energy 

consumptions compared with other combinations of 

buildings. Moreover, heat-tracking operations are 

more effective both in cases of electricity-dominant 

and heat-dominant demands, such as with the 

combination of an office building and a hotel or 

hospital (cases 12, 13 and 123), but not in cases 

involving electricity-dominant coupling, such as the 

combination of an office building and a shopping 

centre (cases 14, 124 and 134). The same applies 

with the electricity-tracking operation: coupling with 

heat-dominant demands is more effective for energy 

sharing.  

Constant operation 

In the results for constant operations, the amount of 

gas consumed by CHP systems is the same because 

of the constant operation, but the gas consumed by 

GB and electricity consumption from the grid are 

reduced as a result of energy sharing. When focusing 

on the amount of gas consumed by GB, the 

combination of an office building and a hotel (case 

12), that of a hotel and a shopping centre (case24) or 

that of an office building, a hotel and a shopping 

centre (case 124) helped reducing the primary energy 

consumption. Electricity consumption from the grid 

was almost the same as with the electricity-tracking 

operations. The advantage of constant operation in 

energy sharing is quite small, except for the 

combination of a hotel and a shopping centre (case 

24, 4.9%).  

Electricity export 

Figures 2 to 4 also show the amount of electricity 

exported to the electricity grid, which has a negative 

value in those examples. The primary energy factor 

of exported electricity is the same as that of the 

electricity grid in this calculation. The amount of 

exported electricity in the case of the heat-tracking 

operation decreased as a result of sharing; for 

example, it decreased by 82% as a result of sharing 

between a hotel and a hospital (case 23). This is also 

because sharing effectively utilises surplus 

electricity.  

Operational cost reduction 

Figures 5 to 8 show the differences between 

individual and shared cases: the X-axis represents the 

reduction in operational costs through sharing, and 

the Y-axis is the primary energy reduction by 

sharing. Result plot in the negative side of X-axis 

means that there is not advantage in reduction. In the 

results of scenario BS, the best results of operational 

cost reduction via energy sharing is the combination 

of an office building and a shopping centre (case 14, 

9.6%) with electric-tracking operation, or that of a 

hospital and a shopping centre (case34, 8.9%) with 

electric-tracking operation. In cases of heat-tracking 

operation of scenario BS, operational cost reductions 

are not expected for all combinations of buildings, 

because the increased operational cost for gas 

exceeds the cost reduction for electricity.  

 

 
Figure 5 Operational cost reduction (BS) 

 

Comparing scenarios BS and S1 (Figures 5 and 6), 

which assume that if electricity price increases, the 

heat tracking option becomes more advantageous: In 

particular, the combinations that include a hotel and 
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hospital (cases 23, 123, 234) are expected to show 

positive reduction of operational cost. On the other 

hand, the electricity-tracking mode and constant-

operation mode show no differences, because the 

heat-tracking modes produce more surplus electricity 

than other two operational modes and have the 

possibility, via sharing, to reduce electricity imports 

from the grid. 

 
Figure 6 Operational cost reduction (S1) 

 

Comparing scenarios BS and S2 (Figures 5 and 7), 

which assume that if the electricity market price for 

selling gets higher than before, in the case of 

electricity-tracking modes, the economic benefits 

tend to be greater if large primary energy reduction is 

expected. Scenarios BS and S3 presume that if both 

electricity market price for buying and selling 

increase, the results shift to the positive side. 

 
Figure 7 Operational cost reduction (S2) 

 

However, as seen in Figures 5 and 8, none of the 

building combinations in heat-tracking mode achieve 

a cost reduction. Consequently, energy sharing with 

electricity-tracking operation is feasible and resilient 

to changes in energy market prices. The advantages 

of primary energy reduction differ according to the 

building combinations. Thus, strategies for CHP 

operation mode should be revised in response to 

energy market prices, depending on the building 

combination. 

 

 
Figure 8 Operational cost reduction (S3) 

 

CO2 emission reduction 

Figures 9 and 10 show the differences between 

individual and shared cases of CO2 emission 

reduction. 

 
Figure 9 CO2 emission reduction (BS) 

 
Figure 10 CO2 emission reduction (S4) 
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In scenario BS (Figure 9), most building combination 

and operational modes reduce CO2 emissions via 

energy sharing, except the combination of office and 

shopping centre (case 14) with heat-tracking mode.  

The best result of CO2 emission reduction by energy 

sharing is the combination of an office building and a 

shopping centre (case14, 8.3%) with electric-tracking 

mode. Focusing on operation mode, both electricity-

tracking and constant operations provide greater 

advantages than the heat-tracking mode. The results 

show that the choice of operational mode greatly 

influences CO2 emissions.  

Comparing scenario BS and S4 (Figures 9 and 10), 

which assume that the CO2 emission factor changes 

according to composition of power supply: The 

results of heat-tracking modes shift to the positive 

side and predict greater reductions in CO2 emissions 

than the other two modes. This is because energy 

sharing in the heat-tracking modes can avoid much of 

the need to import electricity from the grid. 

Consequently, changes in electricity prices affect the 

relative advantage of energy sharing with heat-

tracking operation. On the other hand, electricity-

tracking and constant operation provide stable 

operational strategies in a volatile energy market. 

The operational modes of CHP should be selected 

considering the CO2 emission factors of energy 

sources. 

 

CONCLUSIONS 

This article investigates local energy sharing 

possibilities among four types of buildings in Japan: 

an office building, hotel, hospital and shopping 

centre. In the studied cases, each building had its own 

CHP and was able to generate and utilise electricity 

and heat via three different operational strategies: 

electricity-tracking, heat-tracking and constant 

operation.  

By sharing electricity, the hourly electricity surplus 

with the heat-tracking operation was effectively used 

for covering the electricity deficit between two 

buildings. In terms of heat, surplus heat via the 

electricity-tracking operation of an electricity-

dominant building can be shared with a heat-

dominant building. We found that the choice of CHP 

operation strategy is influential in achieving energy-

sharing advantages. 

The comparisons of primary energy consumption 

show that the energy sharing cases have the 

advantage of energy management within the 

boundary when compared with treating buildings as 

separate cases. Energy sharing with small CHP 

systems is effective among various combinations of 

buildings that have electricity-dominant and heat-

dominant demand; for example, the combination of a 

hotel and shopping centre under electricity-tracking 

operation has the potential to reduce primary energy 

consumption by about 7.8%, whereas that of a hotel 

and hospital with heat-tracking operation should 

reduce energy consumption by about 9%. On the 

other hand, in the cases of energy sharing with large 

CHP systems, our results show that buildings with 

combinations of both electricity-dominant or heat-

dominant demands. Thus, annual primary energy 

consumption can be reduced by sharing electricity 

and heat. The results of this study show that the 

advantage of energy sharing depends on how the 

various types of buildings and CHP operational 

strategies are combined.  

In economic and environmental studies, it is found 

that energy sharing provides resiliency against 

economic and environmental changes by considering 

CHP operation modes and combinations of buildings. 

In the case of Japanese Feed-in Tariff, the market 

prices for buying/selling electricity differ according 

to the renewable energy compositions. Thus, future 

research should consider scenarios that involve other 

forms of renewable energy. Moreover, the energy 

market situations of different countries should also be 

studied. 

NOMENCLATURE 

BS Base scenario 

CHP Combined heat and power generator 

const Constant-output operation 

Dele Electricity demand (hourly) 

Ddhw Domestic hot water demand (hourly)  

DHC District heating and cooling network 

Dspc Space cooling demand (hourly) 

Dsph Space heating demand (hourly) 

EC Electric chiller 

Echp Electricity production by CHP (hourly)  

Edeficit Electricity deficit (hourly)  

Edem Total electricity demand (hourly) 

Eexport Electricity export to grid (hourly)  

Egrid Electricity import from the grid (hourly)  

el tr Electricity-tracking operation 

Eprod Total production of electricity (hourly)  

Eshare Shared electricity among buildings 

(hourly) 

Esurplus Electricity surplus (hourly) 

GB Gas boiler 

Hchp Heat production by CHP (hourly) 

Hdeficit Heat deficit (hourly) 

Hdem Total heat demand (hourly) 

he tr Heat tracking operation 

HEX Heat exchanger 

Hexhaust Heat exhausted to the air (hourly) 

Hgb Heat production by gas boiler (hourly)  

Hprod Total heat production (hourly) 

Hshare Heat shared among buildings (hourly)  

Hsurplus Heat surplus (hourly)  

Pchp.e Electric capacity of the CHP  

Pchp.h Heat capacity of the CHP  
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S1 Scenario 1 

S2 Scenario 2 

S3 Scenario 3 

S4 Scenario 4 

ZCB Zero carbon building 

ZEB Zero energy building 
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ABSTRACT 
The integration of low carbon energy systems with 
zero carbon housing and communities requires a 
detailed understanding of the scale and timing of 
energy demand. Household demand is closely related 
to occupant type and associated occupancy patterns. 
A high resolution occupancy modelling technique is 
proposed as a foundation for future demand 
modelling. Probability data is compiled for multiple 
occupant, household, and day types from Time-Use 
Survey data. A higher order Markov approach is then 
used to generate representative occupancy profiles 
over extended time periods. An improved method to 
model family interactions has also been developed. 

INTRODUCTION 

Background 

Technical and commercial analysis of community 
scale zero-carbon energy projects requires a detailed 
understanding of the likely demand profile at both 
short and long time-scales. Intra-day demand 
diversity estimation is required for sizing of localised 
energy supply systems, assessing demand 
management potential, and the scope for grid 
import/export. 

Demand prediction is of particular importance for 
low and zero carbon projects where generation may 
either be seasonal, intermittent or benefit from stable 
demand (Abu-Sharkh et al, 2006). Matching of 
supply and demand and adequate storage sizing are 
critical for ensuring that such projects perform as 
anticipated. The UK Government has identified a 
lack of energy demand data as a key barrier to 
growth in low-carbon community energy and 
demand management projects (DECC, 2014). 

Previous research work (Yohanis (2008), Haldi and 
Robinson (2011), Kelly et al (2012)) has shown that 
a variety of factors can influence household energy 
demand. These include, but are not limited to, house 
size, household size, bedroom number, occupant age, 
income, number of children, and tenure; there is 
limited existing research that attempts to quantify the 
impact of each, or that considers how different 
combinations of households may influence the 

overall demand, and therefore the carbon emissions, 
of a wider community. 

Most existing modelling methods (e.g. Richardson et 
al (2010)) assume average households or combine 
large, disparate populations to calibrate occupancy 
and demand models. They therefore generate demand 
profiles that are an unrepresentative composite of the 
combined behaviours. Where an energy scheme 
encompasses a large area, these may be appropriate. 
However, communities are often more homogeneous, 
with similar housing types, tenure and broad 
economic characteristics; examples include social 
housing or commuter estates. There is a need to 
evaluate how specific community characteristics 
impact demand, and to assess how the community 
size influences the potential for demand variation. 

Critical Factors in Domestic Energy Demand 

Detailed and differentiated energy modelling at the 
household level requires an understanding of a) how 
different household factors influence demand, b) how 
the factors are dispersed across the population of 
interest, and c) how this knowledge can then be 
combined to predict demand for all household types. 

As identified by Capasso (1994), Yao and Steemers 
(2005), and Torriti (2012), amongst others, 
occupancy is a key determinant of overall energy 
demand, and particularly in its temporal 
characteristics. Limited work, however, is available 
that analyses occupancy data per occupant, 
household and over different day types (e.g. 
weekday, weekend) to allow the occupancy-driven 
impact on household energy demand to be 
determined. 

For zero-carbon housing, electrical and hot water 
demand will predominate as heating demand falls as 
a result of improved building thermal performance. 
The residual heating load may also be more closely 
linked to actual occupancy as pre-heat times reduce 
and demand becomes more intermittent in highly 
insulated and passively heated houses. Understanding 
potential occupancy variations will therefore be 
required to predict zero-carbon housing performance 
under realistic demand conditions. 
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Yohanis et al (2008) determined that house type, 
floor area, bedrooms, income, age, location, and 
occupants all influenced electrical demand. In 
particular, income and employment status was 
important for the level and timing of demand. Kelly 
et al (2012) found similar results for heating demand. 

There are also less well-defined behavioural factors 
to energy use. Gill et al (2010) identified that there 
was a 51%, 37% and 11% influence on heat, 
electrical and hot water use respectively based solely 
on surveyed energy efficiency behaviour. Fell and 
King (2012) found that household characteristics 
alone could not explain gas demand variations and 
that there must be other underlying behaviours.  

At the household level, many conflicting factors are 
involved. There is a need, therefore, to determine and 
model the relative influence of occupancy, household 
characteristics, and individual behaviours. 

Existing Occupancy Modelling Methods 

Energy demand models are broadly characterised 
into two types, top-down and bottom-up. Top-down 
demand models, such as that developed by Kelly et al 
(2012), use regression analysis of large populations 
to determine the influence of individual factors. 
Bottom-up models use highly detailed models for 
each individual demand that are then combined to 
provide an aggregate total demand. 

Grandjean et al (2012) provides a comprehensive 
review of existing demand models, primarily for 
electrical loads, concluding that bottom-up models 
based on Markov-chain occupancy probability 
techniques represent the best current method. 
Capasso (1994), Widen and Wackelgard (2009), and 
Richardson et al (2010), and have developed such 
models. 

The models developed by Widen and Wackelgard, 
and Richardson provide an adaptable method, 
utilising widely available and globally consistent 
Time-Use Survey (TUS) data. Markov Chain 
probability profiles are generated for occupancy 
changes based on household size, time of day, and 
day type (i.e. weekday/weekend). These allow the 
occupancy status at a time t to be determined based 
on the probability of a status change at time t-1.  

Both models utilise first-order Markov probabilities 
that have no ‘memory’, with only the status at the 
previous time-step considered regardless of the status 
duration or sequence. The result, particularly when 
using large populations with significant occupancy 
variations, is highly random models with poor 
duration prediction (Wilke, 2013). 

An alternative non-Markov method has been 
developed by Wilke (2013), which uses the same 
TUS data to generate forward prediction of status 
duration and subsequent change of status. Aerts 
(2014) has extended this to incorporate different 

broad occupancy profiles identified by clustering 
analysis of the TUS data. This method improves 
duration prediction and reduces computation load, as 
there is recalculation per event rather than timestep.  

Neither the Richardson nor Widen and Wackelgard 
models make any differentiation in household type 
beyond number of occupants. Further work using the 
same basic first-order Markov technique by Muratori 
(2013) has split the households into four archetypes 
(working/non-working, male/female). However, the 
influence of this split is not analysed in detail.  

For the non-Markov approach, Wilke (2013) 
reviewed a variety of sub-population models with 
wider populations and found using sub-populations 
to be significantly more accurate. Aerts (2014) uses 
identified occupancy characteristics directly rather 
than populations to infer them. Extended diaries to 
determine how each characteristic day is distributed 
for each modelled occupant type would be required 
to develop this method further. 

AIM 
Existing occupancy prediction methods based on 
large, undifferentiated populations have been seen to 
result in unrepresentative individual occupancy 
profiles. To address this, the following sections 
describe – identification of the key household 
characteristics influencing occupancy; and – the 
development of a customised Markov model to 
generate representative occupancy data for each 
individual household in a community. The generated 
occupancy model will be used as an input for a future 
community-scale differentiated demand model. 

METHOD 
The following section outlines how the differentiated, 
customised Markov occupancy model was 
developed. This includes a description of, a) how the 
critical factors used to differentiate occupants and 
households with divergent occupancy patterns were 
identified; b) the structure of the higher-order 
Markov model; c) the method used to improve co-
habiting couple and child models; d) secondary 
modelling techniques used to identify television use 
from the dataset; and e) how realistic working weeks 
were allocated within the model. 

The UK Time-Use Survey (TUS) dataset compiled in 
2000/2001 was used for the model development.  The 
data set comprises around 10,000 single-day 
weekday and weekend diaries with a 10-minute 
resolution. The data includes basic location and more 
detailed activity information for each respondent. 

While some of the specific activities within the 
survey may now be out-of-date, the basic occupancy 
data is assumed to remain broadly representative. 
Any new survey should be based on the same 
standard process and the model can be simply 
converted to any new dataset when available.  
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Figure 1: One-person Household Population Weekday Active Occupancy Probability 

Identifying Critical Household Types and 

Characteristics 

The UK TUS dataset was analysed in order to extract 
time-dependent occupancy probabilities based on key 
household characteristics; this involved splitting the 
dataset according perceived critical parameters to 
ascertain their influence on occupancy. 

Analysis of the TUS dataset identified seven basic 
household types (single, retired single, couple, retired 
couple, family, single parent, mixed adult). These are 
used as the primary filter for generating household-
differentiated occupancy models. 

Figure 1 shows averaged weekday time-dependent 
occupancy probabilities for a range of one-person 
household types from the TUS dataset; their extreme 
variation highlights that other factors, in addition to 
household type or occupant number, are required to 
model occupancy accurately. 

Age, gender, and employment status of occupants 
were also analysed to determine their influence on 
occupancy. Further, weekday, Saturday and Sunday 
datasets were considered separately.  

For all day types, employment status had the greatest 
influence on occupancy. Occupant age also was an 
influence and so the TUS dataset was further split 
into overlapping age ranges for efficient use of the 
available data.  For example, for working one-person 
households, the 18-37 TUS population was used for 
the 18-33 model, the 28-44 TUS population was used 
for the 34-40 model etc.  

At the outset it was not known how many diaries 
would be required as a minimum to ensure a 
sufficient coverage of occupancy probability data to 
allow any model to remain stable. Splitting weekday 

diaries by household type, employment, and logical 
age ranges generated populations of typically 
between 100 and 200 diaries. This population size 
was used for initial analysis of model stability. 

The overall conclusion from the TUS analysis was 
that the data should be split into household type, 
employment status, and age ranges. Each sub-dataset 
was then used separately to generate population-
specific Markov occupancy probability matrices.  

Higher Order Markov Occupancy Modelling 

As stated previously, the existing first-order Markov 
models (e.g. Widen and Wackelgard (2009), 
Richardson et al (2010)) are 'memoryless'. The status 
at the next timestep is only dependent on the previous 
timestep status, duration is not considered. 

This lack of 'memory' results in poor replication of 
the profile shape and status duration distribution of 
the input data. Generated occupancy profiles exhibit 
erratic behaviour patterns, particularly with regard to 
sleep and daytime absence periods where actual 
status changes are strongly linked to duration. This 
also prevents this technique from being used for 
extended period models that consistently replicate 
typical profiles over a number of days.  

Two potential higher-order methods were identified 
that consider status duration. One uses 'event-based' 
modelling, similar to that developed by Wilke (2013) 
and Aerts et al (2014). This does not utilise a Markov 
process but assigns a next status and fixed duration at 
each change of status based on probabilities 
generated from the TUS data. 

While this method was shown to improve the 
distribution of identified durations, to reduce 
computational time by a factor of 5, and to be useful 
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Figure 2: Transition from First-Order to Higher-Order Markov Model for Current Sleep Status 

for short duration modelling, it was not stable over 
extended periods. This method does not have the 
self-correcting nature of a Markov model, and 
several consecutive outlier durations can force the 
model into occupancy patterns that are 
unrepresentative, with limited associated probability 
data. It is also more difficult to assess durations that 
overlap different modelled day types. 

An alternative method is developed here which 
maintains the Markov approach but uses the status 
duration to give a higher-order basis. This captures 
specific patterns (such as sleep and workday absence) 
more accurately. To differentiate between sleep 
patterns and daytime absence, separate ‘Sleep’ and 
‘Out’ statuses are used for inactive periods. 

Markov probabilities for each status, derived from 
the TUS dataset, were split into ranges of durations 
(e.g. < 2 hour, 2-4 hours etc.) (see Figure 2). The 
optimum ranges differ based on status, occupant type 
and day type (e.g. longer absent durations are more 
critical for assigned working days). Different ranges 
are used for each occupant model based on analysis 
of the relevant TUS dataset status durations. 

In Figure 2, 'p' is the probability of a particular 
transition, 'S' refers to the sleeping, 'A' is awake and 
active and 'O' is out of the dwelling. The numbers 
refer to the range of durations included in hours. 

Matlab has been used to develop models for both first 
and higher order Markov approaches to allow 
comparative analysis of both methods. The results of 
this comparison are presented later in the paper. 

The model generates occupancy profiles based on the 
same 10-minute resolution as the input TUS data. 
The primary model differentiates between ‘sleep’, 
‘active’, and ‘out’ conditions. A secondary model, 
described below, further splits 'active' periods into a 
‘general’ and ‘television-viewing’ status.  

Interaction of Couples and Children 

Initial modelling work assumed that co-habiting 
couples could be treated as independent adults with a 
small error from underestimating combined 
behaviour. However, subsequent analysis indicated 
that the estimation error for single and double 
occupancy was greater than expected and would lead 
to an overestimation of total occupied time for a 
couple (See Figure 3). 

A method was therefore developed to characterise the 
occupancy of couples. There are insufficient relevant 

diaries to allow each adult in a couple to be identified 
separately. However, if we assume that tracking each 
specific adult is not critical, the couple could be 
modelled as a single entity.  

Using the same TUS analysis method as for 
individual occupants, each couple was analysed as 
having a single status based on the unassigned 
combination of individual states (i.e. Sleep/Sleep, 
Sleep/Active, Sleep/Out etc.). This reduces the 
number of potential status combinations from 9 to 6, 
reducing the data required for stable models. 

Figure 3 shows that the joint model results are 
significantly closer to the TUS dataset than 
combining individual adult models. This method was 
also applied separately to parents in family 
households. 

Figure 3: Impact of Combined Couple Model on 

Individual and Overall Occupancy 

By distinguishing between family and non-family 
households for the co-habiting couple models, it was 
assumed that the influence of children was 
adequately captured. A simpler Markov probability 
method can therefore be utilised for children by 
linking child occupancy to adult occupancy (i.e. if 
adult is active/inactive is child active/inactive etc.) to 
limit the input data requirement.  

Each child was modelled separately as there are 
insufficient diaries to determine occupancy 
interaction between siblings of different ages. Child 
occupancy was split by age range (e.g. 8-9, 10-11 
etc.), and between school term and holiday periods. 

There are insufficient school holiday TUS diaries to 
generate differentiated parent models; however there 
is no difference in average occupancy levels for 
parents in the TUS dataset (31.0% for term periods 
and 30.7% for non-term periods).  
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A separate independent model is used for 'adult' 
children (16-24) living in the parental home. It is 
assumed that their occupancy is independent of the 
other household members. 

Secondary Activity Modelling 

The majority of specific TUS diary activities (e.g. 
cooking, cleaning) do not explicitly identify an 
activity leading to energy demand. However, the 
TUS ‘Television’ activity can be directly linked to 
appliance use. Therefore, for each adult and child 
model a secondary Markov probability model is used 
to distinguish between 'General' occupancy and 
television use for each 'Active' period.  

Economic Activity / Working Week Models 

The TUS dataset also includes a one-week 
work/education duration diary. These show a wide 
variation in work profiles across the population, with 
fewer than 50% conforming to the 'typical' Monday 
to Friday daytime working profile. 

The developed 'working day' models outlined in this 
paper only include people that were working over 5 
hours on their diary day. For ‘non-working’ days, all 
people with less than 1.5 hours working time are 
combined, including those defined as ‘employed’. 
Active occupancy is slightly lower for the employed 
on ‘rest’ days but the difference is small and there is 
insufficient data to model separately.  

5 hours working time was selected to define ‘full-
time’ work as it was considered a sufficient 
minimum to establish a distinct pattern and allowed 
for distinct populations of sufficient size (>100 
diaries) to be selected from the TUS dataset. Less 
than 1.5 hours working time was considered to be 
indistinguishable from other ‘out’ activities. TUS 
data for part-time (working hours between 1.5 and 5 
hours) and night workers are currently not included 
but will be integrated at a later stage. 

The occupancy model generates a working week 
based on the TUS work diaries and assigns an 
appropriate day type per day based on the generated 
calendar. This ensures that a realistic distribution of 
working and non-working days is identified for a 
community. 

The different day types are as follows: working 
weekday, non-working weekday, working Saturday, 
non-working Saturday, working Sunday, non-
working Sunday, and public holiday. The occupancy 
model can be used for both single-day, and extended 
time period analysis. 

VALIDATION 

Occupancy Model Validation Metrics 

Time-Use Survey (TUS) data is limited to single day 
diaries. There are no datasets that track household 
occupancy over longer periods for a sufficient 

number of households. Final validation of the 
occupancy model will, therefore, first require 
integration with an energy demand model and then 
comparison with long term demand data. 
Consequently, the initial validation described here is 
restricted to confirmation that the model output is 
comparable with the TUS input data. 

Three metrics are used to compare and validate the 
occupancy models.  

Metric (1) - The first is a basic analysis that the 
model generates the same per-timestep average 
active occupancy probability as the TUS dataset over 
an annual profile when the results of multiple runs 
(typically 100) are aggregated. The difference 
between the TUS data average occupancy and 
modelled probabilities is added for each of the 144 
10-minute timesteps and compared for each method 
used. 
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Metric (2) - An analysis of the cumulative proportion 
of status durations is used to determine if the 
generated model accurately replicates the range of 
durations from the input data up to a maximum of 24 
hours (144 10-minute timesteps). The 'error' is the 
sum of the absolute difference between the model 
and TUS data cumulative proportion at each duration 
value. The analysis is typically an average of 100 
separate model runs of an annual duration. 
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Metric (3) - The third metric uses the Levenshtein 
Edit Distance Method for character string analysis to 
compare generated single day status profiles (144 
timesteps) against the closest match from the input 
TUS dataset. This is used to confirm that modelled 
profiles closely match actual profiles. The method is 
also used to confirm that the model remains stable 
over extended periods by analysing the metric for 
each modelled day of a multi-day run. The 
Levenshtein method used assigns a ‘cost’ of 1 for 
each edit (insertions, deletions, and replacements), 
the maximum error is therefore 144. For clarity the 
error is converted from a 10-minute/144 timestep 
basis to an error expressed in hours.  

RESULTS 
Firstly the impact of using smaller differentiated 
individual occupant first-order Markov models is 
examined. Secondly, the additional benefit when the 
higher-order Markov model is used with the 
differentiated models is considered. Finally, a 
separate analysis of the combined co-habiting couple 
model is also included. 
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The results presented are based on single day-type 
models (e.g. all working days). Validation using 
multiple day-type models based on assigned 
occupant calendars remains to be undertaken. 

First-Order Occupant Type Model Analysis 

To analyse the potential benefit of using smaller, 
differentiated individual occupant populations with 
similar occupancy characteristics, an average 1-
person household occupant model (representative of 
the models developed by Widen and Wackelgard 
(2009) and Richardson et al (2010)) is compared with 
two smaller 1-person household groups from the 
TUS dataset (‘Working 18-37’, ‘Over 76’) using the 
first-order Markov model for a typical weekday.  

Average Occupancy Probability Analysis 

The results for the average occupancy probability 
analysis (metric (1)) are shown in Table 1. The first 
column identifies the first-order model populations 
used for the analysis and the second column 
identifies the TUS data population used for 
comparison with the model results. The results are 
the calculated 'Err1' values. 

Table 1 

Avg. Occupancy Probability Analysis (Err1) for 1st-

Order Model and TUS Population combinations 
 

MODEL TUS ERR1 

All 1-person  Working 18-37 32.44 
All 1-person  Over 76 19.56 
Working  18-37 Working 18-37 3.33 
Over 76 Over 76 3.40 

As the results in Table 1 demonstrate, there is a 
significant improvement when smaller differentiated 
populations are used for the model.  

Status Duration Analysis 

The results for the status duration analysis (metric 
(2)) are shown in Table 2. The first column identifies 
the population used for the first-order model analysis 
and the second column identifies the TUS data 
population used for comparison with the model 
results. The results are the calculated 'Err2' values. 
 

Table 2 

Status Duration Analysis (Err2) for 1st-Order Model 

and TUS Population combinations 
 

MODEL TUS SLEEP ACTIVE OUT 

All 1-person Working
18-37 

8.20 9.72 22.43 

Working  
18-37 

Working
18-37 

2.26 0.79 2.87 

All 1-person Over 76 4.13 7.11 8.93 
Over 76 Over 76 1.64 1.63 1.10 

The results show that the 1-person model generated 
from the whole 1-person population fails to properly 
replicate the range of durations expected for the two 
specific 1-person populations identified. Significant 

improvements are shown where both the model and 
comparison data are extracted from smaller, more 
representative populations. 

Single Occupancy Profile Analysis 

Edit distance analysis (metric (3)) was used to 
compare the overall 1-person first-order model with 
the specific ‘Working 18-37’ and ‘Over 76’ first-
order models. The ability to replicate the ‘Working 
18-37’ and ‘Over 76’ TUS datasets was assessed.  

The average lowest edit distance for the overall 1-
person model to the closest ‘Working 18-37’ TUS 
dataset match for 260 modelled working weekdays 
was 5.35 hours. This compares to 1.88 hours for the 
first-order model based on the ‘Working 18-37’ 
population. The equivalent improvement for the 
‘Over 76’ population was from 3.71 to 3.51 hours.  

The overall conclusion is that there is an 
improvement in the first-order models ability to 
replicate observed behaviour using smaller, more 
representative populations. The degree of 
improvement would seem to depend on the observed 
behaviour of the differentiated population. Further 
analysis is required to determine why the 
improvement is significantly greater for the 
‘Working 18-37’ population, and if this variations is 
seen for other populations. 

Higher Order Model Validation 

Average Occupancy Probability Analysis 

In comparison with the first-order Markov model, the 
higher-order Markov model reduces metric (1) from 
3.33 to 2.07 for the ‘Working 18-37’ population, and 
from 3.40 to 2.66 for the ‘Over 76’ population. The 
higher-order Markov method therefore replicates the 
TUS input data average occupancy probabilities 
more accurately. 

Status Duration Analysis 

Using metric (2); the distribution of status durations 
was compared for the first-order (FO) and higher-
order (HO) models as shown in Table 3. 
 

Table 3 

Status Duration Analysis (Err2) for First and Higher 

Order Markov Models 
 

MODEL SLEEP ACTIVE OUT 

Working 18-37 FO 2.26 0.79 2.87 

Working 18-37 HO 1.42 0.47 1.43 

Over 76 First-Order 1.64 1.63 1.10 

Over 76 Higher-Order 1.26 1.15 1.03 

This shows that the higher order model is 
significantly better at replicating durations from the 
input data, particularly for the working population.  

Similar results were achieved for other populations. 
However, further work is required to confirm the 
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impact of changing the population sizes and duration 
range splits on the accuracy. 

Single-Day Occupancy Profile Analysis 

For the ‘Working 18-37’ higher-order model, the 
average edit distance expressed in hours to the 
closest TUS dataset match for 260 modelled working 
weekdays was 1.53 hours, which compares to 1.88 
hours for the first order model. For the ‘Over 76’ 
population the equivalent improvement was 3.51 to 
2.22 hours. This represents a significant 
improvement in the higher-order model’s ability to 
mimic actual profiles from the input data, particularly 
for the ‘Over 76’ population that shows a relatively 
small improvement when the differentiated 
population is used with the first-order method. 

Further analysis of the results showed that the 
number of generated profiles that have a lowest edit 
distance match of 2 hours or under increases from 
66.5% to 79.2% for the ‘Working 18-37’ higher-
order model, and from 7.3% to 50.4% for the ‘Over 
76’ higher-order model. 

Over the continuous model period of 260 days, the 
lowest edit distance profile remains consistent 
showing that the higher-order method remains stable 
over the extended run and is not impacted by smaller 
calibration datasets.  

Couple Model Analysis 

Average occupancy analysis (see metric (1)) is more 
difficult for 2-person models. However, Figure 3 
highlights a significant improvement for the 
combined couple model compared to two individual 
models in tracking the TUS data occupancy patterns. 

Table 4 

Status Duration Analysis (Err2) for First and Higher 

Order Markov ‘Working Couple 28-50’ Models 
  

MODEL S-S S-A S-O A-A A-O O-O 

2xInd. FO 3.53 1.33 0.85 1.54 1.44 2.97 

2xInd. HO 2.59 1.45 0.75 1.84 0.88 2.12 

Comb. FO 0.99 0.37 0.84 0.65 0.30 1.67 

Comb. HO 0.97 0.29 0.88 0.50 0.30 1.36 

Status duration analysis (see metric (2)) for 100 260-
day ‘Working Couple 28-50’ model runs (see Table 
4) shows a significant improvement using the 
combined model approach, and a more limited 
additional benefit from using the higher-order 
Markov approach on this particular metric. 

Table 5 

Occupancy Profile Analysis for First and Higher 

Order ‘Working Couple 28-50’ Models 
  

MODEL AVG. LOWEST EDIT DIST. (HRS) 

2xInd. FO 3.88 

2xInd. HO 3.38 

Comb. FO 3.28 

Comb. HO 2.89 

Results for single-day occupancy profile analysis of 
the ‘Working Couple 28-50’ model (see metric (3)) 
in Table 5 highlight a more significant benefit when 
using the higher-order approach.  

Considering all metrics, the combined, higher-order 
model basis provides an improved approach for co-
habiting households. 

DISCUSSION 
Several enhancements to existing high resolution, 
Markov-based occupancy models have been 
considered, with three primary improvements 
implemented and analysed. The first was to split the 
occupant models based on occupant and household 
characteristics to generate more representative 
occupancy profiles that reflect different lifestyles. 
The second improved the model consistency and 
status duration prediction by using a higher-order 
Markov process. The third was to differentiate 
between single and family households.  

With significant variations in occupancy based on 
household type, age and employment shown in the 
TUS data, differentiating the occupancy models 
using these factors produces more accurate 
occupancy profiles. However, the degree of 
improvement varies for different sub-groups.  

The developed higher-order modelling method shows 
a measureable additional improvement in output 
accuracy based on analysis for single person and 
cohabiting couple households. In particular, this 
method improves the generated profile accuracy for 
groups not significantly improved by using smaller 
populations with a first-order model. It is therefore 
necessary to combine both smaller populations with 
the higher-order method for maximum benefit. 

The differentiation between related couples and 
individuals allows the occupancy interactions seen in 
the input data for co-habiting relationships to be 
captured. In particular, this reduces the 
overestimation of the total active occupancy period 
predicted when couples are modelled individually.    

The occupancy model improvements outlined offer a 
means to improve occupancy prediction at the 
household level and for communities where 
individual household characteristics are significant 
and the composition deviates from the average. 

Initial analysis suggests that the higher-order models 
remain stable with the current dataset size of between 
100 and 200 diaries, perhaps due to the consistency 
within each sub-population. This method is therefore 
more stable for multi-day modelling in comparison 
with higher-order event-based approaches. Further 
work is required to confirm that no further 
consolidation is necessary, or whether increasing 
sub-population sizes but reducing higher-order model 
duration ranges is a better approach. 
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The ability to produce stable and representative 
occupancy profiles based on realistic distributions of 
day types over extended periods will allow this 
model to be integrated in the future with a demand 
cycle model that generates cycles that are consistent 
with occupancy over extended periods. This 
improves on existing models that typically use fixed 
per-timestep cycle probabilities.  

CONCLUSION 
In future zero carbon buildings, occupancy related 
appliance and hot water demand will constitute a 
significant portion of energy use. The work reported 
in this paper develops an improved method for 
household occupancy modelling. Existing Markov 
probability methods use status probabilities models 
derived from large, mixed populations. This 
approach does not adequately capture common 
occupant characteristics seen in reality. 

Using various statistical techniques to analyse the 
results, it was determined that using smaller, 
differentiated populations produces more 
representative profiles. Further improvement was 
measureable when a higher-order Markov approach, 
based on ranges of current duration, was used. 

The model was also shown to be stable over runs of 1 
year in duration. This allowed individual occupant 
profiles to be generated based on realistic sequences 
of working and non-working days, which can then be 
combined to assess variations in overall occupancy at 
the household and the community level. 

Further validation of the occupancy model, and 
analysis of the link between occupancy and demand, 
will be possible once this model is integrated with a 
demand model and compared with demand data. 
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ABSTRACT 

This work sets out passive system design guidance 

and selection strategies in order to reduce mechanical 

cooling energy demand for commercial type 

buildings. Passive systems are identified for use with 

mechanical cooling are natural ventilation, solar 

chimneys, double ventilated facades, earth ducts, 

external solar shading and rain screen facades. The 

design strategy has been developed to enable 

incorporation with RIBA 2013 plan of work stage 2 

(concept design). A calculation method is also 

derived to enable approximate assessment of passive 

system cooling energy reductions (annual) using 

mechanical ventilation and cooling operation in 

commercial buildings.  

INTRODUCTION 

Mixed-mode buildings (hybrid) operate between 

two different ventilation modes, most often using 

natural ventilation and centralised mechanical 

ventilation plant. As building thermal loads increase 

and natural ventilation strategy fails to achieve 

thermal comfort conditions, mechanical systems will 

switch on providing full HVAC operation. This is 

normally monitored by room temperature and carbon 

dioxide sensors via sophisticated building energy 

management system (BEMS). Integration of passive 

systems aid to extend upper temperature ranges i.e. 

mechanical operation will only be necessary for 

higher internal air temperatures (>24
o
C). Building 

energy has recently increased significantly in unit 

cost per kilowatt hour (kWh) making mechanical 

cooling expensive to continually operate during peak 

summer seasons.  

Zero carbon buildings require extensive thought 

and effective design strategies to ensure successful 

operation and lower HVAC energy consumption. The 

goal of mitigating high levels of carbon in all 

building processes (embodied, material transportation 

and operation) is also a complex and difficult 

challenge to overcome. The aim to achieve low 

carbon operation has been demonstrated by 

Passivehaus (2012) for cold climate, mainly 

European type buildings. This uses strategies such as 

super-insulation, low U-values for glazing and whole 

house mechanical ventilation.    

In terms of building cooling, common design 

strategies employed limit internal air temperatures 

<24
o
C. For average external air temperatures greater 

than 24
o
C, further solar passive techniques are 

required such as solar shading, low-e glazing and 

cooling techniques such as supply air cooling coils in 

air handling units. Other strategies identified by 

research (Iqbal and Al.Homoud, 2007) are alternate 

mechanical ventilation methods such as constant air 

volume and variable air volume (CAV & VAV), set 

point temperature change i.e. increase from 24
o
C to 

25
o
C, night time cooling and scheduling office 

lighting and cooling (in line with actual occupied 

building patterns) are identified energy saving 

methods. When reviewing measures to improve and 

optimise building cooling energy performance, 

Groenhout et al. (2010) highlights building envelope 

improvements such as use of lightweight structures 

with insulation and radiant barrier and extensive use 

of louvers and breezeways. Mixed mode buildings 

(CIBSE, 2000) have the best of both worlds where 

natural ventilation can be maximised until external 

air temperature exceeds a thermal comfort set point 

temperature. For passive systems design of rain 

screen façades, manufactures guidance is used (Just 

Façades, 2014) along with research papers 

(Marinoscia et al., 2011). Incorporating these systems 

into mixed mode buildings can aid to reduce 

mechanical ventilation and cooling operation 

(kWh/annum).  

There is currently a significant amount of design 

guidance available for individual passive systems 

such as natural ventilation application and control 

strategies (British Standard, 1991). Guidelines and 

strategies for combined passive system applications 

are currently limited and can be developed 

accordingly. The aim of this paper is to set out 

passive system design guidance and selection 

strategies as an effective design tool in order to 

reduce mechanical ventilation and cooling energy 

demand (annual) for commercial type buildings. The 

aim is realised by the following four objectives: 

 

 Examine case studies of existing commercial 

building that incorporate low carbon building 

design processes. 

 Determine calculation parameters and 

methods for combining passive ventilation 

and cooling systems. 

 Create a theoretical case study for combined 

passive system design strategy. This also 

defines how this can be incorporated within 

current standards. 

 Detail ideal passive system combinations and 

how these can be categorised and applied. 
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METHODOLOGY 

In order to develop combined passive system 

design strategies; existing low carbon building design 

guidelines and standards are reviewed to understand 

best practice design principles. Implementations of 

these processes are identified and points highlighted 

where passive system design strategies can be 

incorporated accordingly (RIBA Plan of Work stage 

2 concept design). The passive systems selected for 

this analysis are as follows: 
 

 Natural Ventilation (NV) 

 Solar Chimney (SC) 

 External Solar Shading (SS) 

 Double Ventilated Façades (DVF) 

 Rain Screen Façades (RSF) 

 Earth Ducts (ED) 

 

Each passive system is detailed highlighting how 

these can be applied to commercial buildings. 

Anticipated performance, practical application and 

limitations are also identified; when compared to full 

HVAC operation (annual kWh for cooling). Figure 1 

(below) shows how design strategy developed from 

existing methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1- Mechanical Cooling Reduction Using 

Passive Systems Methodology Flow Diagram 

 

The metrics identified for this paper are energy 

consumption (kWh), external air temperatures (
o
C) 

and percentage reduction in terms of cooling energy 

(%). This paper does not include any dynamic 

thermal simulations (DTS) or computational fluid 

dynamics (CFD) as outputs from existing research is 

used to determine approximate annual energy 

reduction. 

LOW CARBON BUILDING DESIGN 

PROCESSES 

Climate and associated modelling is an extremely 

important part of the passive design process. There 

are many varying conditions (external temperatures, 

wind velocity and relative humidity) and these 

depend on the building location (country) or 

continental region. Typically, countries that are 

closer to the equator away from coastlines suffer 

much hotter environments with varying humidity 

levels (micro climates). Extreme areas such as the 

Sahara desert in North Africa provide an inhospitable 

environment for human survival. Countries such as 

Australia (Southern), Spain, Libya, Sudan, Saudi 

Arabia, United Arab Emirates and India all have 

similar climates where buildings have to cope with 

high solar gains, wind effects, external temperatures 

and dramatic diurnal temperature changes. When 

constructing buildings in these types of environments 

building design, it is important to accommodate 

suitable cooling technologies for intense hot climates 

with peak average temperature of 30-40
o
C. Ideally, 

construction materials need to allow for higher 

thermal storage with the ability to remove daytime 

heat gained at night, via passive cooling strategies i.e. 

night time cooling.  

For the building design process, the main stages 

for design, as defined by RIBA plan of work (RIBA, 

2014), between stages 1 to 5 where main design for 

ventilation and cooling are incorporated. For mixed 

mode buildings, this process can start as early as 

stage 1, where natural ventilation strategies should be 

explored and developed as an inter-discipline 

process. As part of feasibility and concept design, 

passive systems and low carbon technologies have an 

opportunity to be incorporated and simulated using 

DTS. Resultant outputs will allow developers to 

make educated decisions concerning physical 

incorporation, energy performance and payback. In 

United Kingdom, building regulations state limiting 

values for building fabric (HM Government, 2013), 

in terms of U values, as the main criteria is to ensure 

BER≤TER for carbon dioxide emissions. Minimum 

air ventilation rates should be achieved i.e. offices 

minimum air flow rate of 10 litres/second/person 

(HM Government, 2010).  

Thermal comfort is an important factor to 

consider with the temperature band control of 21
+
/-

1
o
C for offices being an important design condition 

(CIBSE, 1999). The effectiveness of passive 

ventilation, cooling and thermal comfort needs 

careful consideration and analysis of local climatic 

conditions needs to be incorporated in operation, 

especially hot climates. Obviously, the higher the set 

point temperature greater energy saving are achieved. 

This is possible using an adaptive thermal comfort 

model (De Dear & Brager, 1998). 

Theoretical 

Commercial 
Building Model 

using for 

cooling 

(kWh/Annum) 

Identify how 

combining 
passive 

systems can be 

incorporated 
within the 

design 

process. 

Existing design strategies for natural ventilation and passive 
system design 

 

From existing research, 

use percentage 
reduction values to 

calculate annual 

HVAC reduction for 

each passive system 

For each 

passive 

system 
identify key 

performance 

parameters 

Optimum passive system design strategy for Passive 

System Incorporation 
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EXISTING LOW CARBON BUILDINGS 

Many existing buildings are constructed using 

natural ventilation strategies such as Lancaster 

Library, Coventry University, England (Krausse et al, 

2007) and University College London School of 

Slavonic and East European Studies (Svensson, 

2011) and prove very successful. Generally, natural 

ventilation is applied to these buildings types where 

external air will flow via a sub-terrain labyrinth into 

the central atrium. Air will flow upward naturally 

through dampers to cellular spaces. Room controls, 

in its simplest form, is afforded by wall mounted 

temperature (dry bulb) and carbon dioxide detectors.  

An example of building incorporating passive 

systems is external solar shading on a building in 

Shiraz, southern Iran, and the maximum temperature 

is 37
o
C in July and 11

o
C in January (annual average 

temperature 24
o
C). Solar shading devices using 20cm 

horizontal louvres provided a 32 per cent saving in 

cooling load with 2 per cent less with vertical louvres 

(Walliman and Resalati, 2011).  

PASSIVE SYSTEMS 

Passive systems have been selected in order to 

actively reduce mechanical cooling operation by 

either solar heat reduction via building envelope or 

facilitate air temperature reduction. These are defined 

as follows: 

 

a) Natural ventilation (NV) - A means of using 

natural air flow by stack and wind effect to 

provide desires ventilation rates to occupied 

spaces. Fundamental calculation methods for 

stack effect pressure difference are defined 

below: 

 

 

  s =  ext g h Text    
 

    
 - 

 

    
                                  (1) 

 

Where  ext is the external air density; g is the 

gravitational acceleration force; h is the neutral 

pressure level; Text is the external air temperature; and 

Tint is the internal air temperature. For wind pressure 

difference: 

 

  w =  
    

 
   Cp

Inlet
 - Cp

Outlet  
                                  (2) 

 

Where   is the external air density; Vr is the air 

velocity; Cp
Inlet

 is the pressure coefficient at the inlet; 

and Cp
Outlet

 is the pressure coefficient at the outlet. To 

combine both effects of wind and stack (  T): 
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For airflow through an aperture (British Standard, 

1991): 

 

 

 

 

Q =  Cd A   
    

 
                                                       (4) 

 

Where Q is the airflow rate; Cd is the coefficient of 

discharge; PT is total differential air pressure;   is 

the external air density; and A is the area of outlet. 

 

To calculate natural ventilation energy saving QNV, 

the flow rate Q is multiplied by the specific fan 

power (SFP), as defined in equation 6 below: 

 

QNV = Q SFP                                                             (5) 

 

b) Solar chimney (SC) - solar chimney is a method 

of improving air flow rates for a natural 

ventilation system.  

c) External solar shading (SS) - Optimum solar 

shading configuration is defined by Brittle et al 

(2013) by using multiple angled slates. To 

calculate solar load per unit floor area in a space 

(CIBSE, 2006): 

 

ᶲSL = (1/Ap) ∑ (Ag  S gEff)                                   (6)                

 
Where Ap is the perimeter zone of the floor area; Ag 

is the net area of glazing in each element of the 

perimeter zone;  S is the external solar radiation for 

the particular orientation of the opening; and gEff is 

the effective g-value of the window and blind. 

 

d) Double Ventilated Façade (DVF) – These are 

used to allow high levels of day lighting and 

ventilate solar heat gains (naturally) reducing heat 

transmission into an occupied space. As 

discovered by Brittle et al (2014), energy 

reductions are identified using steady state 

models effectively reducing heat gains. 

e) Rain Screen Façade (RSF) - a means of absorbing 

solar gains and partially naturally ventilated wall 

structure. This is completed by using a inner wall 

cavity and naturally ventilated outer 

weatherboard. As discovered by Brittle et al 

(2014), energy reductions are identified using 

steady state models effectively reducing solar 

heat gains to the building fabric (walls only). 

f) Earth ducts (ED) - a method of cooling external 

supply air via buried tube heat exchange (air to 

ground). This can be defined as follows: 

 

For heat loss through material to ground: 

 

   
  

     
                                                                (7) 

 

Where    is the difference in temperature between 

external air and supply inlet air; and RWall is the 

thermal resistance of the earth duct material. To 

calculate the earth duct wall’s thermal resistance: 

1/2 
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                                                 (8) 

 

Where; Do is the outer diameter; Di is the inner 

diameter;   is the thermal conductivity; and   is the 

length. The lower thermal resistance of earth duct the 

greater the rate of heat transfer. The method of 

calculation is not shown for d) and e) as too 

comprehensive to be accommodated in this work 

therefore details are published in Brittle et al. (2014).  

Typical energy reduction values discovered by 

(Brittle et al., 2013) for external solar shading, 

Azarbayjani (2013) for double ventilated façades, 

Marinoscia (2011) for rain screen façades and Sanusi 

(2012) for buried earth ducts are shown below in 

table 1. 

 

Table 1- Typical Passive System Cooling Energy 

Reduction Values in Hot Climates 

 

There is no energy reduction available for solar 

chimneys when using 100% fresh air delivery. This 

method only enhances air buoyancy and encourages 

air flow in natural ventilation systems. These types of 

systems do not add any further cooling capacity or 

ventilation energy reduction. For annual mechanical 

cooling systems operation incorporating passive 

ventilation and cooling, two sets of calculations are 

identified; one for mechanical ventilation energy and 

one for mechanical cooling energy. For total energy 

associated with ventilation system i.e. effects of 

reducing annual mechanical ventilation energy: 

 

QVT = QV MV(t)                                                       (9) 

 

Where; QVT is total ventilation energy performance 

in kWh/annum, QV is base case ventilation energy 

performance in kWh and MV(t) is operational time of 

mechanical ventilation in hours.  

To calculate effective cooling energy reduction 

using multiple passive systems the following 

equation applies: 

 

QCT = QCBC (DVFr + SSr + RSFr + EDr)                (10) 

 

Where; QCT is total cooling energy performance in 

kWh/annum; QCBC is base case cooling energy 

performance in kWh/Annum; DVFr is double 

ventilated façade annual energy reduction (%); SSr is 

external solar shading energy reduction (%), RSFr is 

rain screen façade energy reduction (%) and EDr is 

earth duct energy reduction (%). 

PASSIVE SYSTEM STRATEGIC DESIGN 

AND APPLICATION 

There is a process created to determine how 

passive systems can be incorporated into the design 

process is described in the following flow diagram 

(figure 2 below): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2- Passive System Design Management Flow 

Diagram 

 

Selecting correct passive systems to support HVAC 

operation is crucial. It is extremely important that the 

correct strategy is adopted and future performance is 

anticipated. Passive systems identified all have 

specific selection criterion and care must be given to 

existing climatic data within the region, as this will 

have greater impact towards which system is 

selected. Key drivers for passive system performance 

are local weather conditions i.e. average temperature, 

average solar insolation, local wind effects and 

humidity. These will determine selection and 

combinations thereof. The main attributes are to 

determine effectiveness in terms of annual HVAC 

energy saving. The aim is to select the most effective 

combinations of passive systems while taking into 

account capital expenditure and payback (life cycle 

costing) and carbon emissions. 

Passive System % Annual Energy 
Reduction  

NV Unable to Quantify 

SC 0 

SS 26 

DVF 2 

RSF 6-8 

ED 6.4- 6.9 

Basic Design 

Requirements 
(RIBA Stage 

0 & 1) 

Concept 

Design 
(RIBA 

Stage 2) 

Passive System Design Integration Point Key Driver: 

Wind Speed, 
Average 

Temperature, 

Average 
Insolation & 

Humidity for 

Global 

Location  

1. Total Mechanical Cooling 

Load & Ventilation Energy Load  

2. Selection of Suitable Passive 

System  

3. Potential Mechanical Power 
Reduction 

6. Informed Decision for 

Selection  

Developed 

Design 
RIBA 

(Stage 3) 

4. Budget Implications & Annual 

Energy Saving 

7. Life cycle Costing 
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Tools used to determine expected reductions are 

Dynamic Thermal Simulation (DTS) software such 

as Design builder, IES VE, Equa IDA ICE or EDSL 

TAS. For the purpose of this paper, typical building 

configurations have been generated in Designbuilder 

to provide indication of how passive systems can be 

combined. The simulation aspect is ignored for 

clarity as previously mentioned, however, 

methodology applied by Brittle et al. (2014) shows 

that with a DTS base case cooling loads obtained for 

each month, passive system cooling values can be 

manually calculated (using steady state techniques) 

and deducted from the base case model.  

Building 1 is a three storey office building with 

mixed mode ventilation as shown in figures 3, 4 and 

5. The central core of the building is a full height 

atrium with interconnecting natural ventilation 

louvers to office plan spaces. Supply air is delivered 

via a low level sub-terrain labyrinth and exhaust via 

full height towers. These are connected to internal 

spaces via high level actuated dampers. The 

ventilation strategy for mixed mode type buildings is 

cross ventilation. All rooms are temperature (Actuate 

>24
o
C) and carbon dioxide controlled (Actuate 

>1500ppm). Where conditioning is not achieved 

mechanical ventilation and cooling operation will 

activate and natural ventilation mode will shut down 

i.e. all dampers close. Standard design parameters in 

terms of U values and air permeability are assumed 

for the building envelope in line with HM 

Government (2013).  

 

 
Figure 3- Theoretical 3 Storey Commercial Office 

Building 1 (South Elevation) 

 

As shown in figure 3 (above), additional passive 

measures are identified such as natural ventilation 

stacks (5No.). South natural ventilation stacks are 

converted into solar chimneys (2No.), figure 4 and 5 

shows the addition of earth ducts (4No.) which 

connect into the sub-terrain level. For earth duct 

supply air delivery, remote earth duct towers 

extended from below ground level to 2 metres above 

ground level allow external air to flow into the earth 

duct.  

 

 
Figure 4- Theoretical 3 Storey Commercial Office 

Building 1 (West Elevation) 

 

 
Figure 5- Theoretical 3 Storey Commercial Office 

Building 1 (North Elevation) 

 

For application of double ventilated facades, rain 

screen facades and external solar shading, building 2 

is a theoretical single storey commercial building 

which facilities the application of these passive 

systems as successive measures. This method of 

ventilation and cooling is similar to building 1 in 

terms of building fabric makeup and operation. As 

shown in figures 6 and 7, external solar shading is 

added to the glazing of the double ventilated façade. 

Figure 6 clearly shows the rain screen façade applied 

to the North, East and West walls. 

 

 
Figure 6- Theoretical Single Storey Commercial 

Office Building 2 (South Elevation) 
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Figure 7- Theoretical Single Storey Commercial 

Office Building 2 (South/East Elevation) 

 

To achieve accurate assessment of each of these 

systems, complex calculations are required to 

determine maximum solar gains and solar air 

temperature effects. Currently DTS has limited 

capability, only providing one passive systems 

analysis such as external solar shading. Scope for 

modelling complex passive system is limited. In 

order to create a passive system, the user must create 

a model using geometric shapes, windows, grills and 

openings. To clarify, items missing from DTS are 

detailed below: 

 

1. Dedicated applications for passive system 

design. 

2. Low carbon design functionality and building 

adaptation to facilitate passive system 

integration. 

3. Passive system parameter optimisation feature 

required. 

4. Enhancement guidance for improving building 

energy performance. 

5. Staged system performance analysis i.e. effects 

of adding additional systems to base case 

models. 

6. Mixed mode ventilation and cooling control 

highlighting staged changeover limits. 

7. Dedicated model functions for creating and 

optimising natural ventilation, solar chimney, 

earth ducts, double ventilated facades and rain 

screen facades. 
 

CASE STUDY-THEORTICAL 

COMMERCIAL BUILDING 

A simple case study of a theoretical office 

building has been created, located in Lisbon, 

Portugal. The building is has an occupied office 

space of 1,500m
2
 over three levels allowing 10m

2
 per 

person. The building parameters and heat gain values 

are detailed in table 2 below. For building heat gains 

and loads, these are provided by the Blue Book 

(BSRIA 2009) and BSRIA Rules of Thumb Guide 

(BG 14 2003). 

 

 

 

Table 2- Total Building Cooling Load Requirements 

 

As total cooling load is 155kW, mechanical cooling 

plant has to be sized to cater for maximum cooling 

load. It is identified that this is a steady state cooling 

load and building fabric heat gains will change 

(dynamically) minute by minute diurnally. For 

annual energy consumption associated with cooling, 

table 3 indicates maximum value. 

 

Table 3- Total Cooling Energy Requirements 

 

For mechanical ventilation, table 4 details 

requirements where specific fan power is assumed to 

be 1.5W/l/s. 

 

Table 4- Total Energy Requirements Mechanical 

Ventilation  

 

The theoretical building has base case values for 

ventilation energy consumption (QVT) and 

mechanical cooling (QCT).  Passive system reduction 

values shown in table 1 (minimum) can be used to 

determine effective energy reduction by using 

multiple passive systems and approximate energy 

saving effects. Table 5 below shows the reductions of 

energy for individual and combined passive systems 

for building cooling. 

 

 

Item Individual Heat Gain 
(Sensible + Latent)- 

Maximum 

Total 
Heat 

Gain 

(kW) 

People (Sedentary 

Activity) (1500m2/10= 

150) 

90+60 =150W 

 

22.5 

Equipment Heat Gains 25W/M2 37.5 

Photocopiers (1 Per 

Every 10 People) 

1500W 22.5 

General Lighting Heat 

Gains 

12W/m2 18 

Building Fabric Heat 

Gains (Dynamic) 

50W/m2 75 

Total Cooling Load 
Required 

- 155 

Item Total 

Cooling 

Load in 
kW 

Average 

Cooling Load 

(70% 
Diversity) in 

kW 

Annual 

Energy 

Consumption 
in kWh (240 

Working 

Days Per 
Annum 

@7.5hrs/Day) 

Mechanical 
Cooling Energy 

Requirements 

155 108.5 195,300 

Item Required 

Ventilation 

Rate Per 

Person (l/s) 

Total 

Fan 

Power 

(kW) 

Annual Energy 

Consumption in 

kWh (240 

Working Days Per 

Annum 

@7.5hrs/Day) 

Mechanical 

Ventilation  

10 x 150 = 

1500 

2.25 4,050 
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Table 5- Typical Passive System Cooling Energy 

Reduction Values in Hot Climates 

 

For ventilation energy reduction, it is assumed 

that between 0900 to 1000 hours and 1600 to 1630 

hours (2.5 hours/day) will be natural ventilation 

operation as the peak external air temperature will 

exceed 24
o
C during the midday period. The energy 

reduction for mechanical ventilation is detailed 

below in table 6. 

 

Table 6- Energy Reduction Using Natural Ventilation 

Mode  

 

Comparing table 6 final energy value against 

table 4, total ventilation energy reduction achieved 

per annum is 26.66%. 

DISCUSSION 

The integration of passive systems with 

mechanical ventilation and cooling systems has 

benefits of actively reducing annual energy 

consumption as demonstrated in the case study. 

Practical application and limitations of these can be 

as follows: 

 

 Natural Ventilation & Solar Chimneys- Practical 

application is provided in the form of external 

high-level stacks to enable exhaust air to flow and 

absorb maximum solar gains via heavy weight 

construction i.e. dense high thermal storage 

capacity materials.  Limitation is building 

geometry as specific configurations are required 

i.e. rising supply air plenum such as full height 

atrium connecting all spaces to a sub-terrain level 

where air is delivered.  

 Double Ventilated Facades- Practical Application  

double glazed space encompassing an internal 

void (100-800mm depth) using low-e double 

glazing and suitably sized high and low level 

louvres. Ideally these should be sealed during 

winter conditions. Limited application to front of 

buildings and entrances. 

 Rain Screen Facades- Practical application for all 

wall surfaces to have weatherboard provided to 

protect against rain and direct solar gains with an 

exposed to air gap of 25-100mm. limitations is 

that this can only be applied to opaque surfaces 

i.e. excludes glass facades and windows. 

 Earth Ducts- Practical application involves 

conductive robust materials such as lightweight 

concrete ducts to be buried at 2 metres 

(minimum) below ground level with large internal 

diameter for maximum turbulent airflow (increase 

air to duct surface contact) encouraging 

maximum heat transfer to ground. Limitation 

identified is that sub-terrain level is required to 

terminate and evenly distribute air. 

 External Solar Shading- Practical application is 

fixed external shades normally 50-500mm 

provided in either angles, horizontal, vertical or 

multiple angles positions (Brittle et al., 2013). 

Limitations are restriction of daylight 

contribution. 

 

Primary implications of combined passive strategies 

can dramatically influence architecture i.e. internal 

geometry. To identify a logical combination, figure 8 

shows a strategy for combining system in the most 

effective method possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8- Effective Combinations of Passive Systems 

 

The rationale behind figure 8 shows that combined 

system A is for fresh air delivery systems, 

combination B is envelope protection against solar 

heat gains and combination C is controlled air flow 

for specific humidity and supply air control. 

 

Passive 

Systems/Combined 
Outputs 

% Annual 

Energy 
Reduction  

Annual Cooling 

Load (kWh) 

Base Case - 195,300.00 

SS 26 144,522.00 

DVF 2 191,394.00 

RSF 6 183,582.00 

ED 6.4 182,800.80 

SS + DVF 26 + 2 140,616.00 

SS + RSF 26 + 6 132,804.00 

SS + ED 26 + 6.4 132,022.80 

DVF + RSF 2 + 6 179,676.00 

DVF + ED 2 + 6.4 178,894.80 

RSF + ED 6 + 6.4 171,082.80 

SS + DVF + RSF 26 + 2 + 6.4 128,116.80 

DVF + RSF + ED 2 + 6 + 6.4 167,176.80 

SS + RSF + ED 26 + 6 + 6.4 120,304.80 

SS + DVF + RSF + ED 26 + 2 + 6 + 6.4 116,398.80 

Item Required 

Ventilation 
Rate Per 

Person (l/s) 

Total 

Fan 
Power 

(kW) 

Annual Energy 

Consumption in 
kWh (240 

Working Days Per 

Annum 
@5.5hrs/Day) 

Mechanical 

Ventilation 
+ NV  

10 x 150 = 

1500 

2.25 2,970 

(1) NV 

(2) SC 

(3) ED  

(5) RSF 

(6) DVF 

(7) SS 

Combination A- Natural 
Ventilation Type (Fresh 

Air Delivery) 

Combination B- 

Envelope Type (Solar 

Admittance Reduction) 

Combination C- 
Controlled/treated 

naturally ventilated fresh 

Air Delivery  

65



CONCLUSIONS 

This work has been completed in order is to set 

out passive system design guidance and selection 

strategies as an effective design tool in order to 

reduce the cooling energy demand for commercial 

type buildings. The main findings from this work are 

detailed below: 

 

1) Passive System design strategy (Figure 2) 

highlights important factors to be considered such 

as approximate annual energy saving available 

that can be achieved. 

2) Method of calculating energy reduction for 

passive system is effective to approximate for 

RIBA Stage 2 (concept design).  

3) There is clear difference identified between total 

ventilation energy consumption (QVT) and total 

cooling energy consumption (QCT).  

FURTHER WORKS 

Possible future research could be implemented for 

the following: 

 

 This design strategy can be developed further for 

RIBA stage 3, 4 & 5 where more accurate 

assessments can be made on natural ventilation 

and passive cooling performance based upon 

climate location using DTS and CFD. 

 As a bespoke case study was completed, design 

strategies would need to be created for different 

building types. 

 Develop rules of thumb for design application. 
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NOMENCLATURE 
VAV Variable Air Volume 

CAV 
DTS 

Constant Air Volume 
Dynamic Thermal Simulations 

HVAC Heating, Ventilation & Air Conditioning 

BEMS 
MV(t) 

Building Energy Management System 
Mechanical Ventilation Operation (hours) 

SC Solar Chimney 

SS   Solar Shading 
DVF Double Ventilated Façade 

RSF Rain Screen Facade 

ED Earth Ducts 
kW kilowatts 

kWh kilowatt-hours 

Q Flow rate of air 
P Pressure drop 

ρ   Air density 

Q’ Earth Duct Heat Loss 
oC Temperature (Degrees Celsius) 
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ABSTRACT
In the field of low carbon architecture, global
scholars and architects have made great achievements.
Based on the literature review, this paper summarises
the current methods of low carbon architecture
implementation into five categories. Their respective
characteristics are compared and analysed . Then a
new research method is addressed focusing on the
relationship between the form operation and low-
carbon effects. It is supposed to be more suitable to
architects’ thinking mode in the conceptual design
phase. In order to set the foundation for further
research, the preliminary framework is proposed for
discussion.

INTRODUCTION
As is well known, there is a very close relationship
between the design work and low-carbon effects of
buildings (De Wilde, 2004; Xia et al., 2007). In the
design phase, especially the conceptual design the
low-carbon and energy saving consideration is vital
to help source control of CO2 emissions and energy
consumption. Because of this, a lot of researches
have been conducted in this field, and accordingly
great achievements have been made. In this paper
they are classified into five categories from the
perspective of theoretical foundation, way of
reasoning and technical route. Through the
comparative research, this paper hopes to provide a
reference for the architects’ practice, as well as a
basis on which we could establish a more suitable
low carbon building design methods for thinking
characteristics of architects in the design phase.

ANALYSIS OF FIVE LOW CARBON
DESIGN METHODS
Method 1: as a design concept
Architects sometimes define a single factor
concerning carbon emissions as the main problem to
be solved and take it as the motive of design
development. That is to say they engage in how to
integrate the low carbon idea into design concept. We
can see many examples of this kind.
The practices of Thomas Herzog and Renzo Piano
explore how to shape architectural forms by taking
the wind factor as the cause, as shown in Figure 1,2.

Figure 1 Section of Hall 26, Deutsche Messe AG in
Hanover. (Herzog, 1992)

Figure 2 Section of Jean-Marie Tjibaou Cultural
Center. (Piano, 1991)

In the book “Sunlighting as a Formgiver for
Architecture”, American scholar discussed how the
sunlight affects the architectural forms’ generation
through analysis of 25 cases (Lam, 1986).
Generally speaking, these architects recognise, that
architectural forms are products of their adaptations
to the external environment with supports of certain
technologies. These design researches discussed the
inherent links between the environment, technology
and form. This design method explores internal logic
of architecture forms under low-carbon factors
which is in line with the architect's thinking mode.
But the main shortcoming of this approach are
evident: it can not cover all the factors concerning
carbon emissions and reveal the mutual affecting
relationship of these factors with each other in order
to make a synthetic judgment for the best design
decision.

Method 2: the strategy set
To avoid the weakness of the above method, this one
takes into consideration all factors which may
influence carbon emissions and energy consumption.
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Various low-carbon design strategies, which relate to
every level of design process are systematically
composed into a set.
The representative work of this method are: “Inside
Out: Design Procedures for Passive Environmental
Technologies” (1982) and “Sun, Wind and Light:
Architectural Design Strategies” (2001)written by
G.Z. Brown et al.. Their research focused on the
relationship between architectural form and energy
use. They believed that architecture form can have a
profound impact on the energy use. So they created
dozens of strategies in different levels of building
groups, building units, building components, and
passive systems to aid architects’ energy saving
design.
The common idea of this method is: from
perspective of the energy saving requirements to
deduce the most appropriate architectural forms.
However, they ignored that building form generation
is subject to a variety of factors derived from
economy, culture, aesthetics, and even special
requirements of the clients or urban planning, in
addition to low-carbon and energy saving. The low-
carbon buildings we actually desire are the ones that
can meet all needs of our complex life. In this sense,
a designer must consider all these factors, weighing
the pros and cons to synthetically balance the low-
carbon effect and other requirements. The strategy set
method in this regard shows its shortcomings.
Meanwhile, the scientific quantification of the effect
of carbon emissions is also inadequate.

Method 3: BPS (building performance simulation)
BPS relies on establishing simplified mathematical
models and uses an integrated computer software
platform to provide technical support for the low
carbon building design.
Until now, there are quite a lot programs architects
can turn to: ECOTECT, HEED, Energy 10,
DesignBuilder, eQUEST, DOE-2, Green Building
Studio, etc.. Although they have different algorithms,
application phrases and targeted customers, the
technology route of such programs is similar: by
using virtual building model created in BIM
software and carbon emissions analysis tools, provide
assessment indicators e.g. carbon footprint, energy
consumption and energy balance etc..
BPS softwares containing the entire information have
the advantages of rapidness, instantaneity and
accuracy, but the process to input information is
relatively complex. Moreover, as an aided design
method, BIM technology is only a “tool”, and never
really rises to the level of architecture design thinking
to take the place of design itself. It can hardly reflect
the relationship between carbon reduction and
architectural form generation. It is still not perfect for
conceptual design when information is not specific
enough.

Method 4: evaluation criterion
Evaluation criteria system has important significance
of leading to a low carbon design practice. This
method can guide design and construction, as well as
provide sufficient guidance for the design team to
clarify their responsibilities in their work.
BREEAM (BRE,1990) is the world's first Green
Building Rating System; LEED (USGBC,1999) is the
most mature evaluation system at present which
covers a wide range and is easy to implement;
CASBEE’s(JaGBC, 2010) innovation lies in
proposing a new concept of “eco-efficiency” as a
basis to evaluate the environmental efficiency of
buildings. In 2008, Germany launched the DGNB
sustainable building assessment system (DGNB,
2008), for the first time presenting a complete, clear
calculation method on the carbon emissions.
These evaluation criteria are characterised by the
establishment of a complete system of indexes for a
comprehensive, quantifiable evaluation and control
the eventual outcome of building quality performance.
They have a great guiding significance for practice.
Their value for evaluation and comparison of finished
products is high. That is the reason for their
development. But for design just that is their first
deficiency: 1) building performance evaluation pays
more attentions to the final results than the design
process; 2) only trained personnel can conduct the
evaluation which is complex; 3) to architects’
thinking modes, especially in the conceptual design
phase there is still a certain distance (Lawson, 2002).

Method5: typology
This approach through extraction of specific
architectural forms abstracts them into prototypes,
hoping to find a basic schema of low-carbon building.
Venice University professor (Los, 1986) argued the
significance of convert energy saving research results
into design language of architects. Germany scholar
Martina Klingele (1994) analysed the energy
consumption characteristics of different types of
office buildings (Figure 3). Chinese researchers Lu
Peng et al. (2007) explored the design creation
pattern on requirements of energy efficiency .
Combining the natural, social, built environmental
and other conditions, they tried to find out the
specific energy saving forms with the integration of
contents such as structure model, scale, proportion,
physical elements (Figure 4).
From the existing research results, it can be seen that:
although there are a lot of achievements in the type
refinement , how to use the types and the relationship
between types and carbon emissions are still not very
thoroughly clear. If research in this area can be
continued, to compare carbon emissions and
potential use of carbon reduction strategies at the type
level, it will be based on a more scientific foundation,
more suitable to the working modes of the architects.
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Figure 3 Energy consumption of different plan types
of office building. (M. Klingele, 1994)

Figure 5 Factors of a kettle design. (C. Alexander,
1964)

Figure 4 Translation of energy-saving buildings with typology. (Lu Peng et al., 2007)

Table 1
The comparison of the current low carbon architecture implementation methods

Technical basis Characteristic Weakness

Method 1 Focusing on the primary factor As a design concept Can not cover
comprehensively

Method 2 A set of energy saving strategies Systematic Lack of quantitative study

Method 3 Stimulation model Rapid\Instant\accurate Lack of specific design
advices as only a“tool”

Method 4 Establishment of evaluation
index system

Clear evaluation of the
final design products Complex to users

Method 5 Typology&Topology Adaptive to the architects’
thinking modes

Lack of quantization and
systematisation

RESULTS AND DISCUSSION
Through the above analysis of current low carbon
building implementation methods, it can been said,
that they all have weakness when considering how to
combine the scientific method and the thinking mode
of architects, although they have their own
characteristics and technical basis (Table 1).
So what is architecture design and what factors is
reasoning in design process subject to? These
questions seem to be overlooked by all the previous
researches, but are indeed the key to approaching the
low-carbon design. An architecture theorist took a
chair as an example to illustrate, that design
(including architectural forms) is affected by many
external factors. He argued that “no matter from
which aspects of technology, function, economy or
construction, etc. to define architecture is not enough,
whereas what is important is the configuration and
arrangement of these elements and space organisation

achieved by applying these elements” (Jödicke, 1976).
C.Alexander (1964) analyzed a kettle design
requirements in his book “Notes On The Synthesis of
Form” and found 21 different factors influencing the
design decision-making (Figure 5).
Similarly, we can assume architectural form is the
final result of interaction and mutual restraint of
various factors. Low-carbon is only one of these
factors, sometimes even not the most important one.
The low carbon buildings expected are the ones can
meet all requirements after judging and weighting. To
admit this point will help us better understand the low
carbon building design process.

PROPOSAL OF A NEW METHOD
A new way: on form operation process
For avoiding the disadvantages of existing low
carbon building implementation methods, we present
a new way which is supposed to be scientific and
more adaptive to the architects’ thinking mode— a
image thinking. It is from the angle of form, form

id002181
Typewritten Text
69



operation and its process (Figure 6). There are three
supporting reasons to do so:
First, architectural design starts from form operations
and ends with form outcomes. To some extent,
architectural design is a process to find the
correspondingly appropriate form for a variety of
substantial and spiritual needs of human beings. It
ultimately expresses as a certain space, shape, texture,
color and scale.
Secondly, architects think and communicate in the
way of “form language”. The ability of application
and operation of form for architects similar to the use
of words for writers is a basic skill and working
method which is also the most important task of
architecture education. C. Alexander (1964) called

this form organisation intuition as architects’
“highest talent”.
Thirdly, Form generation has its own inherent rules.
Louis Kahn deemed “form” is an objective existence
independent of architects’ consciousness. The
responsibility of architect is to find the form, and then
design (Kahn, 1977). When Rossi (1984) criticised
modernism’s simple docking form with function, he
proposed “autonomy of form”. Rossi believed the
function can not be the organisers of form, instead it
is precisely the rules of form that become the essence
of any arts. Function keeps evolving in the course of
history while form of cities and buildings does have
constancy, which is related to the form world's own
rules and people’s operation of it.

Figure 6 Low-carbon architecture design in the process of form operation

Figure 7 Form operation classification
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Research methods: typology and stimulation
“Meta” is the basic concept of typological design. It
originates from a theoretical approach put forward by
linguists to the mutual description of different
languages. Its goal is to distinguish different levels
of design process and design, the “meta” and “object”,
the “meta-design” and “Object design”. In the design
activities, it can guide people to stratify and analyse
the various forms as well as elemental components,
in order to arrive at some kind of final product by
means of simplification, abstraction and reduction of
the colorful reality. Purini (in the 1970s) developed a
set of architectural form letters system which is
intended to emphasise there should be a “meta-
design” phase prior to the architectural design phase.
When “meta-language” structure is completed,
architects can consider how to construct the specific
architectural forms with it, namely “the object
language”.
In the low-carbon building design method research,
we can also refer to the “meta-design” theory to
divide the design process into several stages and
several types for each stage, as shown in Figure 7.
Then, a systematical chart can be built with these
“meta”, which was be also called “morphology box”
(Zwicky, 1969). On this basis, the typological “meta-
study” on low-carbon performance of each stage by
means of model simulation will help us to grasp the
features and characteristics of carbon emissions of
the architectural forms, and get a better understanding
of the relevance of form operations and carbon
emissions reduction.

Three aspects: carbon emission features, passive
design and active design
Each architectural form and way of space
organisation has its own features in aspects of wind,
light, heat. For example, the triangle and the circular
plan have different volume factors and energy
consumption indications as well as under the
influence of wind. In this view, swiss researchers did
shape study with the variables of altitude, orientation,
glazing ratio, enclosure, etc. (Hönger, 2013). After
comparative research, they build a complete chart of
carbon emissions of various building forms. They
called it “building zoo” in Figure 8. Their work
implied, in the initial design, the relative value is
more useful than the precise value for architects.
Passive design has close ties with the form operations,
including natural ventilation, sun-lighting, shading,
passive solar design, thermal buffer layout, wind and
other aspects of environment optimisation. As a
system in-depth involved in from general layout,
gross volume to specific details, passive design is
throughout every layer of the form operations
process (for instance as shown in Figure 9). For the
listed “meta” form, our task is to excavate their

respective passive design potential, and find out a
passive design techniques for each type, which is also
an important low carbon building research aspect of
the form operation.
Active design as a supplement of passive design
should be considered to “co-ordinate” with passive
design to achieve further emissions reduction over
the gross passive-designed forms. For architects,
these performance of technologies and their
requirements must fully be comprehended,
meanwhile what is more important is: in the form
operation, to select appropriate low carbon
technologies to building forms, making best use of
these technologies to achieve a high degree of
integration of form and technology.

Figure 8 Building Zoo. (Christian Hönger,2013)

Figure 9 A case of form operation and passive
design. (Fu Xiao, 2012)

Significances
In comparison with the existing methods, the new
method has the following features, which may draw
our attention:

 Pertinence. This method is in accordance
with the thinking modes of architects (i.e.
Image thinking) in the conceptual design
phase through surveying the building
performance in the view of form operation
process, which offers architects a specific
control handle for the abstract carbon
emissions.

 Essentiality. The use of typology to refine
the form and form operation techniques can
prevent architects form the interference of
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falling into specific architectural styles and
make it easier to find the relevance between
form and low carbon building design from
the commonality. For instance, Figure 10
illustrates that it is the prototype (or
relationship of volume and space
organisation) we should focus on, rather than
its specific expressions .

Figure 10 An example of organization operation

 Scientificity. Quantification study in aid of
building performance simulation software is
adopted. By comparison, the relative
relationship of carbon emissions between
various form operations will be revealed.
Taking into account the characteristics of the
conceptual design phase, even when the
accurate emissions data is unknown, the
results can also effectively support the
optimisation of low-carbon design and still
has a considerable scientific basis.

 Operability. Method of “morphology box”
(“meta” chart) has strong rationality, easy to
comprehend during the operation. The way
of list gives us a detailed analysis of the
various possibilities of low-carbon design in
different levels. Every design project
represents a special path consisting of
several steps in the morphological chart
(Figure 11), and every step of every path can
be compared. If every step is the best choice
under certain design requirements, we can
assume that the final result is also the
optimal. In addition to assessment, designers
can re-construct these listed elements, to

create more form organisation possibilities to
adapt to new situations encountered. Thus, in
this sense, the method provides a new
understanding of the design process and for
solving design problems in creative ways for
architects (especially under the focus of CO2

emissions).

Figure 11 Case study of low-carbon architecture
design method in the process of form operation

CONCLUSION
Factors from many aspects (such as society, economy,
culture, technology, energy saving, etc.) are involved
in the conceptual design of architects, which affect he
building morphology generation in an intricately
intertwined way. Throughout the design process, the
conceptual design phase has a key role, where most
of the factors (such as: shape, orientation, facade,
functions, etc.) concerning building energy
consumption and performance are identified , on
whose basis the later design phases are for further
deepening and refinement. Dutch scholar surveyed 67
buildings (totally 303 building energy-saving
technologies applied). It is found, that 57 percent of
technical measures is identified in the design phase,
and in the preliminary design phase only 13% (De
Wilde, 2004). In the initial design, nearly 80 percent
of the architects’ decisions will affect the final energy
consumption of buildings (Ramani et al., 2010).
When a building is already under construction or in
operation and maintenance phase, the feasibility of a
substantial building performance increase is reduced.
Instead, if the basic layout of the building goes
against the general efficiency design principles, the
“slight adjustments” in each later phases or blunt
technology superimposition will get half results with
double efforts. How to present a scientific, dynamic
low carbon building form design method which
integrate more closely with the work characteristics
of architects and their ways of thinking in conceptual
design phase will be a valuable research.
It is considered as a promising research direction that
to establish the relationship between the carbon
emissions and design technique in order to set up a
corresponding evaluation system, which lead to
internal correlation between energy consumption,
carbon emissions and form operation process.
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ABSTRACT 

The art of architecture has been always 

complementing and supporting the nature, since 

ancient times as evident in vernacular traditional 

architecture. As Bill Dunster, Craig Simmons and 

Bobby Gilbert (The ZED Book, 2008) describe, 

contemporary societies and design methods of the 

post-industrial era, are  a major paradigm shift 

reflecting high fossil fuel consumption and high 

carbon emission. Contradicting to this Eco-Houses, 

Sue Roaf (2003) offer alternative model, having very 

Low Carbon Emission (LCE) and expresses vital 

concern about bond between environment and 

inhabitants, instead of just focusing on mechanically 

operated buildings with high carbon emission.  

This paper, as a part of MA, extensively focusses on 

developing an approach that offers a Zero Carbon 

Design (ZCD) or Zero Carbon Building (ZCB) 

solutions in climate (hot and humid in summer, cool 

and very less humid in winter) and context of 

Bahrain through a residential design project. Climate 

responsive techniques and passive strategies derived 

within the limited means of traditional vernacular 

Arab architecture acts as an inspiration to develop 

more effective design strategies for the design project 

in today’s context.  

Design iteration and experimentation process 

performs a vital role in developing alternative 

effective strategies for the project. Confirmation of 

yield results as ZCB solution, is eventually examined 

by means of simulation method, (Jankovic, 2012). 

INTRODUCTION 

Construction and climate change: a serious 

concern: 

Rapid development and urbanization in the country, 

contribute towards high greenhouse gases and carbon 

emission, if there are no attempts to control and 

reduce the associated carbon and greenhouse gas 

emission it can result in rapid depletion of presently 

available fossil fuel resource. “While global carbon 

emissions per capita have only increased marginally 

over the last three decades, emission of an average 

Arab individual have almost doubled”, 

(Elgendy,2011). 

 

 
Figure 1 - Carbon emission intensity in gCO2/KWH 

Figure 2 shows the distribution of activities related to 

carbon emissions in Bahrain. Given the hostile 

climate of the country, energy consumption 

responding to the state of thermal condition of 

buildings takes up 11% of total carbon emission with 

industrial and transportation succeeding in the list. 

 

 

Figure 2 - Energy Consumption by sector 

Present life style of Bahrain, consumes almost 43 to 

44 % percentage of total country’s energy 

distribution per day only for cooling in summer, i.e. 

almost of 1200 to 1400 MW power per day is 

consumed as the cooling load, (Bahrain EDD). 

 

Figure 3 - Arab world emission forecast 

 

Figure 3 represents, that, “it is expected at current 

rate, emission of an average Arab individual will 
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exceed the global average in the next 5 Years” 

(Elgendy, 2011).  

Alarming data in above figures prodigiously suggest 

a need of critical approach, combating these issues by 

evolving current construction pattern and develop 

clean energy technology to support a sustainable zero 

carbon achievement. 

ZCB APPROACH - A CLIMATE 

RESPONSIVE SOLUTION 

Although some landmark projects in Arab region like 

Masdar City in Abu Dhabi (completing, 2016) and 

upcoming Energy City in Qatar (yet to commence) is 

based on low or zero carbon design approach, but no 

simulation report is yet published that reveals the 

statistical data stating the level of zero carbon 

achievement.  

The quest for deriving ZCB solution as a research 

study led to develop a design project, an apparatus 

that purely focuses on investigating design strategies 

from the past i.e. Vernacular traditional architecture; 

that responded well to climate, re-interpreting them 

in present context and integrate it eventually in 

design program achieving a ZCB solution. The 

design process touches upon iteration-

experimentation approach and examination by 

simulation method (Jankovic, 2012), to assess the 

validity of the extent of Carbon reduction through 

statistical data, as an evidential proof.  

Vernacular traditional architecture in Arab region has 

a peculiar approach to respond to the local climatic 

variation. It has evolved to serve specific needs of its 

inhabitants of the building by means of developing 

various unique elements. Among them, Malqaf (wind 

catcher), Mashrabiya (decorative screens) are the 

popular elements extending the identity of Arab 

region.  

               
4.a                                         4.b 

 
4.c                                      4.d  

Figure 4.a – Wind Scoop (Malqaf) 

Figure 4.b – Mashrabiya (decorative panels) 

Figure 4.c – Working Qa’a (Wind Tower)  

Figure 4.d – Cluster of houses with Qa’a 

 

As an example, Malqaf/wind catcher (figure 4a), an 

element developed as a part of wall with an opening 

above operates to fetch the fresh air inside. Similarly, 

wind tower (figures 4c and 4d) with vertical 

perforations also function like Malqafs but is a more 

enhanced form. Mashrabiya system (figure 4b) 

reduces the solar heat gain through windows, 

maintaining comfortable internal temperatures. All 

the elements brilliantly respond to climate and 

perform their function successfully in a pure passive 

way.  

METHODOLOGY 

A retrospective study stems up from a question as, 

how comfortable environment, had been obtained in 

the past in spite of limited available resources and 

means of execution techniques in absence of present 

resources of energy.  

It initiates with the study of self-organizing system, 

followed by vernacular traditional Arab architecture 

as best climate responsive examples. Vernacular 

architecture, in addition to its successful, proven 

passive strategies, reflects an implied process of 

iteration, happened over the hundreds and thousands 

of years to get to the precise method of functional 

operation.  Reflective process, in a knowledge 

acquisition cycle, as described by Schon (1983) 

operates the same way as the process of derivations 

of vernacular solutions and thus justifies Schon’s 

description of reflection as equally appropriate to 

vernacular tradition as to modern design methods.  

Considering present, time constraints, as compared to 

the vernacular era, design project, a tool, follows the 

reflection iteration process for design development 

involving the simulation methodology desscribed by 

Jankovic, (2012). This iteration process drives 

towards an energy model that uses more 

sophisticated techniques, available modern material, 

exploring different architectural expression and 

arriving to much better results than what possibly 

would have been arrived by vernacular approach at a 

long span of time. 

Integration Environment Solution – Virtual 

Environment (IES-VE), a software program is used 

for simulation study in order to analyse the viability 

of each employed design strategies. Finally such 

extensive evaluations, reveals the performance of all 

individual components in a statistical data and 

confirms the contribution of each, by the extent of 

energy reduction and carbon emission leading to 

ZCB solution as the final achievement of the design 

research. 

APPROACH TO DESIGN PROJECT 

Study follows in response to the basic question as 

how, comfortable environment was obtained in 

ancient times in absence of present state of energy. 

The investigation process begins by glancing at self-

organizing systems such as beehive, termite mounds 
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etc., which are examples of climate responsive 

natural solutions where no master controller 

influences or inspires. This approach or a model set 

up a constraint to specific syntax or form, as 

emergent, in response to the ecosystem resulting into 

amazing products.  

As a basis of design development, the process adopt 

to emphasise “reflective cycle” as a starting point 

instead of working out only pure creative kind of 

ideas. It recognizes the operations of reflective cycle 

embedded in vernacular architecture and in self-

organizing system, where series of reflections results 

into quite sophisticated artefacts or buildings but in 

an unrecognizable code of design in today’s context. 

Although Vernacular architecture does not come out 

of such a great architectural tradition as practiced 

today, like through aims, abstract designs, ideas 

which then manifest in the form of a building but 

emerges out of the need as self-organizing system.  

Absorbing the huge embedded values of Vernacular 

architecture, the lessons was drawn from it, in terms 

of, understanding principles of spatial organization, 

re-interpreting and implementing in design project, 

followed with iterative cycle. This iteration process 

maximizes design efficiency and offers wonderful 

solutions as environment controlling techniques that 

respond well to local climate and attain carbon 

neutrality i.e. ZCB. 

Following the inspiration from vernacular 

architecture, the design centres around, employing 

passive strategies (vernacular and modern) as 

primary approach, (figures 6.a – 6.d). It also exploits 

the opportunity to utilize active strategies, supporting 

low carbon emission along with required alternative 

renewable energy, confirming maximum reduction of 

energy consumption that achieves the research target 

ZCB. 

CLIMATE AND SITE AT GLANCE 

The Kingdom of Bahrain sits approximately 24 Km 

from the east coast of Saudi Arabia and 28 Km from 

the west coast of Qatar. Located between latitudes 

25o32ʹ and 26o20ʹ N and longitude 50o20’ and 50o50’ 

E. Characterized by very high average temperature 

and relative humidity i.e. hot and humid during 

summer (figure 5), the temperatures in the country 

reach a peak of 450-500 C. during summer and 10o-

15o C. during the winter with comparatively less 

relative humidity (cool and less humid winters). 

Wind speed in the country are moderate with nearly 5 

m/s from the north westerly Direction.(Alnaser.N.W. 

and Flanagan.R, 2005) The country receives more 

than 3000 hours of sunlight in the year, hence the 

solar gain can be very high due to its geographical 

location, ( ). 

 

Figure 5 – Daily High and Low Temperature 

 

Figure 5 represents the daily average low (blue for 

winter) and high (red for summer) temperature with 

percentile bands (inner band from 25th to 75th 

percentile, outer band from 10th to 90th percentile). 

 

         

6.a                                          6.b 

                                                     

6.c                                         6.d  

Figures 6.a – Built Vs. Open space. 

Figures 6.b – Public Vs. Private Spaces. 

Figures 6.c – Courtyard as core of the house.  

Figures 6.d – Orientation.  

 

DESIGN INTERVENTION 

Apart from successfully developing pure 

architectural concept, encompassing socio-cultural 

aspect, responding to site context, accentuating site 

association by means of spatial configuration and 

metaphorically mimicked sea wave built form 

(figures 7 – 9), it mainly concentrates on the 

strategies that supports the local climatic variations 

based on its passive nature that can combat energy 

consumption and carbon emission. 

 

Figure 7 - South Elevation  
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Figure 8 - North Elevation 

 

           

          Figure 9 - East Elevation  

 

Derived and adopted strategies, acting as “Design 

Drivers”, are categorized further based on the type of 

function and its source where it comes from. Such as  

A. Vernacular Arab traditional Passive 

Strategies. 

B. Modern Passive Strategies. 

C. Low Carbon Active Strategies. 

D. An appropriate utilization of required and 

compatible renewable energy. 

Figure – 10 Site and Ground Floor Plan 

         

 

Figure – 11 First Floor Plan  

 

EFFECTIVENESS OF DESIGN 

STRATEGIES 

Based on design requirements shortlisted passive 

strategies were, integrated in the design project 

(figures 10 and 11) and their viability was examined 

by means of Integrated Environmental Solutions – 

Virtual Environment (IES-VE). This process 

revealed the effectiveness and performance of each 

strategy through statistical data in the form of graph, 

figures or tables. The study is summarizes as follows: 

a. Optimizing micro-climate and natural 

ventilation:  

Courtyard, as in vernacular traditional architecture 

functions as one of the major element that plays a 

most vital role in optimizing the micro climate by 

enhancing the natural ventilation through the stack 

effect, (figure 12 and 14) where, warm air is sucked 

outside and the cool air present in the ambient 

environment is fetched inside.  

Sea mimicked, form of the building further supports 

this mechanism by creating positive negative 

pressure, (figure 13), and maintain the air current 

reducing the electrical load. Internal temperature is 

maintained from max. 25OC. to min. 22O C.  The 

courtyard also plays a crucial role in withdrawing 

required day lighting that illuminates the internal area 

adequately reducing the energy consumption. 

Due to the extreme temperatures in the country, 

natural ventilation will only occur during the early 

spring and autumn periods as the temperatures for 

natural ventilation are favorable in those periods. 

Figure 14, shows the ventilation strategy for different 

times of the year. Figure 15, shows room temperature 

achieved during natural ventilation. 

 

  Figure 12 - Natural ventilation through courtyard 

 

 
Figure 13 – Positive and Negative pressure zones in 

design. 
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Figure 14 – Summer and Winter Ventilation 

strategies. 

 

 
Figure 15 – GF Family space temperature during 

natural ventilation. 

b. Shading: 

Due to site constraints, an east-west orientation of the 

building is established causing high daylighting 

levels for internal spaces/being exposed to higher 

solar gain. As the form of the building, lends itself 

for shading, by extending the roof slabs on the east-

west facades (figures 8 and 9) and over the exposed 

walls of the courtyard (figure 16). This dramatically 

reduces the solar gain achieved by the internal 

spaces, thereby reducing the cooling demand 

experienced and offering better quality of daylight in 

spite of large proportion of glazing proposed on the 

east façade (figure 8).  

 

 

Figure 16 – Summer and Winter Daylighting section 

 

Day lighting:   

Despite presence of large glazing on east facade, 

shading strategy employed, also led to well-lit 

internal spaces, providing a comfortable internal 

environment for the inhabitants (figure 17). Activities 

located on the Northern part benefit from the 

opportunity of getting ample amount of North light 

along with extending panoramic views to the 

landscaped garden (figures 7 - 9). IES simulations 

reveal, a dramatic reduction in the carbon emissions 

and energy consumption were achieved almost up to 

70%, by the implementation of shading strategy 

(figure 18 and 19). 

 

 
Figure 17 – Guest Bedroom Daylighting Effect 

 

 

Figure 18 – Total Energy Consumption MWh 

 

 
Figure 19- Carbon emission Graph  

  

Although, shading and daylighting may conflict each 

other in a design, but, careful consideration and 

implementation of shading elements can result in a 

perfect synergy between the two concepts such as in 

this design project.  

c. Green roof:  

The design project implements the use of green roof, 

to serve two critical roles -  

1 - Green roof acts as a barrier, reducing heat 

transfer through the building fabric to the internal 

spaces, leading to reduced energy demand for 

cooling in a hot and humid climate (figures 20.a 

and 20.b). 

2 - Presence of a green roof also reduces the urban 

heat island effect caused due to exposed building 
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material and increases envelope absorptivity. This 

helps in reducing the ambient temperature to a 

certain degree. The ambient air cooled through 

evapo-transpiration process is then used for natural 

ventilation and there by provide a comfortable 

environment for the inhabitants.  

       

Figure 20.a (Right) - Solar gain without Green Roof 

Figure 20.b (Left) - Solar gain with Green Roof  

 

IES simulation reveal, minor reductions in the energy 

consumption of the building (figure 18 and 19). 

Although determining the extent to which this 

strategy will help outside the boundaries of the 

building is difficult, it is observed quite often in 

nature as a successful strategy. 

MODERN PASSIVE STRATEGIES   

d. Facade thermal performance: 

As observed in vernacular strategies described by 

Raegatte (2003) insulation was achieved by 

developing walls with high thickness using locally 

available materials such as mud, coral stones, limes 

stones etc. all of which served as thermal mass 

during the day and releasing energy slowly 

throughout the night when ambient temperatures are 

lower than, during the day. 

The design features, use of aerogel insulation, 

between, internal and external sections of the wall to 

increase facade insulation. To achieve, specified U-

values (table 1) insulation thickness of 100mm is 

applied, (figure 21 and 22), which helps in reducing 

the heat transfer and maintain a comfortable internal 

environment. Simulations reveal reduction in energy 

and carbon emission of 7.36% (figure 18 and 19). 

e. . Reduced window-to-wall ratio (WWR): 

Solar heat gain through windows is a lot higher than 

compared to the opaque facade. To minimize the heat 

gain, through the facade the WWR is reduced on the 

south façade (figure 7) and higher ratio of glazing is 

allowed on the north and east façade (figures 8 and 

9). The overall WWR of the building is optimized to 

meet the daylight requirement.  

       Table 1 – Building components U-value 

                   

 

                

Figure 21 – Thermal heat transfer through building 

fabric, after applying insulation. 

 

 

Figure 22 – Typical Wall Section 

 

 Triple glazing:

Low-E coated triple glazing is used to combat the 

harsh solar gain received by the building. Since low-
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E coated glazing with U-value of 0.64W/m2, filters 

the infrared and UV radiation allowing only the 

visible spectrum of light to penetrate the internal 

spaces to provide a comfortable internal environment 

and hence reducing the internal temperatures (figure 

23). Simulation reveals, implementation of low-E 

glazing strategy results in reduction in energy 

consumption related to cooling, (figure 18 and 19).

 

Figure 23 – Low-E Triple Glazing 

 

g. Air tightness:   

Design features the use of ‘Intello plus’ air-tightness 

membrane, on the internal wall of the building fabric 

(figure 22), air-tightness achieved as a result is 

1m3/h/m2.  

h. Earth tube cooling: 

Earth tube cooling strategy caters the cooling needs 

the building. The strategy is based on the principles 

of evaporative cooling, where heat transfer occurs 

from a medium of higher temperature (air) to a 

medium of lower temperature (earth). Simulated 

experiments features, placement of earth tube at a 

depth of 4m below ground where temperatures 

remain more or less constant throughout the year. 

A loop at length of approximately 150ft./60m allows 

the air to cool down the hot air (450c) drawn from the 

wind-catcher, resulting in cooled air (280-300c, this is 

stage one of the cooling process, figure 24).  

To maintain the internal thermal comfort, the air 

cooled from earth tube is passed through a water loop 

system stored in a basement (figure 24, this is stage 

two of the cooling process) where temperature of 

water is approximately at 200-220c. Resulting in a 

final output of cooled air which is in the range of 

adaptive thermal comfort i.e. 220-260c. 

 

 

Figure 24 – Earth Tube cooling system. 

 

Although a working completely passive strategy, the 

use of earth tube system was not viable on the site 

due to the nature of the land being reclaimed. Figure 

25, shows the room temperature achieved, using the 

earth tube system during peak summer (July).  

 

 

Figure 25 – GF Family space temperature using 

earth tube cooling system.  

ACTIVE SYSTEMS  

i. Daylight sensitivity:  

Further reductions in energy and carbon emissions 

were achieved by use of LED lighting (energy 

saving) along with daylight sensitivity control, to 

maintain a comfortable internal environment. 

Simulations results are shown in figures 18 and 19.  

j. Mechanical cooling:  

Further to maintain the comfortable internal 

temperature within the range of 220-260c, mechanical 

cooling systems of high energy efficiency rating 

(EER, 40+ in this case, for simulation purposes EER 

value used is 42) is used such as Coolerado M50 as 

in this case (figure 26). The Coolerado mechanical 

cooling system is based on the evaporative cooling 

technology as compared to conventional air 

conditioning system and hence result in a better 

internal environment at lower energy consumption. 

Cooling loads achieved as a result of implementing 

passive design strategies are shown in figure 27. 
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Figure 26 – Mechanical cooling system. 

 

Figure 27 – Cooling loads post achieving carbon 

neutrality.

k. Renewable strategy:  

Implementation of passive strategies in the design 

project makes the design 96.65% energy efficient. In 

order to attain a state of carbon neutrality, the 

building utilizes renewable resources. In a country 

which receives more than 3000 hours of daylight 

annually, use of rooftop PV panels (60m2) was the 

most appropriate strategy. Application of this 

renewable strategy makes the building carbon 

negative, with readings of about 1000 KgCO2 

annually (figure 18 and 19).  

 

CONCLUSION  

Careful analysis of the building project, which 

incorporates traditional Arab design and passive 

strategies in conjunction with modern design form 

and construction methods such as 3D printing and 

prefabrication, suggests that a zero carbon 

development is easily possible even in an extreme 

hot and humid climate such as of Bahrain.  

As vernacular architecture depends on multiple 

aspects like culture, material and technological 

availability, climate etc. the response in different 

locations in presence of these conditions can give rise 

to varied vernacular architecture. Interesting 

responses are observed where vernacular 

architecture, is implemented in design project in a 

different location within the same climatic zone.  

The Construction Industry Council (CIC) ZCB in 

Hong Kong for example, where the climatic 

conditions are also hot and humid, has a different 

response and approach towards a low carbon 

solution. A result of using different vernacular 

strategies which have been developed over centuries 

to combat similar issues of hot and humid climate but 

in a different geographical location. This proves that, 

use of vernacular architecture can help in reducing 

the carbon footprint of the building extensively, but, 

only by applying strategies that have been developed 

locally.  
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ABSTRACT 
The paper reports on the development of an expert 
system that embodies a method for zero carbon 
design or retrofit of buildings. The system is an 
interactive computer based decision making tool, 
which allows the user to enter the type and range of 
design parameters to be investigated, perform 
background simulations, carry out multi-objective 
optimisation, and inform the user of the range of 
possible solutions and trade-offs, whilst fulfilling 
environmental, social and economic criteria for zero 
carbon design. 
For simplicity, the system operation is demonstrated 
on a basic box model of a building, in order to 
simulate various design alternatives, explore 
scenarios and identify any conflicts or dependences, 
while satisfying the three aforementioned criteria. In 
order to minimise the system complexity, JEPlus was 
used to carry out parametric runs, whilst jEPlus+EA 
was used to carry out multi-objective optimisation, 
using EnergyPlus as a core simulation engine and 
NSGA as an optimisation engine. The purpose of the 
expert system is to provide advanced design 
decision-making capability to a wider audience and 
thus facilitate the scaling up of zero carbon retrofit of 
buildings. The paper reports on the early stages of the 
development of this system and the results obtained. 

INTRODUCTION 
Green Deal and its deficiencies 
Green Deal was launched in the UK in January 2013 
and is an innovative financing mechanism that allows 
companies to help people pay some of the cost of the 
energy efficiency improvements through saving on 
their energy bills. It replaces current UK policies, 
such as the Carbon Emissions Reduction Target 
(CERT) and the Community Energy Saving 
Programme (CESP). The Green Deal process consists 
of the following four stages: Assessment, Finance, 
Installation and Repayment (Energy Saving Trust, 
2014). The most critical and vital stage is the 
assessment phase, where a decision is made about 
whether or not the assessed property can materialise 
its potential energy savings in the time planned, and 
if the finances going towards the cost of 

improvements can be repaid within a predefined time 
span. This critical phase is normally conducted by an 
adviser who is typically trained for between two and 
four days. Although the training courses can be 
intensive and financially expensive, they generally do 
not have clear entry requirements regarding prior 
knowledge of finance, building design and structure, 
insulation materials as well as HVAC devices and 
equipment. Consequently, in many cases assessors 
lack the necessary expertise in building behaviour 
and construction to be able to make correct decisions 
with regards to improving energy performance. To 
some extent, the technical knowledge that Green 
Deal assessors need in order to make such critical 
decisions is aided by the use of the Standard 
Assessment Procedure (SAP) software. SAP is the 
UK Government's methodology for comparing and 
assessing the energy and environmental performance 
of dwellings (Stroma, 2014). The assessors input 
various parameters regarding the basic description of 
the building, occupancy, electricity and heating 
energy usage, which it performs calculations on to 
arrive at an estimate of building energy performance. 
The program uses steady state monthly average heat 
transfer calculations, effectively 12 sets of numbers, 
which hence do not consider any variable changes 
over time. Consequently, it simply provides answers 
to show results of specific inputs for particular 
function/s and fails to show how an output will 
behave for a particular input over time and how a 
building would respond to a change in one input level 
to another on a dynamic basis.  Steady state 
modelling is usually easier to converge and 
configure, being also typically less time consuming, 
which is probably one of the main reasons for it 
being used in SAP calculation. However, given its 
aforementioned limitations when used for Green 
Deal investment decision making, this raises many 
questions regarding the validity of the results derived 
in terms of the cost and efficiency of building 
performance.   
Moreover, SAP is not flexible when it comes to 
calculating a range of values/materials for multiple 
building parameters, such as walls and window types. 
For example, it is incapable of testing various wall 
constructions for each building façade in one 
operation, which means that it will constantly fail to 
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explore possible alternatives that may allow the 
building in question to achieve better energy 
efficiency performance with a shorter payback 
period.  
To support our claim further, we shadowed an 
assessor while conducting Green Deal assessments 
on site. Besides SAP’s ease of use and speedy 
performance in delivering the results, which typically 
took between 15 and 20 minutes, we noticed some 
weaknesses with the current system: 1- building 
orientation isn’t considered in the calculation; 2- the 
system operates on imprecise data, i.e. it  generates 
the results based on the assumption that all walls 
have the same depth and insulation materials; 3- 
although the system requires estimates of window 
size and types, it ignores the windows quantity and 
locations; and 4- although lights are categorised into 
two types efficient/non-efficient, the power rating 
information for each light point is disregarded in the 
calculation. As a consequence, we are of the view 
that most Green Deal output reports are vague and 
deliver high variations in cost. Regarding which, 
many reports for two and three bedroom flats have 
similar energy saving suggestions in terms of 
required improvements and costs as three and four 
bedroom detached houses. Moreover, the assumption 
that all walls are the same causes a significant 
variation, whereby, for example, if a Victorian house 
has 65% solid walls and the remaining 35% 
pertaining to a new extension has cavity walls, then 
all would be treated as either solid or cavity. 
Effectively, within the Green Deal, non-experts use 
non-expert software to deliver expert advice. If 
implemented, that advice will influence the building 
energy performance and carbon emissions for years 
to come, and could have a detrimental impact on 
technical, social and financial aspects of building 
performance on a large scale. 

Empowering non-experts with expert software 
Given the above discussion, our objective is to 
empower non-experts with expert software that will 
carry out the decision making for them. The three 
ingredients of this approach are: 1) dynamic 
simulation, which implements transient heat transfer 
every hour of the simulation year, thus performing 
calculations on 8,760 sets of numbers, equal to the 
number of hours in the year, rather than steady state 
SAP calculations using 12 sets; 2) parametric 
simulation, which implements a variation of design 
parameters, such as insulation thickness, glazing 
type, air tightness, thermal mass and others; and 3) 
optimisation of the solution space in order to find a 
trade-off between design parameters, according to 
performance, comfort, and cost criteria. 
Dynamic simulation will show how an output will 
behave for a particular input over time, and how the 
result of the former operation can influence the input 
variables of the subsequent one. It can be seen as an 
iterative steady state calculation based on a fixed 

time step, introducing time delays to outputs 
arising from the effect of thermal mass in the 
building, with constantly changing parameters, 
whilst bearing in mind the considerably higher 
resolution of the hourly simulation in comparison 
with monthly average calculation. 
One downside of this approach, which presumably is 
why it has been avoided in SAP in the first place, is 
that dynamic simulations are slower and 
mathematically more complex than a steady state 
simulation, and are normally used by genuine 
experts. Moreover, parametric runs of dynamic 
simulations generate considerable numbers of results, 
in fact, that may exceed hundreds of thousands, 
which will make it hard for anyone to draw firm 
conclusions or be able search through the outcomes 
to select the best result. For instance, our research 
revealed that for a handful of design variables, such 
as wall construction, glazing types, thermal mass, air 
tightness, external shading, heating set points, 
heating systems and renewable technology, and with 
several values for each variable, the total number of 
possible building designs and corresponding 
simulations exceeds 400,000. Hence, the problem of 
finding the optimum solution is similar to that of 
finding a needle in a haystack. 
There are various methods that can be deployed to 
search the solution space. However, most of the 
conventional methods, such a point-to-point search, 
are too slow and unreliable, as they can easily lock 
into a local, rather than global, minimum, and 
therefore end up with a sub-optimum solution. 
For this work, we are going to use genetic algorithms 
that search the solution space in parallel, and are 
much less prone to locking into sub-optimum 
solutions. Genetic algorithms, such NSGA-II, will be 
running in the background of this system to select 
only a set of the best available results using the three 
main objectives of cost, thermal comfort, and zero 
carbon emissions. The output of this process, will be 
a ‘shopping list’ of design parameters which allow 
informed trade-offs to be made between these three 
main objectives. In this way, the non-expert energy 
assessor will be empowered with expert software that 
runs a far more sophisticated and higher resolution 
process than SAP, whilst not requiring any additional 
expertise. This approach will enable a much higher 
quality of advice on building retrofit, thus ensuring a 
much more positive and long lasting effect on the 
environment. The front end of this software will run 
on a hand-held tablet, which will be used to send a 
job to a simulation server, a number crunching 
machine that will search the solution space, and 
return the results within the same time as the SAP 
assessment, but with an immeasurable improvement 
in quality. Google Web Tool (GWT) (GWT, 2014) 
has been used to enable the expert system to run as a 
web application. This makes the expert system the 
first comprehensive web based user interface that 
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runs dynamic simulations and optimisation using 
jEPlus+EA (via EnergyPlus)  through a web browser, 
hence it requires no installation, always up to date, 
universally accessible and platform independent: it 
can run on all tablets/mobile phone devices. 

BACKGROUND 
Because of the increasing awareness of climate 
change, and the realisation that heating and cooling 
of buildings contribute almost 43% of all the UK’s 
carbon emissions, designing energy efficient 
buildings has become a fundamental main objective 
for UK planning policies pertaining to new buildings 
(GOVUK, 2014). Energy and the environmental 
performance of buildings complex dynamic issue, 
hence numerous studies in the past have used 
dynamic simulation to capture such this behaviour 
with the aim being to incorporate the results in the 
design process so as to enhance the building energy 
performance.    
The evolution of building energy simulation tools 
started around 1960, when simplified manual 
methods, such as the degree-day procedure, were 
used to estimate the energy consumption of 
buildings, while using various types of HVAC 
systems in order to meet thermal comfort 
requirements. One of the early simulation tools that 
allowed for in-depth evaluation of the building 
elements, which influence the energy performance of 
buildings was ESP-r.  It was developed in 1974, and 
was one the few tools that enabled designers to 
explore the complex relationships between buildings 
form, fabric, air flow, plant and control (Strachan, 
2008). Many scientific publications used ESP-r for 
simulation of building fabric and network mass flow, 
and it is still being used as a consulting tool by 
architects, engineers, and multi-disciplinary practices 
as well as a core engine in other simulation 
environments (Crawley, 2008). However, the 
program’s user interface appearance is complex, 
feeling more like a research tool than one for general 
usage, and unlike other commercial tools, it lacks the 
comprehensive predefined data sets for testing e.g. 
new generation of insulation materials and glazing 
types (Heath, 2010).  Another popular simulation tool 
is EnergyPlus, which is used by engineers, architects 
and researchers to model the performance of 
buildings in terms of heating, cooling, lighting, 
ventilation, energy flows and water use. Moreover, it 
facilitates various innovative simulation capabilities, 
such as time steps of less than an hour, modular 
systems and plant integrated with heat balance-based 
zone simulation, multizone airflow simulation, 
thermal comfort analysis, and incorporation of 
renewable energy systems. Its inputs and outputs are 
formulated as ASCI text files to allow easy 
interactions with various front end user friendly 
graphical interfaces, such as DesignBuilder, 
jEPlus+EA, SeFaira and Opt-E-Plus, most of which 

have been designed to be used by professional 
engineers, architects and researchers.  
As most of the building simulations mentioned 
above, regardless of whether or not they have a “user 
friendly interface”, were designed to be used by these 
professionals, other practitioners have found them 
difficult to apply. Regarding which, ESRI (2007) put 
forward several reasons. 1- The simulation concept is 
difficult to grasp by non-engineers as it involves 
building a model of the physical building, which 
requires various drawing skills, three-dimensional 
spatial visualisation and buildings geometry. 2- There 
is some degree of uncertainty that affects a model’s 
input data, its parameters and interaction within the 
model.  These uncertainties are incorporated into a 
model by introducing randomness into the modelling 
process to capture dynamic, stochastic events, which 
results in some events not appearing to make sense, 
especially when there isn’t a complete understanding 
of building behaviour. 3- Errors are inevitable and 
exist in all models, which will require some 
knowledge of statistics and probability theory to 
conduct error analysis using the mean and standard 
deviations. Also, users need to run the model 
numerous times in order to investigate alternatives, 
and to minimize the error ratio. 4- Dynamic 
simulation, and the variations in the number of 
parameters normally result in hundreds of thousands 
simulation runs to be performed, which is time 
consuming and requires huge computation resources. 
5- Varying a few parameters in a simulation can 
produce thousands of alternative results. Although a 
higher number of results is good for an effective error 
analysis, it can become confusing and time 
consuming to make realistic and meaningful 
conclusions regarding the performance of the tested 
model. 
In sum, dynamic simulations are powerful tools, in 
comparison to steady state calculations, however, 
their associated challenges mentioned above have 
restricted their usage to a limited number of 
professionals. Hence, steady state calculations, 
despite their naivety, are still being used to perform 
Green Deal assessments and to produce energy 
performance certificates, which are crucial to the 
national planning policy framework devised by the 
UK government to reduce carbon emissions from 
buildings. Our Retrofit Plus project (RetrofitPlus, 
2014) aims to scale up the use of building simulation, 
and make this powerful tool usable by non-skilled 
individuals, such as Green Deal assessors, and 
equally applicable for new build as well as  the 
retrofit of buildings. 

THE EXPERT SYSTEM 
To scale up the use of building simulations for the 
retrofit of zero carbon building, RetrofitPlus has been 
developed to support dynamic simulation and 
optimization in the design process. Scaling up the use 
of dynamic simulations and their optimisation by 
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non-expert users is the main objective of the 
software, but also is the main challenge. This is 
because it requires the system to accomplish 
simulations quickly, be able to run on portable 
devices, offer easy to use and the friendliest possible 
graphical user interface and have only a few 
optimum results shown in detail with clear 
recommendations regarding suitable material 
properties, costs, and systems for retrofit in zero 
carbon buildings. RetrofitPlus utilizes the U.S. 
Department of Energy’s whole-buildings simulation 
engine EnergyPlus (Crawley, 2001), which provides 
detailed calculation for the whole building. 
The program presents a range of design options, each 
of which minimises energy use at a particular 
economic cost, also known as the Pareto optimum or 
Pareto front, which are effectively the results closest 
to their origin axis on a graph, with each axis 
representing an objective (Caramia, 2008).  The 
following objectives have been set as the main goals: 
cost, thermal comfort and zero carbon emissions (as a 
constraint).  
The reports will be simple so as to allow non-expert 
users to understand the trade-offs between the 
objectives, and that retrofit recommendations cannot 
be improved in one direction (e.g. cost) without 
being degraded in another (e.g. building energy 
efficiency).  

Overview 
RetrofitPlus consists of five main software modules 
1- RetrofiPlus manger; 2-Sketcher tool; 3-Parametric 
configurator; 4-Simulation and optimization engine; 
and 5-Report manager.  
The starting point for RetrofitPlus simulation and 
optimisation is making a building skeleton that 
encapsulates the basic requirements for the project, 
such as building location, orientation, number of 
levels, and floor area. After manually validating input 
values, the system provides a sketching area where 
users are able to generate the building skeleton using 
the system’s Sketcher module.  When the building 
skeleton is completed, the system manger calls the 
parametric configurator to convert a basic 2D 
representation of the building skeleton created by the 
user into 3D.  
This model consists of all building components, 
including wall height, depth, orientation and types 
(interior or exterior). In addition to holding accurate 
information on building geometry, they are 
associated with newly generated interface controls 
that allow for their manipulation and hence, users are 
able to specify a range of parameters for some/all of 
these components. For example, various types of 
glazing parameters can be tested within the building 
window facing south. After the user enters these 
parameters, the system manager can convert all 
values and ranges stored in the parametric 
configurator into logical format (known as an IDF 
file) used by EnergyPlus simulation. The system 

manager sends a simulation job to EnergyPlus via 
jEPlus+EA simulation and the optimization tool that 
resides in our group’s X3200 simulation server. The 
simulation and optimisation are performed in parallel 
and the system report manager displays the results 
and recommendations in a user-friendly format.  
 
 

 
 

Figure 1: An overview of the system structure and 
components dependencies. 

 
Graphical User Interface 
The first step in the system is to create the building 
skeleton in an easy and quick fashion, while still 
being able to represent the geometric data of the 
actual building accurately. RetrofitPlus uses a 2D 
grid to generate building plans from the inside out, 
with the user being able to create a building room-by-
room using polygons. These are used so as to provide 
a helpful visual aid, which shows the room locations 
inside the building and attached windows, but the 
user is still required to provide accurate depths and 
widths of these polygons.   
 
 
 

 
Figure 2: A basic UML Use Case diagram. It represents 

high-level simple user interaction with the system, and the 
four main actions needing to be performed to complete 

dynamic simulation assessment on a building. 
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Figure 3: Logical representation of the building created 
from the 2D sketcher, which  includes building geometry, 

orientations and surfaces. This enables the user to test 
various materials against these building construction 

components. 
 

 
Figure 4: Example of a basic ground floor plan of a house 
 

 
Figure 5: Basic & functional graphical interface of the 

expert system. It shows the basic 2D representation of the 
building skeleton, created to represent the floor plan in 

Figure 4. This is subsequently converted into a 3D physical 
representation that consists of a complete set of building 

components. 

Simulation  
RetrofitPlus uses EnergyPlus (Crawley, 2001) as the 
simulation engine that can model complex 
interactions that are important for optimisation, as 
discussed later in the paper. It simulates various 
technologies that will be used for retrofit in zero 
carbon buildings, including radiant heating, under 
floor heating and thermal comfort, amongst others 
(Ellis, 2006). Moreover, RetrofitPlus uses jEPlus+EA 
Client to help run the simulation remotely, via a 
server and executes multiple EnergyPlus simulations 
jobs simultaneously (Zhang 2012), which  reduces 
simulation time by up to 20 minutes for jobs that  
would last several hours if run on PCs. Hence, the 
Green Deal/energy efficiency assessor will only have 
to wait for approximately the same amount of time as 
that needed by SAP before receiving the results and 
being able to take the customer though the range of 
optimum solutions suggested by the RetrofitPlus 
software. 

Optimisation Engine 
After creating the building model for energy 
efficiency testing, the user will need to define the 
number of parameters to explore new solutions for 
retrofitting, which are not possible through traditional 
approaches, such as SAP. As pointed out above, 
although using more parameters will increase the 
likelihood of finding good solutions, it will result in a 
large number of solutions that can easily exceed 
hundreds of thousands. While this is computationally 
expensive, it also makes it nigh on impossible for an 
assessor to find optimum solutions manually. Hence, 
a multi-objective optimisation approach has been 
adopted for rapid exploration of the solution space.   
Optimisation refers to the selection process that looks 
for the best solution in relation to certain criteria, 
from a solution space that contains a set of available 
alternatives (George, 2014). It can be performed 
using single or multiple objectives. Single objective 
optimisation is the easiest as the algorithm looks for 
the best possible solution from the answer set, and 
this is known as the global optimum. Multi-objective 
optimisation is computationally more complex as the 
objectives normally have negative correlations, such 
as minimising the cost of retrofitting, while 
maximising the energy efficiency performance   
(Coello, 2006).  
Multi-objective optimisation methods can be further 
categorised into two types: heuristic; which may not 
necessarily find true optimum solutions, but offer 
high probability of efficiently exploring such 
solutions or at least getting close to one (Evins, 
2013); and iterative, e.g. gradient-based, which can 
take many iterations to compute a local minimum by 
taking steps proportional to the negative of the 
gradient (Evins, 2013). For more details about the 
many optimisation approaches currently available, 
the reader is invited to consult technical literature, 
such as Coello (1999). 
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In reality, there are tens of optimisation methods, but 

only a few have been widely recognised and used.  

One of these is the Nondominated Sorting Genetic 

Algorithm II (NSGA II) (Deb, 2002), which has 

become very popular in the recent years due to its 

computational efficiency and good performance. 

Like most optimisation techniques, it searches 

through the solution space to find a set of optimal 

trade-offs, while treating all objectives as being 

equally important (i.e. non-dominated solutions) and 

the output set contains the optimal solutions, called 

Pareto sets or Pareto fronts. These are typically 

shown in graphs as a convex or non-convex fronts. 

The former shape is easier to deal with since giving 

up a percentage on one objective (say 10%), results 

in a corresponding percentage improvement in 

another, i.e. around 10%, whereas regarding the 

latter, finding the optimum solution can be hard, for 

it could mean giving up a large percentage on one 

objective (say 20%), to get a small improvement in 

the second, i.e. around 5% to 10%.  

 

Figure 6: Illustrates the two typical types of Pareto fronts: 

convex and non-convex. 

NSGA-II ranks Pareto optimum solutions based on 

their values, but also uses the density function to 

estimate density of dominant solutions around the 

optimum. This is performed by calculating the 

average distance to other points on either side of the 

solution. This density value is the so-called crowding 

distance, and is used to prioritise non-dominant 

solutions when they have similar ranks. In this case, 

NSGA-II chooses the solution that exists in the less 

dense area in the graph.  Moreover, it does not 

require external memory and this makes it 

computationally efficient with large sets of solutions. 

Although this algorithm is quick and efficient, its 

average running time can easily exceed hours when 

varying a small number of parameters. In addition, 

since the expert system needs to be able to run from 

tablets, this can make it even slower. Hence, to speed 

up the simulation process, and minimise computation 

cost, the simulations and optimisations will be run on 

a server. To this end, Google Web Tool (GWT) has 

been used to enable the expert system to run as a web 

application. This makes the expert system universally 

accessible and platform independent: it can run on all 

tablets/mobile phone devices and will require no 

installation. 

Expected Results & Report  

For demonstration purposes, the results shown in 

Figure 7 were generated by the expert system’s core 

engine jEPlus+EA (via EnergyPlus) when simulating 

a basic box model similar to that used in the study 

(Huws, 2014), with floor area of 60m2 , a flat roof 

and a single fenestration surface (for glazing) on the 

south elevation. 

 

Figure 7: Results obtained from simulating a basic box 

model. The red points represent a convex Pareto front 

(Adapted from Huws and Jankovic, 2014). 

 

The box model was tested against various 

parameters, such as changing the building fabric, 

altering the cooling/heating strategies and varying the 

ventilation techniques.  NSGA-II in this case looked 

at two objectives: 1) minimising costs and 2) 

reducing carbon emissions. The figure clearly shows 

the convex Pareto front solutions, which are marked 

in red and a much larger number of sub-optimal 

solutions, marked in white. Although the 22 Pareto 

front solutions are proportionally smaller in number 

in comparison with the 200 non-optimum ones, these 

are still hard for the customer to understand when 

digesting the recommendations for retrofitting in a 

zero carbon house.  

Looking at existing SAP and Green Deal Assessment 

software, for which considerable effort has been put 

into the user friendliness aspect of their look and feel, 

we realised that our expert system needs to show 
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between three and five solutions only. Hence, all 
Pareto fronts will be re-ranked again based on 
material availability, cost and the user’s thermal 
comfort.  
Despite the fact that diagrams such as that shown in 
Figure 7 are a good visual aid for customers to 
understand the performance of their home when 
tested against various retrofit plans, this can still be 
challenging for a non-expert. Hence, the report the 
system generated will be easy to digest, and each 
solution will be ranked based on customer priority in 
the context of the three main objectives: cost, thermal 
comfort and building performance.   

CONCLUSIONS 
In this paper, we described the development of an 
expert system that uses jEPlus+EA and EnergyPlus 
as core engines for finding optimum solutions for 
zero carbon design or the retrofit of buildings. We 
have demonstrated at this early stage of the 
development of the tool that it could be used for 
simulation and optimisation techniques for people 
other traditional users, such as engineers, architects 
and researchers. In fact, the main objective of this 
expert system is to scale up the use of dynamic 
simulation and optimisation techniques by making 
them available to non-expert users, in particular 
Green Deal assessors others responsible for issuing 
energy efficient certificates. 
Despite the challenges associated with the use of 
these techniques, such as conceptual complexity and 
high computational power requirement in comparison 
with SAP and Green Deal Assessment, they provide 
more accurate results as well as recommendations for 
designing/retrofitting of zero carbon buildings. Using 
the well known NSGA-II genetic algorithm, the 
system simultaneously optimises conflicting 
objectives as well as social and economic 
performance, whilst treating the zero carbon goal as a 
constraint. The expert system is designed to run 
simulation and optimisation jobs as a web application 
on a server, which makes it the first comprehensive 
web based user interface that runs dynamic 
simulation and optimisation through a web browser.  
Hence, it is platform independent, being usable on 
tablet devices and this will enable easy and quick 
assessment on building sites.  
Running such computationally heavy simulation 
operations on a remote server not only minimises 
simulation time, but also prolongs tablet devices’ 
battery power. Moreover, the system is designed to 
be easy to use, and very generic in order to minimise 
the time to complete a Green Deal assessment. 
Empowering non-experts, such as Green Deal 
assessors and SAP users, with a dynamic simulation 
tool, thereby providing an advanced design decision-
making capability to a wider audience, will facilitate 
the scaling up of the zero carbon retrofit of buildings, 
thus providing greater confidence in achieving 
environmental, social and financial objectives. 
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ABSTRACT 

Carbon emission calculation involves a lot, however, 

there are still no unified standards and methods. In this 

paper, a statistical analysis has been done through 4 

aspects. Master thesis, PhD thesis, journal articles and 

significant conference papers with this topic are 

selected from China Knowledge Resource Integrated 

Database (abbreviation, CNKI) between 1997 and 

2013. 

The paper points out: the majority of carbon emission 

are produced in building materials and building 

operation phases, which are key contents of 

calculation; China's carbon emissions calculation 

methods are in urgent need of unity; it is essential to 

establish a common database; a building-carbon-

emission evaluation system, suitable for the entire 

process of architecture design,  could be a more 

accurate way to evaluate ongoing design for guidance 

during design phase.  

INTRODUCTION 

With the increasing concern of climate change, carbon 

emission research has become the basis of developing 

carbon reduction plan in China. It is one of the key 

factors in achieving a “low carbon economy” and “low 

carbon city” development. 

Related data (WEI et al., 2013) shows that 1/3 of 

carbon emission is from construction industry. 

Therefore, low-carbon building and design become a 

hot topic in the field of planning and design, and 

building carbon emission calculation methods are 

taken as an important basis for the evaluation of low-

carbon design. 

In different scales or fields, there are corresponding 

calculation methods of carbon emission. For 

estimation of large city or region, sources of carbon 

emission should be taken into consideration(ZHU, 

2012). Generally, through sectors analysis, sources of 

carbon emission can be categorized into primary 

industry, secondary industry, tertiary industry and 

living according to China’s current statistical system 

features(CAI, 2011; LI et al., 2012; ZHAO et al., 

2012). Among them, secondary industry could be 

divided into industry and building industry further. 

The total carbon emissions from China in 2005 is 

14.26x108 t, in which secondary industry accounted 

for 84.8% (W. LIU et al., 2010). Current Chinese 

researches in the scale of industry focus more on 

industrial sector(ZHANG and LIU, 2013), however, 

building industry has a large proportion in the national 

energy consumption (LIN et al., 2013). Building 

energy consumption contributes most in building 

industry (WANG et al., 2008), therefore building 

energy consumption and carbon emission is the focus 

of current research. The aim of this paper is to give a 

review of the 17-year research about calculation 

methods of building carbon emission in China. 

Therefore, statistics and analysis of related literature, 

on this theme published in China Knowledge 

Resource Integrated Database (abbreviation, CNKI) 

between 1997 and 2013, is completed. 

RESEARCH STATUS IN CHINA 

Data sources 

The selected data are from CNKI which includes 

"China Academic Journal", "full-text database of 

Chinese PhD thesis", "China Outstanding Master 

Thesis", "China's important conference papers full text 

database", "international conference full-text 

Database ". The retrieval time is set limited from the 

year 1997 to 2013. Using “theme” (ZHANG, 2007), 

covering widely and highly accurate, as the search 

term, “architecture”, containing “carbon emission” or 

“CO2” or “carbon dioxide” , and “calculation” or 

“accounting” or “estimation” were input as search 

words. In professional search field, after entering the 

search term expression retrieval formula "SU = 

'building' * ('carbon emissions' +' CO2 '+' carbon 

dioxide ') * (' computing '+' accounting '+' measure ') 

", 359 literature was output as search results latest until 

November 1, 2013. There were 222 out of 359 that are 

categorized into “architecture and engineering”. After 

artificially filtering and appropriately adding, 128 

literature was collected as research objects. 

Statistics 

Through table 1, it shows that the amount of research 

is increasing year by year, especially from 2010 to 

2013. Research on building carbon emissions 

calculation methods can be divided into three main 
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categories: introduction of international studies, 

carbon emission calculation research of macroscopic 

level and of microscopic level. Among them, studies 

of microscopic level accounts for 75.8% of the total 

literature (97 articles), followed by the research of 

macroscopic level accounts for 19.5% (25) and 

introduction of international studies accounts for 4.7% 

(6). 

As shown in table 2, literature is categorized by the 

source. The result shows that: relevant literature is 

mainly from journals, accounting for 54.7% of the 

total (70), and it includes 47 articles from architectural 

journals (36.7%); followed by dissertation accounting 

for 32%, in which there are 33 master's thesis (25.7%); 

and conference papers are mainly from the 

"International Green building and Energy 

Conservation Conference", although only 6.3% of the 

total, there are close to 1/2 of conference papers that 

are from this conference. 

Table 3 is the statistics for research institutions of first 

authors. The result indicates that there are mainly 3 

types of research institutions: 92 literature from 38 

education and scientific research institutions, 

accounting for 71.9% of the total; 18 from 12 

enterprise scientific research institutes (14.1 %), 

where the Shanghai research Institute of Building 

Sciences (Group) Co., Ltd. has 5, accounting for 1/4 

of this category; 13 from national research institutions 

(10.1%), where Chinese Academy of Sciences 

published 4, accounting for 1/3 of this category. 

CALCULATION METHODS 

Calculation-methods of carbon emission majorly 

build a strong basis on full life cycle theory. Full life 

cycle is a long and complex process. Different 

calculation methods have different assumptions and 

options of stages. Related research in China focuses 

more on microscopic level of building carbon 

emission calculation, namely the study of carbon 

emissions from buildings produced in each stage of 

the whole life cycle, which is also taken as the research 

scope of this paper. However, previous research is not 

valuable as references in a way due to calculation 

methods that are not in common. Non-unified division 

of life-cycle stages, different research boundaries, 

calculation models and data from different 

geographical area and time, ultimately lead to the 

difference of carbon emissions calculation results 

(PENG, 2012).  

Methods and data sources 

In terms of “life cycle”, each authoritative 

organization in the world has a different understanding 

and ways of dividing stages. However, it is generally 

agreed that the whole life cycle should include nine 

single phases: exploitation, transportation and 

processing of raw materials, production of building 

materials, transportation of building materials, 

building construction, building operation, 

maintenance and renovation, building demolition, and 

recycling of building materials or waste disposal. 

Some stages consume relatively short time and have 

less impact on the overall energy consumption of 

buildings, such as building materials phase or 

maintenance and renovation phase, which are usually 

combined with building materials production phase, or 

operation phase. Thus, some stages are suggested to 

be integrated together. Thus, in this paper, building 

life cycle could be divided into four phases: building 

materials phase, construction phase, operation phase, 

demolition and recycling phase. 

Through analysis of relevant literature, three 

categories of calculation methods could be 

summarized: measurement method, mass balance 

method and emission factor method. Among them, 

emission factor method is the most commonly used 

method of calculating building carbon emission. The 

method can be further divided into standard coal 

method and energy type method. According to FAN 

Hongwu’s validation (FAN, 2012), the method of 

using standard coal factor results in bigger outcomes 

compared to that of using different factors of energy 

types, therefore it is suggested to use energy type 

method. 

In addition to the research on determination of 

research boundaries and calculation methods, 

establishing a database of life cycle assessment is also 

a very important part of the work. Through 

comparative study of international common building 

materials database of life cycle(PENG, 2012), it shows 

that the use of different materials database will lead to 

different degrees of error when calculating embodied 

energy and carbon emission of building materials, 

even the biggish error can reach 30%. This shows that 

database has huge impact on calculation. Table 4 is a 

summary of carbon emission sources and 

corresponding data sources for each stage. 

Methods for building life cycle 

The total energy consumption and carbon emission of 

building life cycle could be taken as the sum of those 

for each stage, however, what worth the whistle is that 

a few scholars (HUANG and ZHANG, 2012; ZHANG 

et al., 2012) deem that it cannot reflect the true impact 

of carbon emission on climate change if only adding 

four stages together. According to IPCC report, a 

concept of time weighting (HUANG and ZHANG, 

2012) should be applied, that is, considering the aspect 

of time for operation phase compared to other phases. 

In addition, the calculation models in most literature 

(PENG, 2012) are generally similar, as shown in table 

5 for each stage. The principle is taking “carbon 

emission = activity data × emission factor” as the basis 

(WEI et al., 2013) , first obtaining consumption data 

of each energy type for each activity and the 

corresponding emission factors (ZHAO et al., 2012) 
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and other relevant data, and calculating the result for 

each activity, then summing them up. Until now, there 

is no direct carbon emission monitoring data, so most 

studies estimate carbon emission based on energy 

consumption (PENG, 2011). And for the sake of 

simplicity, the result could also be estimated 

according to the number of stories above the ground 

(ZHANG, 2002; HUANG et al., 2011). 

Building materials phase is the process from 

exploitation, transportation and processing of raw 

materials to production of building materials and then 

transporting those to the construction site. Carbon 

emission of this phase is mainly from energy 

consumption of the above process and physical 

chemical reactions during the production process. It is 

generally believed (LIN et al., 2013; LI, 2011; 

ZHANG et al., 2010; LIU, 2010; SHANG et al., 2011) 

that, in addition to operation phase, this stage is the 

biggest stage in terms of carbon emission, accounting 

for about 10% -30 % of the whole life cycle. 

It involves different types of energy consumed in 

production process of building materials. In 

accordance with the primary energy conversion 

method (ZHANG et al., 2013; ZHANG, 2013), that 

multi-type energy consumption can be converted into 

primary energy sources - coal, oil and natural gas, in 

kWh/m2. Additionally, carbon emission reduction by 

repeated use of recyclable materials, such as high-

recycle-rate building materials – glass, wood, steel, 

steel and aluminium profiles, across life cycle and less 

production of building materials should be taken into 

consideration. Since there exist a wide range of 

building materials, most scholars focus more on 

commonly used building materials, such as the above 

mentioned and cement, concrete block, brick and 

ceramics, etc. (ZHAO et al., 2004). Currently, major 

authorities, such as IPCC, and many papers have cited 

carbon emission factors for each building material. 

Detailed data sources are in table 4. 

Building construction phase refers to construction 

process in the field after materials delivered to 

construction site. Energy consumption in this phase is 

mainly from electricity and fuel consumption of 

mechanical devices (PENG, 2012). For this phase, the 

research is still relatively scarce, and on-site data are 

not easy to obtain. Generally, there are 4 methods of 

calculation (YAN, 2011): input-output method 

(ZHANG, 2002); construction program energy 

estimation method (QIAO, 2006; ZHONG, 2005); on-

site energy consumption measurement method 

(ZHANG, 2002); budget and final book estimation 

method (LI and LI, 2005). 

If it is easy to obtain field data, on-site energy 

consumption measurement method is preferred. The 

amount of each construction technology multiplied by 

corresponding carbon emission factor leads to the 

amount of carbon emission for each construction 

technology, which can be summed finally to obtain 

total carbon emissions. When there is no on-site data 

while construction cost is clear, then input-output 

method could be applied. However, if both methods 

don’t work, there is still simplified regression formula 

concluded according to on-site energy consumption 

data (ZHANG, 2002), as shown in table 5. 

Building operation phase is the main stage of life 

cycle. Most scholars (ZHANG et al., 2010; LIU et al., 

2009; LIN, 2007) believe that carbon emission from 

this phase accounts for 60%-80%. In terms of energy 

consumption, main sources are heating, air 

conditioning, ventilation, lighting, hot water supply 

and electrical appliances, among which heating and air 

conditioning accounts for 65% as the main component, 

hot water supply for 15%, electrical appliances for 14% 

and the other for 6% (X. LIU et al., 2010). The total 

energy consumption of the stage is decided by each 

source and building life span. In terms of building life 

span, previous studies ranges from 35 to 100 years and 

usually take 50 years for research (PENG, 2012), 

which meets the designed life span of general 

buildings in China. 

Carbon emission from this phase is actually indirectly 

caused by a variety of energy types. Accordingly, the 

use of renewable energy, such as solar power, as well 

as carbon absorption of green plants, which has a 

positive effect on environment, should be taken into 

consideration as a corresponding reduction in the 

number of electrical energy inputs and carbon 

emissions (ZHANG et al., 2010). 

There are two main data sources: monitoring data of 

operation; simulate estimation through energy 

analysis software. Wherein the former could be 

applied in 3 methods: spin-off method based on 

macroeconomic statistics; calculation method based 

on all types of building energy intensity; calculation 

method based on terminal electrical equipment (CAI, 

2011). 

Accuracy and integrity of the data obtained through 

on-site measurement method requires a relatively 

complete statistical system of a breakdown energy 

consumption and a high-level management. Although 

this method reflect a real energy using situation, it 

requires a heavy workload statistics and data 

collection is relatively difficult, moreover, the results 

lead to a subjective difference due to different energy 

using habits of users (YAN, 2011). When lacking 

actual operation data, it often carries out through 

energy simulation software. Data obtained through 

simulation method is not actual energy consumption 

of building. On the one hand, it is constrained by 

simulation software. For example, pre-set input 

conditions have a very large impact on the final 

structure of simulation. On the other hand, the actual 

operation and analogue input conditions might vary 

greatly, such as occupancy rate (PENG, 2012). 

However, this method can be applied when comparing 

impacts of new technologies or some influencing 
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factors on building energy consumption. Assuming 

the same building basic conditions, changing only one 

or several variables, it comes out different results 

through computational simulation in order to explore 

energy-saving strategies (YAN, 2011). 

Building demolition phase refers to the removal 

process of abandoned building, from site construction, 

site preparation to transportation, disposal of waste 

materials and garbage. Energy consumption mainly 

comes from electricity and fuel consumption of 

mechanical devices, waste transport, landfill and 

recycling process. Alike construction phase, the actual 

energy consumption data from demolition and 

recycling phases are not readily available. Moreover, 

very few cases from previous studies could really 

include demolition. On conditions of inaccessibility to 

actual data, it is often estimated based on some 

existing research results. For example, some studies 

show that energy consumption from demolition phase 

is roughly 90% of that from construction phase. 

Estimation can be done based on this ratio. Zhang 

(ZHANG, 2002) studied the fitting relationship 

between carbon emission of demolition and the 

number of building floors, which is another method to 

estimate energy consumption and carbon emission of 

this phase, as shown in table 5. 

However, in fact, most research ignored these two 

phases when calculating, because in terms of the 

whole life cycle, carbon emission from these two only 

accounts for a very small proportion (LIN et al., 2013). 

For instances, a research in Taiwan shows that, for 

steel reinforced concrete buildings, demolition phase 

only accounts for 0.18% of the total energy 

consumption (QIAO, 2006). Lin studied 97 typical 

cases and conducted an in-depth analysis about the 

carbon emission, finally found out that construction 

and demolition phase of residential buildings 

generally only account for an average of 0.44% of the 

total energy consumption, and those of public building 

averagely account for 0.46%. Therefore, considering 

the feasibility and the proportion, construction and 

demolition phases can be ignored in a way (LIN et al., 

2013). 

DISCUSSION 
1 Building carbon emissions calculation of 

macroscopic level within life cycle refers to the sum 

of carbon emissions within a certain period of time 

produced by all buildings in an area (CAI, 2011; 

FANG, 2012). 
2 Building carbon emissions calculation of 

microscopic level within life cycle refers to the sum of 

carbon emissions generated in a single building (CAI, 

2011). 

CONCLUSION 

There might be a small amount of uninvolved 

literature, however, through analysis of 128 articles, 

some conclusions can still be drawn as the basis for 

future work. 

First, the result shows that: carbon emission from 

operation phase and building materials phase accounts 

for most in terms of the whole life cycle, and operation 

phase has an especially large share; carbon emission 

from construction phase, demolition and recycling 

phase share very little in total and thus negligible 

generally. 

Second, Chinese scholars have already conducted a 

number of research in this field and accumulated 

considerable research findings and experience. 

However, due to non-unified division of life-cycle 

stages, different research boundary, calculation 

models and data from different geographical area and 

time, it ultimately led to the difference of carbon 

emissions calculation results. This is not conducive to 

the work of low-carbon research. It is urgent to unify 

individually divided life-cycle stages, which might be 

nine single stages - exploitation, transportation and 

processing of raw materials, production of building 

materials, transportation of building materials, 

building construction, building operation, 

maintenance and renovation, building demolition, and 

recycling of building materials or waste disposal. 

Then, list of carbon sources from each stage should be 

clarified. According to specific research aims, it 

consequently lays out research scope among these 

assumed nine.  

Third, it is essential to establish a common database 

within China or a specific geographical spread. 

Different countries even different regions have 

different energy structures, which leads to a big 

difference of carbon emission. Moreover, data from 

different time also result in errors. It is necessary to 

establish a database and standards of carbon emission 

in China. Only unified standards can make relative 

activities, e.g. a uniform calculation method, carbon 

trading, carbon reduction plan, etc., possible and 

develop rapidly. 

Fourth, it needs a huge database and related software 

to conduct accurate calculation results. While for 

planners and designers, it is normally required to 

estimate carbon emission of a building or groups of 

buildings in initial stages of planning and design. 

Besides some frequently used estimate tools, it is 

supposed that full life-cycle database could be 

transformed into operational, simple and relative 

indicators composing of an evaluation system that is 

suitable for the entire process of architecture design. It 

will be a more accurate way than estimate tool to 

evaluate ongoing design for guidance during design 

phase.  

NOMENCLATURE 

𝐸𝑚, carbon emission of building materials phase, 

kg 
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𝐸𝑐, carbon emission of building construction 

phase, kg 

𝐸𝑜, carbon emission of building operation 

phase, kg 

𝐸𝑑, carbon emission of building demolition 

phase, kg 

𝐸𝑟1, carbon emission of recycling phase, kg 

𝐸𝑟2, carbon emission saved through recycling 

phase, kg 

𝐵𝑚𝑖, the amount of building material used (type i) 

𝐵𝑐𝑖, the amount of construction technology (type 

i) 

𝐵𝑜𝑖, the amount of energy consumption (type i) 

𝐵𝑠𝑖, the amount of energy saving (type i) 

𝐵𝑑𝑖, the amount of demolition (type i) 

𝐵𝑟𝑖,  the amount of material recycled (type i) 

𝛾𝑚𝑖, carbon emission factor – building material 

(type i), kg/unit 

𝛾𝑐𝑖, carbon emission factor - construction 

technology (type i), kg/unit 

𝛾𝑖, carbon emission factor - energy (type i), 

kg/unit 

𝛾𝑑𝑖, carbon emission factor - demolition 

technology (type i), kg/unit 

𝛾𝑟𝑖, carbon emission factor - recycling and 

processing of building materials, kg/unit 

𝑆, the number of floors above ground 

𝐴, building area, m2 

𝑌, building life span 

𝛼𝑖, recycling rate of material (type i) 
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Table 1 

Distribution of the time and theme of literatures 
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CALC

ULATI

ON OF 

SPECI

FIC 

CASE 

OR 
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T 

CATEG

ORY 

CALC

ULATI

ON 

FOR 

EACH 

STAGE 

CALCULATION WITHIN 

THE WHOLE LIFE CYCLE 

REDUCT

ION 

CALCUL

ATION 

OF 

APPLIE

D 

ENERGY

-SAVING 

TECHN

OLOGY 

CALC

ULATI

ON OF 

BUILD

ING 

MATE

RIALS 

CALCUL

ATION 

OF 

BUILDIN

G 

MATERI

ALIZED 

PHASES 

CALC

ULATI

ON OF 

BUILD

ING 

OPERA

TION 

PHASE 

1997 1 0 0 0 0 0 0 0 1 0.8% 

1998-
2001 

0 0 0 0 0 0 0 0 0 0.0% 

2002 0 1 0 1 0 0 0 0 2 1.6% 

2003 0 0 0 0 0 0 0 0 0 0.0% 

2004 0 0 0 0 1 0 0 0 1 0.8% 

2005 0 0 0 0 0 0 1 0 1 0.8% 

2006 0 0 1 0 0 0 0 1 2 1.6% 

2007 0 0 0 1 0 1 1 1 4 3.1% 

2008 0 1 1 1 0 0 1 0 4 3.1% 

2009 0 1 0 3 3 0 1 0 8 6.2% 

2010 0 3 7 6 1 0 2 2 21 16.4% 

2011 0 10 10 9 2 2 0 2 35 27.3% 

2012 2 5 6 6 6 2 3 4 34 26.6% 

2013 3 4 3 0 4 1 0 0 15 11.7% 

Total 6 25 28 27 17 6 9 10 128  

Ratio 4.7% 19.5% 21.9% 21.1% 13.3% 4.7% 7.0% 7.8%  100% 
 

Table 2 

Distribution of literature sources 
 

LITERATURE SOURCES AMOUNT OF 

LITERATURE 

CONSTITUENT 

RATIO 

Journal Papers Journals of universities 8 6.3% 54.7% 

Architectural journals 47 36.7% 

Environmental journals 10 7.8% 

Other journals 5 3.9% 

Dissertation PhD thesis 8 6.3% 32% 

Master’s thesis 33 25.7% 

Conference 
Papers 

International Green Building and Energy Conservation 
Conference 

8 6.3% 13.3% 

Other conferences 9 7.0% 

Total 128 100% 
 

Table 3 

Distribution of literature research institutions 
 

RESEARCH INSTITUTE AMOUNT OF 

LITERATURE 

CONSTITUENT 

RATIO 

Education and 
research 
institutions 

Tsinghua University 13 10.2% 71.9% 

Huazhong University of Science and Technology 10 7.8% 

Tongji University 9 7.0% 

Tianjin University 6 4.7% 

Chongqing University 5 3.9% 

Other 33 institutions 49 38.3% 

Enterprise 
scientific research 
institutions 

Shanghai Research Institute of Building Sciences (Group) 
Co., Ltd. 

5 3.9% 14.1% 

Other 11 institutions 13 10.2% 

Chinese Academy of Sciences 4 3.1% 10.1% 
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National research 

institutions 

Other 7 institutions 9 7.0% 

Other research institutions 5 3.9% 

Total 128 100% 
 

Table 4 

Carbon emission sources and data sources for building life cycle stages 
 

STAGE MAIN SOURCES OF 

ENERGY CONSUMPTION 

AND CARBON EMISSION 

DATA SOURCES 

Building 
materials phase 

Extraction, transportation, 
processing of raw materials and 
production, transportation of 

building components 

1. Building materials database 
International: Boustead (U.K.), SimPro (Netherlands), TEAM, 
Athena and PEMS (Canada), CASBEE (Japan), GaBi (Germany), 

SPINE (Sweden), EIO-LCA (U.S.A.), OGMP (Korea), etc. 
China: BELES (Tshinghua University), Building materials of 
LCA database (Beijing University of Technology), Building 
energy consumption and carbon emission inventory database 
(Zhejiang University), EBALANCE database (Sichuan 
University), etc. 
2. Local research data 

Construction 

phase 

Electricity and fuel consumption 

of mechanical devices; 
production of auxiliary 
construction materials 

1. on-site energy consumption measurement, energy bills (budget 

and final book, etc.) 
2. calculation through simulation software: Construction Carbon 
Calculator (U.S.A.), etc. 

Building 
operation phase 

Heating, air conditioning, 
ventilation, lighting, water 
supply, daily consumption of 
electrical devices (excluding 

household appliances); 
maintenance and replacement of 
building materials, components, 
fittings or equipments 

1. survey results: statistics on energy bills, energy consumption 
monitoring data; 
2. calculation through simulation software: DOE-2, Energy Plus, 
BLAST, eQuest (U.S.A.), Hot 2000 (Canada), ESP-r (U.K.), 

HASP (Japan), DeST, PKPM (China), etc. 

Demolition and 
recycling phase 

Electricity and fuel consumption 
of mechanical devices; waste 
transport, landfill or recycling 
process 

on-site energy consumption measurement, estimation according 
to relevant literature 

Whole life cycle  BEES (U.S.A.), ENVEST (U.K.), Athena (Canada), AIJ-LCA 
(Japan), LISA (Australia), ECO-QUANTUM (Netherlands), 
EQUER, TEAMTM (France), etc. 

 

Table 5 

Calculation models of building life cycle stages 
 

STAGE CALCULATION MODELS 

Building materials phase actuarial 𝐸𝑚 =∑𝐵𝑚𝑖 × 𝛾𝑚𝑖 

estimate Regression formula(ZHANG, 2002), e.g. reinforced concrete building 

𝐸𝑚 = (𝑎𝑆2 + 𝑏𝑆 + 𝑐) × 𝐴 
Residential building: 𝑎 = 0.10,𝑏 = 4.39, 𝑐 = 278.08 

Office building: 𝑎 = 0.12, 𝑏 = 4.45, 𝑐 = 275.23 

Education building: 𝑎 = −0.18, 𝑏 = 10.5, 𝑐 = 251.86 

Construction phase actuarial 𝐸𝑐 =∑𝐵𝑐𝑖 × 𝛾𝑐𝑖 

estimate 𝐸𝑐 = (𝑆 + 1.99) × 𝐴 

Building operation phase actuarial 𝐸𝑜 = 𝑌 ×∑𝐵𝑜𝑖 × 𝛾𝑖 −∑𝐵𝑠𝑖 × 𝛾𝑖 

Demolition 
and 

recycling 

phase 

demolition actuarial 𝐸𝑑 =∑𝐵𝑑𝑖 × 𝛾𝑑𝑖 

estimate 𝐸𝑑 = (0.06𝑆 + 2.01) × 𝐴 
or 𝐸𝑑 = 𝐸𝑐 × 90% 

recycling actuarial 𝐸𝑟 = 𝐸𝑟1 − 𝐸𝑟2 =∑𝐵𝑟𝑖𝛼𝑖 𝛾𝑟𝑖 −∑𝐵𝑟𝑖𝛼𝑖 𝛾𝑚𝑖 
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ABSTRACT 
The aim of this paper was to investigate optimum 
methods for zero carbon retrofit, that would not only 
result in achieving zero carbon status of a building, 
but would also maintain this status in future climate, 
using environmental, social and economic criteria. 
The environmental criteria included energy and 
carbon emissions. Thermal comfort was considered 
under the social criteria. The financial criteria 
included the retrofit cost. 

A basic box model was used to run simulation tests, 
in order to investigate conflicting constraints of 
environmental, social and economic criteria, all 
under current and future climate. However, to search 
for the optimum retrofit solution, a multi-objective 
optimisation, was deployed as a decision aid 
technique. DesignBuilder software was utilised to 
create the base model, and JEPlus with EnergyPlus 
was used as an engine to run the multi-objective 
optimisation, with three objectives; carbon emissions, 
cost and comfort. 

Trade-off relationships between carbon and comfort 
and carbon and cost have been plotted as result of 
optimisation, and design solutions to help maintain 
the zero carbon performance in the future weather 
have been identified in order to decrease the chances 
of overheating and excessive energy use for cooling. 

INTRODUCTION 
The UK set a target to reduce its carbon emissions by 
80% by 2050, the relative to 2000 emissions, 
according to the UK’s independent climate change 
committee recommendation (NHBC, 2009). It is 
estimated that 80% of the houses in 2050 will be 
houses that exist now, highlighting the importance of 
retrofit (Boardman et al., 2005). 
The building sector is the largest user of energy in 
the European Union (EU). Therefore, there is a need 
to enhance the new and existing building stock. 
Passive strategies, energy efficiency measures and 
innovative technologies for buildings are well known 
within the field. However, the decision making 
process to identify the best combination that would 
result in the best possible scenario is a complex 
process. There are several aspects that need to be 

coordinated: energy and environmental, financial, 
social, legal and others (Asadi et al., 2012). 
These early stage design decisions, whether for new 
build or retrofit, will highly influence the building 
performance over the 50-100 years of its lifetime. 
Future predictions of temperatures show an increase 
in Cooling Degree Days (CCD), which would result 
in more air-conditioning, in order to maintain thermal 
comfort levels, consequently increasing the demand 
for fossil fuels (UKCIP, 2010). 
Adaptation measures are therefore essential for both 
new built and existing buildings along with 
mitigation measures in the context of climate change. 
With more criteria to cover, the complexity of the 
design decision process will increase, so will the 
need for better decision support tools. Energy 
modelling has been used extensively to predict the 
overall building performance. However, the number 
of annual results increases exponentially with the 
number of simulated parameters, potentially leading 
to a large solution space where searching for the 
optimum solution is comparable to the ‘needle in a 
haystack’ problem. A manual trial and error search 
for the best retrofit solution using individual 
simulations would be time consuming, and also 
restrictive, thus compromising the ability to reach the 
optimum solution. Therefore, optimisation tools have 
been used in this study to address the complexity of 
decision- making. 

Context and aims 
The paper explores retrofit strategies using a simple 
box. The invistigation explores various fabric 
strategies, in order to establish pathways for retrofit 
of zero carbon houses that are adaptable to the 
changing climate without compromising the overall 
performance in the future. The main aim is to   
investigate conflicting constraints of environmental, 
social and economic criteria, in the current and future 
weather.  

UK climate projections 
The UK Climate Projections 2009 (UKCP09) 
provide climate information for the UK up to the end 
of the century. Although weather projections are 
uncertain, they are crucial to develop future 
adaptation strategies. The UKCP09 weather 
projections are based on advanced climate modelling, 
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past observations, the Intergovernmental Panel on 
Climate Change (IPCC) emissions scenarios and 
expert judgement. It has three carbon emissions 
scenarios; high, medium and low to represent the 
possible future states (UKCIP, 2010). 
To quantify the uncertainties in the projections 
caused by: natural climate variability; modelling 
uncertainty; and uncertainty in future emissions; 
probabilistic projections are provided, based on 5 
Cumulative Distribution Function (CDF) probability 
levels (of 10%, 33%, 50%, 66% and 90%) (UKCP09, 
2010). 
Simulations performed using future weather data 
allow risk-based analysis and adaptation strategies to 
be implemented in early design stages. 

OPTIMISATION 
Optimisation itself refers to finding the best possible 
solution to a problem, within a set of constraints. The 
optimisation of building performance would have the 
optimum design or control as the sought after 
solution, given a set of variables or alternatives, 
according to a set criteria. These criteria are 
represented as a mathematical function, referred to as 
the objective function. The optimisation results in an 
optimum solution, on the basis of the objective 
function, and it could be either a minimum or a 
maximum of that function (Coello, 2006, Evins, 
2013) 

Single objective 
When dealing with a single objective, such as energy 
consumption, the solution is a single optimum value, 
in which case the best possible solution is the 
minimum energy consumption. This is referred to as 
the ‘global optimum’. In some cases this might not 
be reached due to relying on unsuitable methods such 
as single simulations or search methods that get 
locked in a local rather than the global optimum.  A 
single objective function is a function of one 
independent variable y = f(x), which could have local 
minima as well as a global minimum (Coello, 2006). 

Multi-objective optimisation problem 
A multi-objective optimisation problem is a problem 
that has two or more objectives. A multi-objective 
function is a function of several independent 
variables y = f(x1,x2,…xn), If the objectives are 
independent, a global optimum can be reached in 
sequential order, one single objective at a time. 
However, this point-to-point search can be very time 
consuming. Another method would be a weighted 
sum approach, where various independent objectives 
are combined to create a single objective. A third 
approach, used by DesignBuilder through JEPlus, is 
to conduct parallel search using genetic algorithms. 
This is by far the fastest way of searching the 
solution space, and the least likely to lock in an local 
minimum that effectively represents a sub-optimal 
solution. 

However, in most cases the objectives are not 
independent between each other. For instance, the 
objectives could be to minimise energy consumption 
and maximise thermal comfort. In such cases, there 
would be no optimum solution due to conflicts 
between the objectives. The global optimum would 
not be normally found in a single solution, and trade-
offs between conflicting constraints would be 
required (Coello, 2006, Attia et al., 2013, 
Lapinskiene and Martinaitis, 2013).  

Pareto Optimum 
In the case of multi-objective optimisation, where 
there are conflicting constraints between the 
objectives, the notion of optimality is different. This 
is represented by an Edgeworth-Pareto relationship, 
known as the Pareto optimum. It was firstly 
introduced by Francis Ysidro Edgeworth in 1881, 
and generelised by Vilfredo Paerto in 1896 (Coello, 
2006). 
Using this approach, all objectives are given the same 
weight, trying to reach a compromise between them, 
and resulting in a set of trade-off solutions that would 
create a curve when plotted, known as the Pareto 
front, where the objectives perform better than on 
any other point above that curve. 
Building design is an inherently multi-objective 
process, with a trade-off to be made between two or 
more conflicting design objectives, for example; 
achieving high thermal comfort would require more 
energy demand and therefore an increase in carbon 
emissions. This has led to the application of 
simulation-based multi-objective optimisation 
methods that identify the Pareto optimum and the 
trade-off between the conflicting objectives 
(Chantrelle et al., 2011). 

METHODOLOGY 
Previous work by authors proved that climate change 
would have an effect on the energy consumption of a 
building due to the increase in cooling demand. This 
paper is a continuation of an investigation looking at 
pathways to maintain a zero carbon performance in 
future weather. These pathways would need to help 
mitigate climate change as well as provide adaptation 
strategies in future weather extremes (Jankovic and 
Huws, 2012). 
Deriving the pathways for retrofit requires a series of 
design decisions, involving various design variables. 
Therefore, the optimisation was a necessary step to 
investigate a range of best solutions, without 
compromising the results.  
DesignBuilder software (DesignBuilder, 2014) was 
selected for the work, due to its readily available 
optimisation capability, with JEplus as a facilitator of 
the optimisation process (DesignBuilder, 2014, 
jEPlus, 2014)  
Using DesignBuilder software, a box model was 
created, and a multi-objective simulation was carried 
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out using the optimisation application within the 
software. The box model is a simple detached box, 
with an area of 60m2, a flat roof and glazing on the 
southern elevation. A box was used for simplifying 
the modelling process, reducing the number of 
variables and reducing the simulation time required. 
The optimisation analysis looked at three groups of 
design variables; 1) building fabric; 2) cooling 
strategies, including shading, natural ventilation and 
mechanical cooling; 3) zero carbon technologies. 
This paper will introduce the first step of the 
analysis, investigating optimisation for certain 
elements of the building fabric.  
As the aim of the multi-objective optimisation in this 
research is to find the best solutions for retrofit, there 
are three conflicting objectives: reducing carbon 
emission, reducing cost and providing thermal 
comfort. Carbon emissions in DesignBuilder 
represent the total operative carbon over the whole 
year, including cooling, which was applied to 
measure the effect of the various variables on 
reducing the space overheating, and comfort is 
represented by the yearly number of hours when 
discomfort is occurring.  
Cost within the optimisation function in the software 
is based only on the construction cost. This was 
calculated on the basis of the market prices in the 2nd 
quarter of 2014, which were manually entered into 
the software by the authors. These prices included the 
supply of materials and labour cost for installation, as 
well as main contractor’s preliminaries of 12%, 
overheads and profit of 5%, and a contingency of 
5%, but excluding design fees and VAT.  
The three objectives of carbon, comfort and cost had 
equal weighting, as there is no criteria to decide 
which objective in this case would be of higher 
priority. After running the optimisation, from the 
Pareto front of each two objectives, a trade-off could 
be decided based on the selected objective  
importance, which would result in compromising the 
second objective. 
The design variables related to the building fabric 
consisted of: external wall construction, external 
glazing, window to wall ratio, infiltration, shading 
and ground thermal mass. The variables were 
selected to correspond to the most common steps in 
the retrofit process, such as improvements of thermal 
insulation and glazing, as well as providing passive 
ways for reducing future overheating, including 
thermal mass, window size and shading.  
For each one of the variables different options were 
specified. External wall construction had 6 different 
options of insulation. Three of them were internal 
and the other three external insulation, with U-values 
of 0.1, 0.2 and 0.3 W/m²K, achieved by using 
Warmcell insulation of varying thicknesses, as shown 
in (Table 1). The U-value of 0.3 W/m²K is a 
representative of the building regulations requirement 
for retrofit.  

Glazing consisted of three options: double glazing 
(1.9 W/m²K U-value), triple glazing (0.86 W/m²K U-
value) and quadruple glazing (0.6 W/m²K U-value).  

Table 1 
External walls and glazing options 

 

VARIABLE OPTIONS U-VALUE 
(W/m²K) 

External wall 

Internal Insulation 
350mm Warmcell 0.10 

Internal Insulation 
200mm Warmcell 0.20 

Internal insulation 
100mm Warmcell 0.29 

External Insulation 
350mm Warmcell 0.10 

External Insulation 
200mm Warmcell 0.20 

External insulation 
100mm Warmcell 0.29 

Glazing  

Double glazing 1.90 

Triple glazing 0.86 

Quadruple glazing 0.6 
 

Infiltration was set as a range between 0.1 and 1.0 air 
changes per hour (ach) in steps of 0.2. Shading 
consisted of 7 options: 3 different louvers and 4 
different overhangs. The ground floor had two 
options; High thermal mass with rammed earth, Low 
thermal mass with wood and carpet. Finally the 
window to wall ratio was set as a range between 20% 
and 100%. 
Carbon emissions in this study are based on the 
energy demand without taking into account the 
energy produced from any zero carbon technologies. 
Those considerations are covered in a later stage of 
the analysis.  

Searching for a needle in a haystack 
Table 2 below indicates the solution space size. As it 
can be seen from this table, with a handful of 
parameters and relatively small number of variations 
of each, the total number of possible designs for a 
single building increases very quickly to over 
400,000. No designer can search this solution space 
exhaustively, and point-to-point search would last a 
very long time and would easily lock into a local sub-
optimum. The problem of searching this space is 
therefore equivalent of searching for a needle in a 
haystack, and only a parallel search using a genetic 
algorithm, such as NSGA2 used by jEPlus (Asadi et 
al., 2012, jEPlus, 2014)  , could find a set of trade-off 
solutions within  reasonable time. 
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Table 2 The solution space 
 

Future weather analysis 
It was found that the solutions derived for the 
Birmingham current weather, resulting in zero carbon 
emissions and low discomfort, would not be the same 
in the future weather. Therefore, this study conducted 
optimisation with the same objectives and variables, 
using Birmingham future weather files for 2030, 
2050 and 2080. These files were of the medium 
emissions scenario and using the 50th percentile of 
weather data predictions. 

For each weather scenario, on the Pareto front, there 
will be an optimum point for carbon emissions, 
which would also have the highest level of 
discomfort. Moreover, there would be an optimum 
point for comfort, which would have least hours of 
discomfort but at the same time highest carbon 
emissions. Those two optimum points for current, 
2030, 2050 and 2080 weather were subsequently 
simulated individually, by applying the same design 
variables that led to them, and studying the energy 
breakdown in the individual models. 
Triangulation 
The DesignBuilder software has three pre-set 
objectives; CO2 emissions, discomfort hours and 
construction costs. However, the user can define only 
two objectives at a time for each optimisation run.   
Having three conflicting objectives in the study 
required running three optimisations for each weather 
file; discomfort AND CO2, discomfort AND cost, 
CO2 AND cost. 

EXPERIMENTS AND RESULTS 
The multi-objective optimisation for the four 
different files and the three optimisations for each 
resulted in 12 Pareto fronts, with 40 points 

representing different scenarios (Figure 1, Figure 2 & 
Figure 3). None of the points within a weather Pareto 
front were identical, which indicated that no single 
solution would fit the current and the predicted future 
weather, in terms of both of the specified objectives: 
carbon and comfort. This therefore indicates the 
importance of gradual adaptive measures. However, 
the optimum points for cost were very similar in the 
outputs, due to the construction cost criteria, which 
calculated the lower cost solution, in relation to the 
second objective. 

 
Figure 1 CO2 emissions and cost Pareto fronts 

 

 
Figure 2 Cost and discomfort hours Pareto fronts 

 

 
Figure 3 CO2 emissions and discomfort hours Pareto 

fronts 
 

External Walls 
There were six different options for external walls. 
The results demonstrated the importance of the 
insulation in reducing both carbon and discomfort. 

Parameter Variations 

Wall construction 6 

Glazing 3 

Floor construction 2 

Window to wall ratio: 20% - 100%, 
steps of 10% 9 

Infiltration (ACH): 0.1 – 1.0, steps of 
0.1 10 

External shading: brie soleil x 4 + 
louvres x 3 7 

Heating set points: 2 2 

Building heating systems: gas, 
biomass, heat pump 3 

Renewable technologies: solar PV, 
solar thermal, wind energy 3 

The solution space: the product of 
the above 408,240 
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The two options of internal insulation and external 
insulation with 350mm of Warmcell, were the two 
options occurring for the optimum points of 
minimum CO2 and maximum comfort, with the 
Internal insulation of 350mm being the dominant 
option for  current and 2080 weather scenarios. 
It is noticeable that having the cost as an objective 
influenced the optimum Pareto points for cost to 
occur for insulation of 100mm Warmcell, just  
achieving the Building Regulations requirement.  

Glazing 
The three options for external glazing were double 
glazing, triple glazing and quadruple glazing. The 
results showed that having comfort and CO2 
emissions as constrains resulted in mainly triple and 
quadruple glazing solutions. The results suggest that 
there is correspondence between triple glazed 
windows and the optimum comfort points, and 
correspondence between quadruple glazing and the 
carbon reduction optimum points. However, it is 
worth mentioning that a whole building solution is 
necessary as window size and shading options are 
closely related to this option. 
Having a cost as an objective gave similar results as 
in the external wall construction, where the lower 
cost option of double glazing dominated the results 
(Figure 4). 

Window to wall ratio and shading 
Earlier test results indicated the need for shading in 
future weather, when window to wall ratio was not 
variable. In this box model, both window to wall 
ratio and shading elements were test variables, and 
results of both were examined in relation to each 
other.   
In relation to CO2 and comfort only, in the current 
weather, a combination of 48% glazing on the 
southern façade and 0.5m overhang resulted in an 
optimum CO2 emission performance, while more 
shading was required with a similar glazing area in 
order to improve comfort. 
Results for future weather were suggesting higher 
window to wall ratio, with the highest amount of 
glazing in 2050, reaching 80% in combination with 
1.5m overhang shading. But the area of glazing 
reduces again in 2080 to 55% glazing and 1.5 m 
overhang for both comfort and CO2 optimum point. 
When having the cost as an objective, combined with 
comfort, the results were very similar to the above 
with slight variations, in terms of less shading. 
However, when Cost and CO2 are the two objectives, 
the glazing area increases drastically, to 70% glazing 
in current weather with 0.5m overhang, and up to 
98.5% glazing in 2080 with 0.5m overhang.  

Thermal mass 
High thermal mass and low thermal mass were tested 
in the ground floor by changing the surface material. 
When having comfort and CO2 emissions as 

objectives, high thermal mass was a dominant 
solution in all Pareto points for future weather 
scenarios, with one exception: in order to achieve 
optimum comfort levels in the current climate, the 
ground floor had low thermal mass. 
Due to the low prices of rammed earth in comparison 
with having wooden floors, when having cost as an 
objective, high thermal mass ground floor was the 
optimum solution in all the points. 

Energy and carbon breakdown 
Previous studies and analysis showed an increase in 
total energy demand with the increase of the weather 
file year. With both Comfort and CO2 emissions set 
as objectives, the box model had different results in 
relation to current weather files, as the energy 
demand was the highest in the current weather, 
followed by 2080, with minimum energy demands in 
2030. However, the increase of energy demand from 
2030 to 2050 up-to 2080 was clear. This was 
disregarding the change of future carbon intensity of 
fuels and using the current carbon conversion factors.  
With cost and CO2 emissions set as objectives, 
optimisation gave higher carbon emissions for 2080, 
followed by the current weather file, with 2030 
achieving the minimum carbon emissions. 
In order to gain better understanding of the carbon 
emissions related to the Pareto optima, the highest 
and lowest points in the Pareto front for each 
optimum point in the current and in 2080 weather file 
were simulated. The simulation was run using 
DesignBuilder by applying the design variables of 
the corresponding points in the model.  
The number of the points was related to the 
triangulation method, where each optimisation of two 
objectives would have optima for each of the 
objectives.  Hence, the current weather had 6 
optimum points.  
In some cases where cost and comfort where the two 
objectives, a single Pareto value was calculated 
instead of a Pareto front, such as in the case of 2080 
weather file, therefore resulting in 5 optimum points 
for 2080 as shown in Figure 2. 
The optimum points related to the current weather 
file indicated minor cooling demand ranging between 
0.002% and 0.5% of the total energy demand, while 
heating demand ranged between 39%-45% of the 
total energy demand.  
Results from the 2080 weather file optimum points, 
showed that heating demand still represented the 
majority of energy demand, but less than the current 
heating demand, with a range between 30%-33% of 
the total energy demand, while cooling had a slight 
rise, varying between 0.7% and 5% of the total 
energy demand (Figure 4).  
These results might not put into perspective the 
increase in cooling demand that is expected in the 
future. We need to stress that these are the results of 
the optimum points, which represent the best solution 
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Solution Heating % Cooling% Solution Heating % Cooling%

Minumum discomfort

 Int insulation 350mm, low thermal 
mass, quadro glazing, 45% 
southern glazing and 2m overhang 45% 0.00%

 Int insulation 350mm, high thermal 
mass, triple glazing, 55% southern 
glazing and 1.5m overhang 33% 0.70%

Minimum CO2

     
thermal mass, triple glazing, 48% 
southern glazing and 0.5m 
overhang 40% 0.10%

 Int insulation 350mm, high thermal 
mass, quadro glazing, 55% southern 
glazing and 2m overhang 30% 1%

Minumum discomfort

Int insulation 350mm, High thermal 
mass, quadro glazing, 33% 
southern glazing and 0.5 overhang 37% 0.02%

Minimum cost

Int insulation 100mm, High thermal 
mass, double glazing, 95% 
southern glazing and 0.5 overhang 41.40% 0.49%

Minimum CO2

Int insulation 350mm, High thermal 
mass, double glazing, 70% 
southern glazing and 0.5 overhang 38% 0.50%

Ext Insulation 200mm, High thermal 
mass, double glazing, 98.5% 
southern glazing and 0.5 overhang 26% 5%

Minimum cost

Int insulation 100mm, High thermal 
mass, double glazing, 70% 
southern glazing and 0.5 overhang 42% 0.50%

Int Insulation 100mm, High thermal 
mass, double glazing, 98.5% 
southern glazing and 0.5 overhang 31% 5.30%

Current 2080Weather file
Objectives

Discomfort & CO2

Discomfort & cost

CO2 & cost

Int Insulation 100mm, High thermal 
mass, double glazing, 66% southern 
glazing and 0.5 overhang

33% 3%

related 
to the 

objectives. It could be said that cooling was reduced 
due to the passive strategies applied in the model, 
and the fact that the internal gains were limited due 

to the model simplicity, which reduced the heat load. 
This could also explain the high heating energy 
demand, inrelation to the large external surface area. 

DISCUSSION 
The results indicate that no single solution would fit 
the current and the predicted future weather in this 
particular retrofit case, in terms of the three set 
objectives: carbon, comfort and cost. This indicates 
the necessity of adaptive measures to be integrated 
into buildings along with the mitigation measures. It 
also highlights the importance of gradual adaptive 
measures that could be derived from the Pareto 
results for the future weather.  
However, patterns were identified between the 
variables and the objectives. The results 
demonstrated the importance of high levels of 
thermal insulation in external walls. In this case of a 
detached box, internal insulation was dominant in the 
current and in the 2080 weather, corresponding to 
both thermal comfort and CO2 optimum. This was in 
combination with high thermal mass in all future 
scenarios, which would help stabilise the internal 
temperatures and improve comfort. However, the 
optimum points in the current weather had internal 
insulation of 350mm, combined with low thermal 
mass flooring. 
A clear pattern was occurring with the type of 
glazing, where triple glazing corresponded to lower 
carbon emissions, while quadruple glazing 
corresponded to increased comfort. The initial 
assumption of the reason why quadruple glazing was 
corresponding to higher CO2 emissions was an 
increase in cooling demand. However, the results did 
not support this assumption, as glazing is just one 
variable within the combination of variables, which 
restricts the ability to detect the relationship between 
a single variable and a result.  
With comfort and CO2 emissions as objectives, the 
window to wall ratio was the lowest in current 

weather, due to the need to reduce the amount of heat 
loss occurring through the windows. While  the   area  
of glazing increased in 2030 and 2050 weather up to 
80%, it reduced back again in 2080 to 55%, in order 
to minimise solar gains through the glazing. In the 
current weather, shading was mainly required to 
achieve the lowest discomfort level. However, in 
2080, the 1.5m Overhang was required to reduce 
both discomfort and CO2 emissions. 
Having cost as an objective resulted in limited 
number of solutions of 6 Pareto points, due to the 
limited measures to reduce the cost in this simple 
box. To achieve the low cost target, 100mm of 
internal insulation was combined with rammed earth 
and double glazing, window to wall ratio of a 
maximum of 98.5%, and a minimum shading of 0.5m 
overhang.  
Results from the energy breakdown identified 
heating as the main source of carbon emissions in 
both current and future climate. However, heating 
demand reduced by 25% from current to 2080 
weather, whilst, cooling demand was insignificant in 
current weather, but reached 5% of the total demand 
in 2080. This magnitude is not significant, but it was 
a result of the optimum combination to reduce the 
carbon emissions, using passive strategies. Therefore, 
if no adaptation measures are deployed, the demand 
will be higher.  

CONCLUSION 
Deriving the pathways for retrofit requires a series of 
design decisions, involving various design variables. 
Optimisation was found to be a necessary step to 
investigate a range of best solutions, without 
compromising the results.  

Figure 4 Table showing the optimum scenarios for the various objectives, along with the cooling and heating 
percentage of the total energy demand 
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A model of 60m2 detached box was used to 
investigate various fabric strategies, in order to 
establish pathways for retrofit of zero carbon houses 
that are adaptable to the changing climate without 
compromising the overall performance in the future.  
The multi-objective optimisation had three 
conflicting objectives: reducing carbon emissions, 
reducing construction cost and providing thermal 
comfort. The design variables related to the building 
fabric consisted of external wall construction, 
external glazing, window to wall ratio, infiltration, 
shading and thermal mass. Optimisation analysis was 
run using Birmingham current weather files, and 
future weather files for 2030, 2050 and 2080.  
The results showed that none of the points within the 
12 Pareto fronts were identical, which indicated  that 
no single solution would fit the current and the 
predicted future weather at the same time, in terms of  
the specified objectives: carbon, cost and comfort. 
High levels of interal insulation was defined as an 
optimum solution for various weather files, to reduce 
both CO2 emissions and discomfort levels. That was 
combined with high thermal mass, particularly in 
future climates. However, Pareto points related to 
comfort optima were dominated by qudruple glazing, 
while the points related to CO2 emissions optima 
were dominated by triple glazing, whilst double 
glazing corresponded to the cost optima points, 
indicating a need for a trade-off between carbon 
emissions and comfort criteria. 
Due to the simplicity of the model, measures to 
reduce the cooling demand were highly effective, in 
comparison to more complex buildings. This 
emphasized that strategies that target the fabric, and 
rely on passive measures to improve building’s 
performance are essential, but currently expensive. 
The Pareto front included different solutions which 
enabled a compromise between the three objectives. 
If we anticipate that the carbon intensity of future 
electricity would decrease, and that carbon emissions 
would be reduced with the integration of renewables, 
together with a possible price reduction for  advanced 
materials, then this would give scope for more 
emphasis on comfort in the future.  

NOMENCLATURE 
𝐴𝐶𝐻,  Air Changes per Hour; 
𝐶𝐶𝐷,  Cooling Degree Days; 
𝐶𝐹𝐷,  Cumulative Distribution Function; 
𝐼𝑃𝐶𝐶,  Intergovernmental Panel on Climate 

Change;  
NSGA2, Non-dominated Sorting Genetic Algorithm 

2 
𝑈𝐾𝐶𝑃09,  UK Climate Projections 2009;   
𝑍𝐶𝐻,  Zero Carbon House. 
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ABSTRACT 

The use of Hemp-Lime Concrete (HLC) as building 
material shows growing interest thanks to its low 
embodied energy and interesting thermo-hydric 
properties. However, few studies were conducted for 
HLC characterization at building scale under real 
conditions. 

A French 2-floor HLC individual dwelling was 
monitored during 2 years. This paper describes an 
evaluation of thermal comfort and hygrothermal 
behaviour of two walls by measurements and 
computer simulations. 

Measurements show good level of thermal comfort 
during summer and winter and confirm the ability of 
HLC to almost completely dampen variations of 
external temperature and relative humidity. The 
numerical results put in evidence the importance of 
taking into account the hysteresis phenomenon of the 
sorption curve and the initial water content gradient.  

INTRODUCTION 
In the context of sustainable development, one of the 
concerns in building construction is the choice of 
environmentally friendly materials. Indeed, it has 
some impacts on exhaustion of natural resources, 
energy consumption (for heating and cooling), and 
polluting emission. This study deals with Hemp-
Lime Concrete (HLC) that is told to have a low 
impact on environment as it is made of hemp shiv 
(renewable raw) and of lime (lower embodied energy 
than cement) (Boutin et al., 2005). According to its 
composition, it can be used for several applications: 
wall, floor and roof. HLC is characterized by a very 
important porosity (more than 70% in volume for a 
‘‘wall’’ mixture) and thus it has low dry density 
(around 400 kg.m-3 for a “wall” mixture). It shows 
low compressive strength so, it is mainly used as 
filling material associated with a wooden frame. 
From a hygrothermal point of view, HLC shows 
interesting thermo-hydric properties, like a low 
thermal conductivity (around 0.1 W.m-1.K-1) and an 
hygric buffering capacity (Collet et al., 2012). 
(Samri, 2008) has developed an experimental facility 
which permit the investigation of the hygrothermal 
response of HLC in comparison with two other 
usually used porous building materials. The results 

underline the fact that parameters such as vapour 
permeability and moisture capacity in steady-state 
conditions are rather different. Numerical modelling 
shows that, contrary to aerated autoclaved concrete 
or vertically perforated brick, HLC involves a 
complex interaction between heat transport and mass 
transfer. 

The researches done until this day allowed us to 
determine HLC physical properties under controlled 
conditions in laboratory (Samri, 2008) (Colinart et 
al., 2013). Numerical studies have shown that its 
transient hygrothermal behaviour allows reducing 
energy demand of building while maintaining 
comfortable indoor relative humidity (Evrard et al., 
2010) (Tran Le et al., 2010). However, these last 
studies are based on experimental data of sorption 
curve and water vapour permeability; and it was 
shown that the uncertainty on this kind of data 
hampers reliable simulations of hygroscopic 
buffering. There are few works about its 
hygrothermal performance in real conditions. 

In order to predict the real hygrothermal behaviour of 
this material, this paper presents a field study of 
transient hygrothermal behaviour of a HLC building, 
located close to Perigueux in South West to France. 
The main objective is to look for more realistic 
thermal and hydric characterization of hemp concrete 
at full scale and under real variable climatic 
conditions. 

METHOD 

Description of the HLC building 
The construction is a 2-floor single-detached 
dwelling that hosts 4 people and has a surface of 250 
m2 (Figure 1). It is located close to Perigueux in 
South West to France. Its envelope is made of 30 cm 
thick HLC sprayed into walls of timber frame 
structure. HLC is also used in roof and intermediate 
floor in 10 cm and 15 cm thickness respectively. The 
walls are internally and externally protected with 
lime-sand plasters. The properties of the materials are 
presented in Table 1. 

A pellet boiler coupled with 12.6 m² of solar 
collectors provides energy for heating and domestic 
hot water. The heat is distributed in the house 
through radiant floor at the ground level and radiant 
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walls at the top level. A balanced ventilation system 
with heat recovery is used for air renewal. 

 

 
Figure 1 View of the south façade of the building 

 

Table 1 

Properties of hemp concrete and plasters 

MATERIAL DENSITY 
(KG.M-3) 

λ VALUE 
(W.M-1.K-1) 

HLC in walls and floor 450 0.11 

HLC in roof 220 0.06 

Lime sand plaster 
(finishing plaster)  

935 0.19 

Lime sand plaster 
(exterior coarse) 

1200 0.24 

 

Experimental method 

• Building envelope inspection 

Thermographic survey and airtightness test have 
been conducted in order to evaluate the envelope 
performance. The thermographic inspection helps to 
detect insulation defects, especially thermal bridging 
that may occur due to the timber frame structure. The 
airtightness test helps to evaluate the level of air 
permeability, and to detect the air leakages through 
the envelope. 

The thermographic survey is done using the FLIR 
Thermacam E4 infrared camera, and the airtightness 
testing with Blowerdoor Minneapolis® system 
according to the standard NF EN 13829 (NF EN 
13829, 2001). 

• Hygrothermal monitoring of indoor climate 

In order to evaluate the thermal comfort, 8 Hobo data 
loggers monitor the air temperature and relative 
humidity in each room of the house.  Data are 
recorded every 15 minutes. 

• Hygrothermal measurements of HLC walls 

Temperature (T) and Relative Humidity (RH) 
monitoring is done for the West and North-facing 
walls of the home cinema room. The North-facing 

wall is sunless; it is monitored for comparison 
purposes with the West-facing wall. Both walls are 
made of 30 cm of HLC, and 3 cm of exterior lime-
sand plaster. They are uncoated at the interior 
surface. Each wall is monitored as shown in Figure 2. 
The table 2 shows their composition. 

 

Table 2 

Composition of the monitored walls 

LAYER 
THICKNESS 

(MM) 
λ VALUE 

(W.M-1.K-1) 
DENSITY 
(KG.M-3) 

Lime sand 
plaster 

10 0.19 935 

Lime sand 
plaster 

20 0.24 1200 

Hemp 
concrete 

300 0.11 450 

 

Two T/RH sensors (type S-THB-M008 from Onset) 
are placed within the wall at two different depths (15 
and 25 cm from the interior surface). The sensors are 
12 mm diameter and are inserted into the wall 
through drilled holes at the specific depths. Once the 
sensors placed, the holes are sealed with acrylic 
sealant. Two thermocouples (type TMC6-H from 
Prosensor), fixed with adhesive tape, measure the 
interior and exterior wall surface temperatures. The 
indoor air T and RH of the home cinema room are 
measured with a Hobo data logger. A weather station 
located near to the house records outdoor conditions. 
All data are monitored continuously from February 
2012 with a time step of 15 minutes. 

 

  
Figure 2 Sensors mapping 

 

• In situ U-value monitoring procedure 

In situ U-value of the North wall was measured using 
the heat flowmeter (HFM) method as described in 
ISO 9869 (ISO 9869, 1994). The north was chosen to 
avoid the effect of solar radiation. Captec sensor is 
used to record heat flux. The sensor area is 200x200 
mm2 with a thin thickness of 0.42 mm in order to 
minimize the perturbation caused by the sensor. The 
sensor has a high sensitivity of 569 µV.W-1.m2). 

HFM was attached directly to the interior surface of 
the north wall with adhesive tape along each side of 
the sensor as shown in Figure 3.  
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The data were recorded continuously with a time step 
of 1 minute from December 2012 to February 2013. 

 

  

Figure 3 The heat flux sensor attached to the interior 
surface of the north wall 

Numerical approach 

The hygrothermal performance of north HLC wall 
was simulated with the WUFI Pro 5.1® software 
(Kunzel, 1995). WUFI is a one-dimensional 
simulation program that can model hygrothermal 
performance of porous materials. The program uses 
weather data to simulate in-situ conditions. The 
material properties shown in table 3 are required by 
the software to run a conforming calculation. 

 

Table 3 

The parameters required in WUFI 

PROPERTY UNIT 

Bulk density kg.m-3 

Porosity % 

Specific heat capacity J.kg-1.K-1 

Thermal conductivity, dry 10°C W.m-1.K-1 

Water vapour diffusion resistance factor - 

Reference water content kg.m-3 

Free water saturation kg.m-3 

Water absorption coefficient kg.m-2.s-0.5 

 

The density of HLC wall is close to the studied HLC 
by (Evrard, 2008). Thus, we used properties given in 
his thesis. For lime sand plaster, we used the 
properties given in WUFI database. 

Climate data within WUFI needs to be assigned to 
both sides of the wall in order to run a simulation. 
The in-situ monitored temperature and relative 
humidity are applied at each side (outside and home 
cinema room). Nevertheless, the solar radiation data 
are issued from Meteonorm weather files for the city 
of Bergerac. 

RESULTS 

Building envelope inspection 
The thermographic inspection was performed during 
February 2013 with covered sky, and adequate 
temperature differential of 22°C between the interior 
and the exterior. Figure 4 shows the thermographic 
image of the exterior surfaces of the north/west 
corner of the house. The walls of the floor level are 
heated as being radiant walls. The exterior surface 
temperatures are clearly homogeneous. We don’t 
observe any structural thermal bridges due to the 
timber frame covered with the HLC walls. 

The airtightness test indicates a poor result with an 
air permeability of 1.32 m3.h-1.m-2, more than twice 
as the French mandatory level (0.6 m3.h-1.m-2 for 
dwellings). This can be explained by the shrinkage of 
the timber frame structure which created gaps at the 
joints between the frame elements and interior 
finishing of the walls. Thermogram of Figure 5 
shows air leakages at the joints between structural 
elements. 

 

 
Figure 4 Thermogram of the north and west facades 

of the building 

 

 
Figure 5 Thermogram from the inside showing air 

leakages at joints between structural elements 

 

Thermal comfort analysis 
Monitoring results are presented hereafter between 
February and March 2012 for winter conditions, and 

Sensor area 

20x20 cm 2 

Guard area 
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between June and September 2012 for summer 
conditions. 

During winter, indoor air temperatures vary between 
20 and 24°C with a mean of 21.5°C at the ground 
level, and 22.5°C at the floor level. Values of relative 
humidity vary between 25 and 45% with a mean of 
35%. During summer, temperatures vary in a wider 
range from 21°C to 28°C, with a mean of 23°C at the 
ground level and 24°C at the floor level. Values of 
relative humidity vary between 40 and 60% with a 
mean of 55%. 

Figures 6 and 7 show the coincidence of the 
measured psychrometric data and the comfort zones 
for the living room. The limits of the comfort zones 
are issued for the standard NF EN 15251 (NF EN 
15251, 2007). During winter, T and HR values were 
in the comfort zone almost all the time (98% of the 
time). T exceeded sometimes 24°C because the 
heating systems weren’t properly regulated. During 
summer, T and HR values were in the comfort zone 
for 55% of the time, but this was because the living 
room was too cold rather than too hot. T exceeded 
26°C during only 2% of the time. However, HR 
slightly exceeded the upper limit of 60% (18% of the 
time). 
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Figure 6 Coincidence of measured psychometrics 

data with winter comfort 
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Figure 7 Coincidence of measured psychometric data 

with summer comfort 

Hygrothermal behaviour of the West wall 
Monitoring results of the West-facing wall are 
presented hereafter for the three coldest days of the 
winter and the three hottest days of the summer. The 
sunless North-facing wall presents the same 
conclusion as for the West-facing wall. 

Figures 8 and 9 present the measured T and RH from 
5 to 8 March 2012. The indoor air temperature is 
maintained at 20°C due to the heating system, and 
the outdoor air temperature varies between -5°C and 
10°C. The exterior surface temperature of HLC wall 
follows the variation of the outdoor T reaching a high 
peak in the afternoon due to the solar exposure. 
While the amplitude of the exterior surface T reaches 
more than 20°C, the temperature within the wall 
(corresponding to 15 cm of HLC) varies in a 
narrower range of 1°C with an average of 15°C. 
Besides we observe a time shift of 10 hours between 
the peaks. This means that T within the wall 
increases when the outdoor T is the coldest. As for T, 
HR of indoor air and within the wall are stable (40% 
and 80% respectively), while the outdoor HR varies 
from 40% up to 100%. 

 

 
Figure 8 Temperature within the wall from 5 to 8 

March 2012 

 

 
Figure 9 Relative humidity within the wall from 5 to 

8 March 2012 

 

Figures 10 and 11 show the measured T and HR for 
summer conditions. The results are the same as 
above. While the outdoor T and HR vary in a wide 
range (up to 55°C for the exterior surface T), T and 
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HR variations within the wall are limited to 2°C and 
4% respectively.  

The HLC wall shows a high damping capacity 
(above 90%) and time shift up to 10 hours. The 
ability of the building to lessen the impact of external 
oscillations and to delay such effects is fundamental 
to the avoidance of summertime overheating. 

In a recent experimental work, (Shea et al., 2012) 
reported similar results. Furthermore, they are in 
accordance with simulations performed by (Evrard, 
2008).  

However, the HLC wall is still drying. Indeed, HR 
values within the wall are slightly high (around 80%) 
and need to be further examined in order to evaluate 
the risk of mold development. 

 

 
Figure 10 Temperature responses within the wall 

from 24 to 27 July 2012 

 

 
Figure 11 Relative humidity responses within the 

wall from 24 to 27 July 2012 

 

In situ U-value 

• Data analysis 

The thermal transmittance (U-value) is calculated 
using the average method given in ISO 9869 as 
shown in Equation (1). 

U =
∑ Qj
n
1

∑ (Tij − Tej)
n
1

 

 

(1) 

The average method gives a good estimate of the 
steady state over a sufficiently long period under the 
condition that the change of amount of heat stored in 
the element is negligible when compared to the 
amount of heat going through the wall. 

As the heat flow was monitored during three months, 
we have selected a period of 4 weeks during which 
the temperature within the wall is stable with a large 
difference between the interior and the exterior 
temperatures. 

Figure 12 shows the north wall temperature between 
16 December 2012 and 13 January 2013. During this 
period, the wall temperature varies in a narrow range 
(between 13 and 15°C) and the temperature 
differences between the interior and the exterior are 
higher than 10°C. We can consider that the heat 
content variation of the wall between the end and the 
beginning of this period is negligible. 

 

 
Figure 12 Evolution of the temperature within the 
north wall. 

 

Figure 13 shows the evolution of the calculated U-
values from 16 December 2012 to 13 January 2013. 
They vary between 0.43 and 0.47 with an 
asymptotical value of 0.45 W.m-2.K-1 by the end of 
the third week. The results do not differ by more than 
±5% of the final value. 

 

 
Figure 13 Evolution of the North wall calculated U-

value during the monitoring period 

 

• Comparison with the calculated U-value 

The U-value of the wall has been calculated 
according to (ISO 6946, 2008). The calculated value 

±5% of final value 
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is 0.33 W.m-2.K-1. This value is obtained using the 
dry thermal conductivity of HLC shown in table 1. 
However, the thermal conductivity of hemp concrete 
increases with its moisture content (Figure 14). The 
thermal conductivity of the HLC corresponding to 
the measured relative humidity within the wall is 
0.141 W.m-1.K-1. The new calculated U-value is 0.41 
W.m-2.K-1. 

 

 
Figure 14 Evolution of thermal conductivity of HLC 

in moist state (Evrard, 2008) 

 

The measured U-value is slightly higher than the 
calculated value in moist state (0.45 against 0.41 
W.m-2.K-1). This can be explained by the thermal 
bridge due to the window located near to the sensor 
(Figure 15). 

In (Shea et al., 2012), a simple steady-state spread-
sheet model based on the knowledge of calculated U-
values predicted whole building heat loss coefficient 
as 35.6 W.K-1 whereas a value of 36.7 W.K-1 was 
measured by a co-heating test.  

At the wall scale, the field test observations of 
(Yates, 2002) and WUFI simulations presented in 
(Evrard and De Herde, 2010) both reported that 
evaluation of hemp–lime building energy 
performance through the use of U-value alone is not 
sufficient. 

 

 
Figure 15 Thermogram of the heat flux sensor 

attached to the interior surface of the wall 

 

Numerical results 
Simulations are set up for the north wall during a 
period of one year starting from 25 March 2012. 
Figures 16 and 17 present comparisons between 
experimental and numerical temperature and relative 
humidity. 

In the case of temperature, a good correlation is 
observed until October 2012. After this date, 
simulated temperature is lower by 2-3°C. In fact, 
inside temperature surface is modified due to wall 
covering added by the occupants. It creates additional 
thermal and hydric resistances that cannot be 
considered in simulations.  

 

 
Figure 16 Comparison of numerical and 

experimental temperature within the north wall (at 
15 cm from the inside surface) 

 

For the relative humidity evolution, the WUFI model 
is not able to reproduce everyday data variations and 
also tendencies (Figure 17). In fact, WUFI doesn’t 
take into account the hysteresis in the sorption 
isotherm. (Kwiatkowski et al., 2009) confirms, 
through a sensitivity analysis, that in realistic 
conditions (which is our case with a room under 
variable climate and hygrothermal loads), neglecting 
hysteresis leads to overestimation of moisture 
buffering properties of material in contact with the 
indoor air. 

 
Figure 17 Comparison of numerical and 

experimental relative humidity within the north wall 
(at 15 cm from the inside surface) 

 

DISCUSSIONS AND CONCLUSIONS 
Hemp-Lime Concrete is still at a pioneer stage and 
still requires many efforts to gain knowledge of its 
transient hygrothermal behaviour. In this paper, a 
field study of a hemp-lime building located in South-
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West of France, was proposed. It presents the 
monitoring results of thermal comfort and 
hygrothermal behaviour of two walls, and a 
comparison to the numerical calculations. 

Building envelope inspections show a good level of 
insulation for the 30 cm thick HLC walls with 
homogeneous temperature at the exterior surfaces. 
However, the exposed timber frame breaks the 
continuity of the finishing plaster. The shrinkage of 
the timber frame created gaps at the joints between 
the frame elements and interior finishing of the walls. 
Due to air leakages at these locations, the result of 
the envelope airtightness test was poor. This problem 
can be avoided by applying a continuous plaster over 
the internal face of the walls. 

The in situ monitoring of the building has confirmed 
the ability of HLC to maintain hygrothermal 
conditions at winter and summer comfort levels 
while outside T and RH daily variations are up to 
15°C and 50% respectively. It confirms the general 
idea of agro-sourced material being good indoor 
climate regulators. The measurements inside walls 
showed a high thermal inertia, which allowed them to 
dampen the daily variations by 90% and to delay the 
effects of peak values up to 10 hours. However, RH 
values within the wall are slightly high and need to 
be further examined in order to evaluate the risk of 
mold development. 

The measured U-value is slightly higher (10%) than 
the calculated value of the HLC wall in moist state. 
This difference may be caused by local 
evaporation/condensation phenomena that can occurr 
in HLC as shown in (Samri, 2008). The key is to 
consider dynamic hygrothermal behaviour and 
thermal mass, rather than steady-state thermal 
transmittance. 

In parallel, numerical results are not in a good 
agreement with RH evolution inside the walls. 
Further calculations in WUFI are necessary to 
confirm these results. Besides, comparisons with a 
more complete simulation tool, which includes 
hysteresis phenomenon, are needed. In addition, 
another step will finally be to go from wall scale to 
building scale to go further in the HLC 
characterization. 

The monitoring will continue until the end of 
February 2015 in order to cover three full years, 
offering the possibility to study the drying of HLC. 

NOMENCLATURE 
λ,  thermal conductivity (W.m-2); 

,  density of heat flow rate (W.m-2); 

,  interior air temperature (°C); 

,  exterior air temperature (°C);  

,  wall thermal transmittance (W.m-2.K-1). 
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ABSTRACT 
 
In the drive to reduce the carbon footprint of our 
buildings most of the emphasis to date has been on 
reducing the operational carbon emissions.  
However this paper will consider the benefits of 
using natural/renewable materials in order to reduce 
embodied carbon emissions as well as operational 
emissions. This paper will focus on the case study of 
a private house belonging to one of the authors Ian 
Pritchett and his wife, Simone. Ian has been involved 
in delivering low carbon buildings for the last ten 
years. The house is a modern timber frame 
construction, built from pre-fabricated hemp, lime 
and timber panels. The roof is insulated with hemp 
and wood fibre insulation. The house has been the 
subject of predictive thermal modelling, post 
occupancy monitoring and a full embodied carbon 
audit. The house is a demonstration of how low 
carbon buildings can be delivered at sensible prices 
by following a few simple rules. 
 
INTRODUCTION 
 
Sustainability is an over-used word, but those that 
use it are always keen to point out the balance 
between the three strands – Social, Economic and 
Environmental. This may just be an for not focussing 
on the environmental issues, but this paper suggests 
that there is a way forward to deliver the highest 
possible outcomes in all three of these areas. This is 
achieved by using locally manufactured hemp, lime 
and timber based building panels. 
 
Industrial Hemp (Cannabis Sativa) is a fast growing 
plant that can be used as a break crop in UK farming 
to improve and clean the soil, whilst yielding a 
valuable product. Hemp seed is high in Omega 3, 6 
and 9 essential fatty acids and can be used to make a 
number of highly nutritious food products (hemp oil, 
health foods and protein supplements). 
 
The stalk of the hemp plant (known as straw) 
contains a hollow woody stem surrounded by a 
“bast” fibre. In order to separate these two parts, in a 

process known as decortication, the woody core is 
broken up into smaller particles known as shiv. 
Hemp fibre is the strongest natural fibre and was 
traditionally used to make ropes and canvas sails for 
ships. Henry VIII made it mandatory for larger farms 
to grow hemp in order to supply his growing navy. 
Nowadays hemp fibre is used to make non-woven 
mats for insulation quilt or as an alternative to glass 
fibre in the automotive sector. 
The broken up woody core of the hemp plant (shiv) 
is used as an absorbent bedding material for horses 
(and other animals) or mixed with a lime based 
binder to cast into a rigid insulation material for 
construction. The use of Hemp-Lime has been 
around for a few hundred years in central Europe, but 
was revived in the 1990’s in France as a niche 
construction technique for new houses and infilling 
the panels of historic oak framed buildings. The new 
build technique involves casting the wet Hemp-Lime 
mix around a timber framed structure to form solid 
monolithic walls, normally finished with a lime 
render on the outside and lime plaster on the inside. 
This form of building has gained popularity in France 
and spread to the UK around 2000. Since that time a 
few hundred new houses have been built as well as a 
number of non-domestic buildings.  
In 2007 DEFRA funded a LINK project at Bath 
University to research the best ways to use the 
material. Commercial practitioners started to promote 
the material and enhance the construction process 
using spray application and/or permanent internal 
shuttering. In 2009 a demonstration house was built 
at the BRE Innovation Park (funded by DECC) to 
show that Code level 4 could be achieved simply and 
economically using crop based materials (See 
University of East Anglia Centre for the Built 
Environment.,2012) . Later that year the Low Carbon 
Investment Fund (LCIF) made £6 million available in 
grants to housing associations who would build code 
level 4 houses using crop based materials. Around 
200 houses were built with this “top-up” funding 
using hemp, straw and wood fibre products. Around 
150 of these were Hemp-Lime. 
The DEFRA LINK project at Bath concluded in 2010 
with a major report, but there were two simple 
messages for the industry. Hemp-Lime has 
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exceptional thermal performance when it is fully dry 
(5% to 7% moisture content), but getting it fully dry 
is much harder than previously thought and it can 
take several years. The majority of the LCIF Hemp-
Lime houses were built between September 2010 and 
July 2011. This period contained the worst winter for 
100 years and reinforced the Bath findings that 
drying can be much slower than previously thought. 
In ideal weather conditions (warm, dry and breezy) 
Hemp Lime can dry within 6 to 12 months, but if the 
weather is not ideal it can take significantly longer. If 
it has been over-compacted during construction 
and/or allowed to get saturated by compromising 
weather protection it can take even longer. 
Despite the bad weather that caused the walls to 
freeze and also to become saturated, all the houses 
seem to have fully dried and are now delivering good 
thermal performance.  The lessons learned showed 
that a wet casting process carried out on site for fast-
track housing in un-predictable weather conditions 
was not going to be a sensible way forward. The site 
cast process is well suited to “hands-on” self-builders 
where they tend to be very careful and build times 
are typically longer, but it is not suitable for fast 
track, commercial building projects where there can 
be a lack of care, focus is on speed/cost and delays 
can carry severe penalties.  
The learning from the DEFRA LINK project and the 
LCIF housing was that the best commercial way 
forward was to form pre-fabricated panels in a 
factory that can be dried before they go to site. In 
many cases, these panels contain a layer of Hemp-
Lime and a layer of hemp fibre (or other natural 
fibre) insulation. The panels are timber framed and 
can be used in a load-bearing capacity. A typical 
panel would be 2.4m x 2.4m x 0.3m with a U-value 
of 0.15W/m2.K. This U-value can then be further 
enhanced by the choice of finishes. 
One of the first major buildings to be constructed 
using pre-fabricated Hemp-Lime panels was for 
Marks and Spencer at Cheshire Oaks in Ellesmere 
Port. The building was opened in August 2012 and 
was the subject of a 12 month post occupancy 
evaluation (POE) by Faithful and Gould, funded by 
the Technology Strategy Board (TSB). One of the 
headline conclusions from the report was that “The 
use of highly innovative building materials such as 
hempcrete and its exceptional air tightness has 
resulted in the store using 60% less heating fuel than 
predicted” (Faithful and Gould (2013)). 
Using 60% less heating fuel than predicted may 
sound like a great result, but in a commercial world 
many clients would not use a material or product 
without confidence of the final thermal performance. 
All modelling software packages will be inaccurate 
to a greater, or lesser, extent,  however they all seem 
to struggle to predict the performance of Hemp-
Lime. One reason for this is that the moisture 
naturally present in the cells of the hemp and pore 

spaces of the composite material, can change form 
from liquid to vapour and vapour back to liquid. 
When this change takes place, it either absorbs or 
releases a lot of energy. This natural “phase-change” 
process can take place at a wide range of 
temperatures and means that energy entering or 
leaving one face of the wall is very different to the 
energy entering or leaving the other face. The reality 
is that the combination of good thermal insulation 
and exceptional inertia resulting from the natural 
phase-change property makes Hemp-Lime a unique 
material. 
Experience suggests that it takes more than a good 
product (or wall panel) to create a good building. It 
also takes a good design and good, careful 
workmanship. It is important to keep it simple:- 

• U-values to opaque elements should be 
<0.15W/m2.K 

• Thermal bridges should be eliminated 
• Excellent air-tightness should be achieved 
• Triple gazed windows with shading where 

required. 
• Natural materials should be used where 

possible. 
 
Before houses were architecturally designed, they 
were built to tried and tested patterns that suited the 
needs of the user and using forms that suited the 
palette of local materials. We now refer to these 
buildings as vernacular. There are many well-known 
examples of materials influencing vernacular 
architecture:- 

• Flint buildings tend to have brick or stone 
quoins because flint is not easy to use to 
form a corner.  

• Flint buildings often have brick bands 
because the flint needs to be tied in every so 
often. 

• Brick bonds such a Flemish and English 
have arisen from the need to tie skins of 
brickwork together. 

• Most medieval buildings were rendered 
because they were built from local materials 
that either needed added weather protection 
or required concealing - to improve the 
status of the building. 

• Thatch roofs have steep pitches because they 
need to shed water as fast as possible.  

• Slate roofs can have lower pitches than plain 
tiles because they are more weather-tight 
than tiles. 

 
• Cob buildings have masonry plinths and 

wide eaves/verges to protect the earth walls. 
Over the last 100 years improvements in transport, 
increasing population, industrialisation of 
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commercial house building and poor planning policy 
has allowed the joys of regional vernacular 
architecture to break down. In some cases 
supplementary planning guidance has been put in 
place to preserve local distinctiveness, but in many 
cases this has led to standard solutions and pastiche 
development. 
The construction industry now needs to build highly 
energy efficient houses and there are some lessons 
that can be learned from the past that design and 
material choice are inherently related. The intension 
should be to combine high energy performance with 
the use of  natural, low carbon materials. This will 
drive the design of the houses down a particular route 
(or routes) based on the guidelines set out below. 
This will define a new vernacular where the 
performance of the house and the choice of materials 
will be equally important as the architectural design. 
These houses will be constructed using “off-site” 
panel system insulated with Hemp-Lime and natural 
fibre insulation. It is possible to be “architecturally 
neutral” and still deliver high quality design, whether 
traditional or contemporary, that is site specific.   
It is technically possible to build almost anything in 
Hemp-Lime panels, but to encourage best practice 
and deliver quality/value for money it is important to 
focus on what is most efficient, easiest and performs 
best. 

Finishes 
Hemp-Lime panels optimise the thermal insulation 
and inertia by having a 300mm thick panel made up 
of natural insulation materials. This is best combined 
with relatively thin external finishes:- 

• Wood fibre board and render 
• Timber cladding 
• Other rain-screen claddings 
• Where masonry finishes are required, brick 

slips or mathematical tiles are preferred to a 
full masonry skin. 

Roof 
It is well known that all external finishes (particularly 
render and timber) last longer if fully protected by a 
good roof overhang.  

• Large eaves and verges should be 
incorporated to maximise weather protection 
and solar shading. 

• Parapets and concealed gutters should be 
avoided. 

• The roof make up typically includes 350mm 
of insulation, so the roof design needs to 
accommodate this without the roof looking 
bulky. 

Windows 
• Vertical windows (portrait) work better in 

structural and thermal terms than horizontal 
(landscape) windows. 

• A total glazed wall area of around 15% to 
20% should be targeted. This may be 
increased to 25% to 30% on the south 
elevation (subject to design and shading) in 
order to maximise winter solar gains. 

• Triple glazed timber windows are preferred. 

Form 
• A  compact form to the house with the 

surface area (walls & roof) to floor ratio as 
low as possible delivers optimum thermal 
performance. 

• Similarly, two storey buildings perform 
better than single storey. 

• Floor spans are best kept to a maximum of 
6m. 

• High thermal efficiency means that a 
chimney is not required. 

Thermal Modelling 
• Accurate, predictive thermal modelling 

should be used as a design tool 
• The thermal performance of finished 

buildings should be monitored to ensure that 
they perform as designed (close the 
performance gap). 

The buildings properly/holistically constructed with 
Hemp-Lime will have a very low heating demand – 
typically 10W/m2 peak demand. This equates to a 
total heating peak load of 1 to 3kW in most houses. 
This exceptional thermal performance is achieved by 
using a “fabric first” approach:- 

• Excellent U-values 
• Minimal thermal bridging 
• Excellent air-tightness 
• Triple glazed windows 
• Natural materials (these exhibit natural phase 

change properties) 
With this very low heating demand, the heating 
system is no longer the main driver for the services 
strategy and may not justify the cost of a 
conventional boiler/wet heating system. Hot water is 
now the main energy demand. Further work is being 
carried out to develop an holistic approach to the 
M&E systems where cost is kept to a minimum (both 
capital and running), systems are as simple/useable 
as possible and the energy use is minimised. 
Unlike cars, where companies focus large amounts of 
development time on design and then build 
thousands, houses are more like individual 
prototypes, there is relatively little design (other than 
aesthetic), only very simplistic predictive thermal 
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modelling and then no post construction monitoring. 
To make matters worse, the team then moves on to 
repeat the process without learning from the 
mistakes! 
There are lots of lessons to learn (already learned by 
others) if you know where to look. The Passiv Haus 
methodology is a very good and rigorous process that 
has been used to build around 37,000 houses world-
wide. It is the fastest growing low-energy standard. 
In general, it is a very good way to build, but there 
are ways to enhance it by using natural materials. In 
2016, the new building regulations will set out the 
UK “zero carbon homes” standard. Although this is 
still over two years away, there are already useful 
documents such as the “Zero Carbon Strategies For 
Tomorrows New Homes” published by the Zero 
Carbon Hub in February 2013. This document sets 
out three principal ways to achieve the proposed 
“zero carbon” standard:- 

• The Balanced approach:- 
o Achieving mandatory Fabric 

Energy Efficiency Standard 
(FEES) 

o “Low Carbon Technologies” (on-
site) 

o “Allowable Solutions” (off-site) 
• Extreme fabric with “Low Carbon 

Technologies” (on-site) 
• Extreme fabric with “Allowable Solutions” 

(off-site) 
From this, it is possible to see that by pushing the 
thermal performance of the building fabric it is 
possible to omit either the on-site or off-site 
supplementary energy generation. 
By combining the performance targets of the Passiv 
Haus system and the 2016 “zero-carbon” standard 
with an additional target for reduced embodied 
carbon, a new performance target can be defined  that  
can be delivered by using natural materials such as 
Hemp-Lime. 
In addition to the use of natural materials, the 
following good practice is also preferred:- 

• Recycled content is preferred to virgin 
material. 

• Local sourcing is preferred to imported 
materials. 

• Chain of Custody – all timber should be 
certified FSC or PEFC. 

• Waste policy – waste to landfill should be 
minimised 

 
 
 
 
 

Table 1 
Proposed new performance targets for buildings 

using natural materials – see definitions at the end 
 

 

METHOD 
The first opportunity to put this into practice came in 
May 2013. The project involved the demolition of an 
existing 1950’s bungalow and replacement with a 
two-storey house, now called Hawthorns. There were 
certain practical constraints on what  could be done:- 

• The bungalow came with an existing 
planning consent. Two applications to the 
local authority for a revised design that 
would be more appropriate in environmental 
terms were made, however both were 
rejected, so it was necessary to follow the 
existing design with a few minor changes 

• Consequently the thermal modelling did not 
influence the design and was carried out later 
in the process 

• The existing foundations and floor slab  were 
reused rather than dig it up and replace it 

• The budget was tight. 
Some alterations had to be made to the existing 
foundations/slab – mainly adding local hard spots to 
pick up point loads from the new house. 
The Hemp-Lime panels were made in May while the 
bungalow was being demolished and by the 10th 
June the panels were delivered and erected by a lorry 
mounted Hiab crane. The walls and roof took about 
three weeks to assemble and a further week to make 
the house reasonably weather proof. 
The roof covering was recycled rubber/plastic slates 
(Eco-slates). These were a great success, they cut 
easily, bend to form the valleys & hips – no 
breakages. The external wall finishes were wood 
fibre board and render at ground floor level and 
English cedar cladding at first floor level. These 
enhanced the U-values of the panels to 0.12 and 0.13 
respectively. 
The roof insulation was 40mm of wood fibre board 
and 18mm OSB over the rafter and 320mm of hemp 
fibre quilt between the rafters to give a U-value of 
0.10. The floor has 200mm of PIR insulation and 
60mm of anhydrite liquid screed over the old 
bungalow slab to give a U-value of 0.12. 

House 
Type 

Primary 
Energy 

Annual 
Heating/Co
oling 

Peak 
Heati
ng 
Load 

FEES CO2 
Emissi
ons 

Carbo
n 
Footpr
int 

Detach
ed 

120kWhr/
m2/a 

15kWhr/m2/
a 

10W/
m2 

46kWhr/
m2/a 

10kg/m
2 

250kg/
m2 

Semi-
detache
d 

120kWhr/
m2/a 

15kWhr/m2/
a 

10W/
m2 

46kWhr/
m2/a 

11kg/m
2 

250kg/
m2 

End 
terrace 

120kWhr/
m2/a 

15kWhr/m2/
a 

10W/
m2 

46kWhr/
m2/a 

11kg/m
2 

250kg/
m2 

Mid-
terrace 

120kWhr/
m2/a 

15kWhr/m2/
a 

10W/
m2 

39kWhr/
m2/a 

11kg/m
2 

250kg/
m2 

Apartm
ent 

120kWhr/
m2/a 

15kWhr/m2/
a 

10W/
m2 

39kWhr/
m2/a 

14kg/m
2 

250kg/
m2 
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The windows are Rationel Aura triple gazed 
windows with timber frames and an average U-value 
of around 0.8. The air-tightness is provided by a site 
applied membrane (Glidevale TF200 Thermo). This 
is a vapour permeable, reflective membrane, 
normally used on roofs. The higher vapour 
permeability was to enable vapour exchange between 
the internal environment and the Hemp-Lime in the 
panels. Tests at the Centre for Innovative 
Construction Materials (CICM) at Bath University 
have shown that although the presence of 
plasterboard and the air-tightness membrane reduces 
the amount of moisture buffering, it is still able to 
help regulate internal humidity. Work is still on-
going to identify the membrane that gives the best 
balance between air-tightness and moisture buffering. 
The hemp-Lime purists would say that the walls are 
not “vapour open” enough and the Passiv Haus 
purists would say that the air-tightness value of 
1.8m3/m2/hr at 50Pa is not good enough. The on-
going monitoring will determine if the right balance 
has been achieved. 
Once the external shell was completed and air tested, 
the internal fit out and finishes were done in the 
normal fashion. A service void was created inside the 
air-tightness membrane to allow pipes and wires to 
be run without going through the membrane. 
Inevitably there are places where services do pass 
through the membrane, but these were minimised and 
carefully sealed. 
The house is 250m2 and the peak heat load was 
calculated to be around 2.5kW. This low level of heat 
demand does not justify spending lots of money on a 
wet heating system, boiler, ASHP or GSHP. A 
Warmup electric under-floor heating system was 
installed. This has traditionally been seen as an 
expensive system to run, but with such a low heat 
demand it is working out very inexpensive. 
An Airflow MVHR system  was designed and 
installed, based on the Passiv Haus principal of 
supply air to living rooms and bedrooms and 
extracting stale air from the kitchen and bathrooms. 
The results have been very good. For hot water, a 
mains pressure, hot water cylinder was used, with the 
intention of adding PV or solar thermal in the future. 
 
During the build process invoices were retained for 
all the materials purchased. These were entered into a 
spread-sheet and converted to mass for each item so 
that the embodied carbon could be calculated. The 
carbon figures from the ICE database were used and 
all the sequestered carbon in the hemp shiv, hemp 
fibre, wood fibre and timber was then added. A value 
of 1.37 Kg CO2 sequestered per Kg of biomass was 
used (as per Robson and Sadler., 2012.), in addition 
to the emitted CO2 based on values from Hammond 
and Jones.,2008. For simplicity the services were not 
included in this calculation. 

RESULTS AND DISCUSSION 
The final calculation shows that the project has 
locked up 13,000kg of CO2 more than was emitted, 
so has a carbon foot print of -52kg/m2. 
Obviously the foundations and slab from the old 
bungalow were reused, a revised version of the 
spread-sheet has been created that includes a typical 
concrete foundation and slab system. In this version 
there is a carbon footprint of -1909Kg CO2 – or 
7.6kg/m2. 
In this project the external finishes on the planning 
consent were render and timber cladding, but most 
planners still insist on brick facings in many 
schemes. Another  version of the spread-sheet has 
been created that includes a typical concrete 
foundation, slab and brick facings. In this version 
there is a carbon footprint of 7167Kg CO2 - or 
28.7kg/m2. 
These numbers give confidence that it will be 
possible to set targets for embodied carbon in line 
with the provisional target of 250kg/m2 in the table 
above and that this target figure can be revised from 
time to time. 
The average embodied carbon footprint for UK 
housing is 500 to 600kg/m2 according to the Modern 
masonry Alliance. The possibility for reductions in 
embodied carbon footprint can be equivalent to 
around 50 years of CO2 emitted from space 
heating/cooling, hot water, lighting and ventilation as 
calculated by SAP. 
Four types of predictive modelling have been carried 
out for the house:- 

1. Standard Assessment Procedure (SAP) 
because it is a building regulations 
compliance requirement. This is a pretty 
blunt tool, but it is a necessary evil. 

2. Passiv Haus Planning Package (PHPP). 
Although this is a very detailed and quite 
accurate tool, it only considers 12 average 
monthly weather points, so it does not 
necessarily predict the true overheating risk 
in heat-wave conditions. 

 
3. Integrated Environmental Solutions (IES) 

software is not usually used on domestic 
buildings (more on commercial buildings), 
but it is particularly useful because it 
considers 8760 hourly data points across the 
year, so tends to be better at predicting the 
risk of over-heating. 

4. Fast Fourier filtering of IES. This is an 
advanced modelling technique developed by 
Prof. Lubo Jankovic. It involves exporting 
the results of IES and running them through 
a pre-calibrated filter to correct them for the 
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phase change properties of Hemp-Lime 
(Jankovic, L. (2014)). 

 

 
Figure 1 View of house from NE as modelled in IES 

 

 
Figure 2 View of house from SW as modelled in IES 

 

 
Figure 3 Comparison between IES temperature 
(blue) and Fourier filtered temperature (green) 

 
The house is now being monitored in order to 
compare the real performance to the predicted 
performance. The results will either give greater 
certainty to the predictions, or provide data to go 
back and fine tune the modelling process. The 
monitoring started in January 2014 and it wasn’t a 
particularly cold winter, so it will not be until after 
next winter (at the earliest) cold weather performance 
data is available. However there are certain 
observations that can be drawn already:  
 

• Monitoring is important – M&E often 
doesn’t work first time and if monitoring is 
not being done it won’t find the bugs that 
need to be ironed out. 

• The electric under-floor heating wasn’t 
turned on until the 3rd March. During 
January and February the house was pretty 
comfortable with no heating.  

• The heating ran for the whole of March and 
was turned off at the beginning of April. If 
this proves to be an average month then the 
heating use for the whole year will be 
3600kWhrs, or 14.4kWhrs/m2/a.  

• The electricity use for everything for the first 
five months (everything apart from gas hob) 
was 5055kWhrs. If this proves to be average 
across the whole year then it will equate to 
48.5kWhrs/m2/a. This compares to a Passiv 
Haus target of 120kWhrs/m2/a for the 
primary energy (energy used for space 
heating/cooling, hot water and ventilation). 

 
 

Figure 4. Study/office (March 2014) - comparison 
between measured temperature, and Fourier filtered 

predicted  temperature (average of whole house), 
external measured temperature and energy use. The 
dip in internal temperature and rise in energy use at 
the end of the month was caused by a power cut that 

turned off the heating for 3 days. 
 
 

CONCLUSION 
Based on the above results the Passiv Haus 
performance targets have been achieved despite 
using natural materials and maintaining breathability 
through reduced air-tightness. By adding 12kW of 
PV’s then the house would become truly zero carbon. 
(There is room for 54m2 of south facing roof and 
105m2 of east-west facing roof). To achieve this 
would cost around £40,000. This would take the final 
build cost to £960/m2. 
Even adding on a contractors margin, this is very 
competitive for Passiv Haus performance and net 
zero-carbon, and further improvements could be 
made next time! 
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DEFINITIONS 
Primary Energy - the energy used for space 

heating/cooling, hot water, ventilation as 
calculated by PHPP 

Annual Heating/Cooling – the maximum energy 
demand for space heating/cooling as 
calculated by PHPP 

Peak Heating Load – the maximum heating (or 
cooling) load required in mid-winter (or 
summer) as calculated by PHPP 

FEES –Fabric Energy Efficiency Standard, the 
maximum energy demand for space 
heating/cooling as calculated by SAP 
(although this is not as onerous as the 
annual heating/cooling demand calculated 
by PHPP, it is currently required for 
building regulations compliance) 

CO2 Emissions – the maximum amount of CO2 
emitted from space heating/cooling, hot 
water, lighting and ventilation as 
calculated by SAP 

Carbon Footprint – the CO2 emissions from the 
manufacture of the materials used in the 
construction (taken from the ICE data 
base), less the CO2 equivalent from the 
sequestered carbon in the cellulose based 
materials, together with the CO2 emissions 
from the construction process 

Boundary conditions – these are the rules that are 
used to calculate the carbon footprint. 
They need to decide what IS included and 
what ISN’T. Natural materials are 
preferred to man-made materials. 
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ABSTRACT 
This paper discusses the energy performance of 
hemcrete houses based on a two-year research project 
of a variety of house types for affordable house 
developments at two sites. The factors affecting 
energy performance such as build quality, build 
method, air tightness and ventilation design are 
reviewed in the light of site experience of this 
innovative material.  The project monitored initial 
build problems associated with the construction 
method when scaled up to deliver 71 houses. The 
impact of user behaviour and the variability in energy 
consumption are explored, with analysis of heat 
pump performance, where data is available.  
The paper concludes that despite these issues total 
energy consumption is lower than SAP predictions 
for the better performers and comparable to SAP for 
others (when un-regulated emissions excluded from 
SAP are accounted for). The achieved energy 
consumption ranges hugely from around 40kWh/m2 
to 80kWh/m2 with some outliers outside this range. 
 Comfort factors, temperature and humidity 
fluctuations are reviewed against the ventilation 
design for these high thermal inertia houses. The 
inability to accurately predict the required heating 
loads for hemcrete buildings, using currently 
available models, has implications for heating system 
design for further improved houses aiming for zero 
carbon performance.  
 

INTRODUCTION 
The two-year research project was initiated by 
NNFCC on behalf of DECC for assessment of the 
performance in use of natural building material 
’hemcrete’ based on affordable housing 
developments by two developers at two sites in 
Swindon and Diss, East Anglia. The site data 
analysis was conducted by Emission Zero R&D, 
based on data collection by Carnego Systems. 
Independent air tightness tests were conducted by 
Emission Zero R&D and further site surveys were 
supported by Leading Energy. The remote 
monitoring facilitated the assessment of energy 
consumption over two years at Diss with partial data 
collection at Swindon. Air tightness tests took place 

at the initial build stage and at the end of the research 
window to assess any changes in air leakage. 
The houses were built using on-site construction 
technique of hemcrete, where the mix is poured and 
finished on site. The total energy use in kWh/m2 is 
reviewed and the breakdown analysed where 
possible. All the houses have an air source heat pump 
for underfloor heating and hot water provision, with 
an MVHR unit for automatic ventilation.  
The factors affecting performance are discussed with 
recommendations to developers for reducing energy 
consumption and improving comfort conditions for 
occupants. Surveys have provided useful feedback of 
the quality of the living experience for occupants, 
most of whom had been resident for almost 3 years 
by the end of the research period. 
 

	  

	  
	  

Figure 1 Images of Swindon (top) and Diss (bottom) 
sites 
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SPECIFICATIONS 
U values specified were as shown in Table 1. 

Table 1 Design U-values (W/m2.K) 

Element Diss  Swindon 
Floor 0.15 0.13 
Walls 0.19 0.19 
Roof 0.13 0.12 
Windows 1.20 1.20 

Design air permeability was q50 = 2.1 m³/(h*m²). 
 

HOUSE PERFORMANCE RESULTS 
In addition to continuous instrumental monitoring, 
several other performance tests and analyses were 
carried out as explained below. 

Air tightness tests 
Air tightness tests were carried out at the start and 
end of the monitoring period (Figure 2). The 
summary of air permeability achieved is shown in 
Table 2 and Table 3. The test results showed a slight 
reduction after two years. 

Table 2 Air tightness test results in Diss 
 House I07 Diss 

q50: m³/(h*m²) 
House I02 Diss 
q50: m³/(h*m²) 

Year 2011 2014 2011/2012 2014 
Average 4.72 4.39 3.91 3.61 
Change  -0.33  -0.30 

 
Table 3 Air tightness test results in Swindon 
	   Plot 22 Swindon - q50: m³/(h*m²) 

Year	   2011 2014 
Average	   5.87 5.84 
Change  -0.03 

 
The reasons for increased air permeability with 
reference to the design figure were identified through 
thermal imaging and visual inspection. 
Whilst thermal imaging of buildings immediately 
after a co-heating test showed good consistency of 
hemcrete (Figure 8) it was found that the increased 
air permeability could be attributed to 

• Design: the existence of unsealed service 
voids behind plaster boards that caused 
considerable air leaks through sockets 
(Figure 3); 

• Workmanship: larger than needed holes were 
drilled for cables and pipes and were left 
unsealed (Figure 4); 

• The quality of building components: there 
was evidence of considerable leaks through 
patio doors and loft hatches (Figure 5). 

 

	  
Figure 2 Air tightness test in Diss 

	  
Figure 3 Air leaks through sockets was caused by 

unsealed service voids behind plaster boards 

	  
Figure 4 Larger than needed holes were drilled for 

cables (top) and pipes (bottom) and were left 
unsealed 
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Figure 5 Thermal images of air leaks through 

building components during the air tightness tests 

Co-heating test 
 
A co-heating test was carried out in a building in 
Diss in order to measure the total conductance-area 
product and compare it with the theoretical value 
(Figure 6). The test was carried out using an 
established protocol by Wingfield et al. (2010).  
 

Temperatures in all rooms were recorded in 5-minute 
intervals and daily volume-weighted average values 
of temperatures and the total heat input were 
calculated over a period of 17 days. A scatter-plot of 
the points obtained, representing the daily average 
electric heater power (equivalent to the heat loss 
from the building) as a function of daily average 
temperature differences, is shown in Figure 7. 

 
Figure 7 Co-heating test data analysis 

The slope of a regression line fitted to the scatter-plot 
(Figure 7) represents the result of the co heating test, 
and it gives the overall conductance-area product 
(UA-value) of the building in W/K. This result was 
compared with the design value obtained from the 
developer (Table 4). The design value appears to be 
considerably lower, which explains how a 
performance gap between designed and actual 
performance might occur. 

Table 4 Measured versus design UA value 
 UA (W/K) UA/A 

(W/m2K) 
Co-heating test 69.28 0.325 
Design values 44.51 0.358 
BRE house test 104.08 0.441 
 

	  

	  
Figure 8 Thermal image of a house in Diss after a 

co-heating test 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
Figure 6 Co-heating test in a house in Diss	  	  
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Despite this, good thermal integrity of the building 
envelope was observed during the co-heating test, as 
shown in the thermal images in Figure 8. 
An interesting observation during this test was its 
intermittent nature. Whilst a test in a high density 
building can take a considerable time to reach the set 
temperature of 25 oC, this temperature was reached in 
about half an hour in the hemcrete house and the 
heaters were stopped by the thermostats. After heat 
was absorbed into the walls, the thermostats restarted 
the heaters again, and this pattern repeated 
throughout the test. The possible reasons for this 
pulsed heat absorption are: 1) heat transfer through 
the branched structure of hemcrete, formed by 
bonding of the shredded plant material; 2) moisture 
evaporation in the capillary tubes within the material; 
3) a combination of both. 

Embodied carbon 
Hemcrete and other photosynthetic materials have a 
considerable advantage over conventional materials 
in terms of embodied carbon emissions. Based on 
documentation from Lime Technology (2014a), our 
calculations show that a cubic metre of hemcrete 
contains -133 kgCO2, compared with +333 kgCO2 in 
a traditional brick & block construction.  
These figures applied to geometry of an end terrace 
house in Diss resulted in the comparison between 
traditional and hemcrete construction as shown in 
Table 5 and Figure 9. 
Assuming an 80m2 house, electricity consumption of 
80 kWh/m2/year and a CO2 emissions factor of 0.519 
kg CO2/kWh, it would take over 22 years for the 
conventional construction, aided with a PV array that 
provides 20% of all energy, to catch up with the 
hemcrete construction without any PV (Figure 9). 
Table 5 Embodied CO2 in traditional and hemcrete 

construction 
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Energy performance 
The Diss houses have shown a reduction in energy 
consumption between the 2012 and 2013 data sets  
(18 houses in total) for 9 houses, with 6 with small 
increase up to 10% and 3 with significant increase. 
The best houses achieved 44kWh/m2 with a group at 
around the 60kWh/m2 zone and another at 80-
90kwh/m2 with the average being 73kWh/m2 leaving 
out the three outliers (Figure 10 and Figure 11). 

 
Figure 9 Carbon emissions in traditional and 

hemcrete construction 

 
Figure 10: Diss 2012 and 2013 energy consumption 

data 

The SAP predictions give a range of 36.3kWh/m2 to 
42kWh/m2 depending on house type assuming a 
lower air permeability than that achieved on site. The 
SAP figures exclude unregulated consumption for 
appliances and cooking for which an estimate needs 
to be made for the purposes of comparison. The sub-
metered data from Diss indicates un-metered 
category of energy at between 18kWh/m2 to 
50kWh/m2 ignoring extreme outliers. Lighting is 
estimated at 5.7kWh/m2 from SAP, which suggests 
unregulated emissions can be as much as 45kWh/m2 
(lighting circuits were not monitored specifically). 
Adding suggested unregulated emissions of between 
13 to 45kWh/m2, brings the total energy for SAP 
predictions to around 60 to 95kWh/m2; very similar 
totals to the houses monitored: the most common 
being 80 to 90kWh/m2 (Figure 10). The SAP 
predictions need to be corrected for actual air 
permeability achieved which were lower at design 
stage than that achieved on site. 
The analysis of available sub-metered data ( see 
Figure 12) for Diss indicates space heating typically 
around 20kWh/m2 with the best at 15kWh/m2 and the 
higher users at 40 to 80kWh/m2. SAP predictions for 
the space energy consumption are typically around 
10kWh/m2 which shows inconsistencies in the SAP 
breakdown as the whole house performance appears 
to be lower for many houses but with higher space 
heating requirements. 
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Figure 11: Swindon total energy consumption for 

2012 

 
Figure 12: Sub-metered data for Diss 

 
Swindon house performance is a less accurate picture 
with 2012 data showing a range between 65 to 
90kWh/m2 with two outliers at 100kWh/m2 (Figure 
11). Site meter data for 2013 adjusted for a 
comparable period suggests higher consumption for 
2013 by a margin of up to 80% with only 4 houses at 
similar levels. Most appear to be 20-40% higher 
following the increased heating demand indicated 
Swindon weather data files of 14.7%.  
Swindon occupants have reported a number of design 
issues that will have affected energy consumption 
adversely including: 
 

• Noticeable air gaps on front and rear patio 
doors, partly due to the desire to have larger 
doors. 

• Gaps at floor slab and ceiling interface, see  
• Lack of ability to feel heating system due to 

unsuitable floor covering, since changed 
• Control of hot water 
• Wall panels and loft vent hatch not insulated 
• Pumps cycling on RWH system 
• Vent stack opening affecting MVHR control 
• Bathroom radiator on domestic hot water 

circuit 
• Excessive dust caused by MVHR 

installation 
• Black soot on vents requiring regular 

cleaning 

Many problems have been resolved but the 
complexity of the project and on-going 
improvements have made more accurate analysis 
difficult to achieve. 

Heat Pumps 
Whilst ASHPs have a lower capital cost than some 
renewables, the design of the system - with a bleed  
radiator in the bathroom on the hot water circuit - 
meant the heat pumps was emitting more energy 
when occupants’ used the heat pump in hot water 
mode. 
The hot water boost is used but it has taken some 
time to use this effectively with some occupants 
over-riding the heat pump with the immersion heater. 
The COPs vary hugely with analysis showing a wide 
range: as low as 1.0, with most between 1.5 to 2.1 
and two outliers at 3.3 and 4. 2013 figures showed 
four out of the control group of seven close to 2.5. 
This is clearly an issue around system design and hot 
water usage where COPs are generally lower. 
 

 
Figure 13: Thermal image showing cold bridging at 

ceiling interface 
 

 
Figure 14: Thermal image showing heat loss at floor 

slab 
The suitability of air source heat pumps for the hot 
water demands of a family is questionable given the 
poor COP at higher temperatures. Occupants 

129

id002181
Typewritten Text

id002181
Typewritten Text

id002181
Typewritten Text

id002181
Typewritten Text

id002181
Typewritten Text

id002181
Typewritten Text



Weather Data 
The impact of weather conditions on the energy 
consumption can be reviewed against degree day 
(DD) data for each area as weather station 
performance has been inconsistent through the 
project. 
The Diss DD data indicates a 22.7% increase in DD 
at 10.5oC baseline (213.5days) and 9.2% higher in 
2013 at 15.5oC baseline. The reduction for some 
houses suggests that solving teething problems with 
the heating and hot water has enabled improved 
performance despite the colder weather. 
The cooling days are also higher for 2012 by 14.3% 
at 18.5oC and 11% at 15.5oC. Most users left the 
MVHR fans on but not all were able to access the loft 
to switch to summer bypass and most used cross 
ventilation to cool the house. 
Diss occupants are a mixture of Housing Association 
and private tenants where it is evident that the 
outliers are flat tenants where the heat pump systems 
have been over-ridden with the immersion heater and 
solar system not connected.  Education and 
communication on energy issues has been more 
difficult to achieve for Housing Association houses 
with the discussions with the site maintenance team 
contracted to support the houses not having heat 
pump training.  The private house contractors 
received specialist training and energy performance 
shows lower consumption than the private houses. 
The flats have used immersion heaters permanently 
on to heat hot water without solar thermal systems 
connected or attempts to use the heat pump 
effectively. 
Problems have included: 

• Air source heat pump failure 
• Some MVHR units have been turned off for 

noise reasons or a desire to reduce energy 
bills by the most energy conscious. 

• Design issues with heating system 
• Solar thermal systems not being connected 
• Lack of understanding by home owners on 

how to control heating and hot water. 

Thermal Comfort 
Thermal comfort reporting indicates that flat 
occupants experienced some overheating. 
Overheating feedback from Swindon focussed on the 
orientation of the houses with large patio doors 
facing south-west and south. Houses on the north 
side with kitchen windows experienced fewer 
comments on overheating but many mentioned that 
bedrooms were too hot at night. 

The percentage of glazing on the southern aspect is 
30.7% for the 4 bed houses facing south and 36% for 
the south west facing aspect. The kitchen windows 
facing south contributed 14.1% to the elevation area 
(Figure 15). 
 

 
Figure 15: South facing aspect at Triangle, Swindon 

showing vent stack 
Residents’ control measures included internal blinds 
and net curtains to manage the solar gain and use of 
the ventilation system but opening the vent stack. 
The in-take louvered panel was not opened by all to 
aid ventilation. The larger window specification was 
designed to improve daylighting but external blinds 
or extended eaves have not been included to mitigate 
excessive summer solar gains. 
Diss percentages of glazing are much lower at 11% 
for a south facing front elevation and 20-27% for 
east/west respectively.  
Research from Greencore Construction (Pritchett, 
2014) suggests the required glazing of between 15% 
to 20%, with 25-30% glazing on southern aspects 
being subject to design and shading. 
The representation of summer and winter comfort 
(Figure 16) shows that Diss respondents were more 
generally grouped in the central area with fewer 
extreme responses for summer being too warm. The 
Swindon response for winter was also distorted by 
malfunctioning heat pumps with two houses not 
being heated during the winter with occupants using 
oil heaters and fans. 
The best performing houses indicate 40-60kWh/m2 
for a house with a 0.19W/m2K wall. The excessive 
energy uses appears to have been confused with the 
heating system design problems and issues relating to 
the final build performance and air leakage. 
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DISCUSSION 
The analysis has highlighted the problem of 
separating the performance of the hemcrete structure 
from the complexities of a problematic and poorly 
designed heating system whose performance was 
affected by the inevitable variations of human 
behaviour. 
Given these difficulties the potential for occupants to 
live comfortably at between total energy 
consumption of 40 to 60kWh/m2 is feasible, which is 
comparable to SAP predictions at around 38 to 
42kWh/m2. The good performers are out-performing 
SAP as these exclude unregulated emissions such 
that 30% improvement on SAP is possible if 
40kWh/m2 is added to the calculated SAP energy 
figure. 
The feelings of overheating reported at Swindon 
indicate that careful design consideration is required 
where an excessive proportion of glazing is used on 
southern aspects despite the reported advantages of 
hemcrete for smoothing out the peaks of solar gains. 
The ability of hemcrete to dissipate energy from solar 
gains needs further investigation to avoid overheating 
and assist with effective design for shading. The 
ability to retain heat in the winter also has the same 
effect in the summer if excessive solar gains are 
transmitted into the dwelling. The mitigation 
measures used by occupants were internal blinds and 
opening windows.  
Single storey spaces such as flats, where cross 
ventilation is not always successful, need particular 
design care to avoid excess solar gain. Comments on 
inadequate heating in the winter were adversely 
influenced by faulty heating systems and general 
feedback tended towards houses being comfortable  
to live in but bedrooms too warm. Effective design 
for ventilation and managing solar gain needs to be 
improved even using higher thermal inertia structures 
such as hemcrete. 
The build quality issues associated with mass 
construction have been resolved by designing an off 
site system as a result of the learning from this 
project where weather delays were experienced and 
quality issues affected the air tightness of the final 
build.  
Air permeability is more than double that of the 
leakage rate achieved at the BRE Renewable House 
(BRE, 2014) where a one-off house was built using 
the same method. Subsequent self-build houses have 
achieved a much lower air tightness figure closer to 
Passivhaus standards. In practice higher air 
permeability rates than some of the test results will 
have been experienced due to the number of gaps 
found, which is indicated by the results found at 
Swindon.  

 
Figure 16: Diss and Swindon occupant survey 

responses on thermal comfort 

HEMCRETE IN PERSPECTIVE 
The performance of commercial hemcrete buildings 
erected prior to the housing project have indicated 
superior performance in terms of reduced heating 
loads required, notably in Wine Society warehouse 
and M&S Cheshire Oaks (Lime Technology, 2014b, 
2014c). The theory of how hemcrete behaves within 
the wall structure has been subject to research at Bath 
University, Lawrence (2011).  
Simulation analysis models developed by Jankovic 
(2014) at Birmingham City University using Fourier 
Series to filter data allows more accurate modelling 
than other commercially available tools (Figure 16). 
This work shows that the consequent reduction of 
heating plant size and of the corresponding energy 
consumption and carbon emissions could be in the 
range between 50% and 80%, in comparison with the 
results of detailed hourly simulations with standard 
DSM tools. 
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Figure 17 Comparison between simulation, Fourier 

filtering and monitoring (from Jankovic, 2014) 
Continued reliance on SAP for sizing the heating 
system and predicting energy consumption will result 
in over sized systems. 

CONCLUSIONS 
The paper discusses the energy performance of   
Hemcrete houses analysed over a two-year research 
project on post-occupancy monitoring of a variety of 
affordable house types at two sites. In addition to 
instrumental monitoring and analysis, the user 
experience of living in the houses constructed from 
this innovative material was observed.  
The analysis shows that hemcrete performed better 
than the SAP predictions for the total house energy 
consumption, when unregulated emissions are taken 
into account. Analysis of space and hot water heating 
showed a higher proportion of space heating used out 
of the total energy consumption than SAP space 
heating predictions. Space heating usage was higher 
than the model even for houses where the heat pumps 
were shown to have comparable heat pump COPs, 
the lowest consumption lying in the range 15 to 
40kWh/m2 for space heating. Delivering consistent 
heat pump COPs has been problematic for a variety 
of factors, which has increased the energy 
consumption from the optimum and caused 
difficulties with the interpretation of actual fabric 
performance. 
Even much more detailed dynamic simulation 
models are not accurate enough to design such 
buildings with confidence, and emphasis should be 
given to new design analysis methods arising from 
fundamental research.  
The potential for hemcrete houses to deliver low 
energy living has been diminished by the focus on 
the heating and hot water system performance issues. 
This needs to be taken out of the equation to fully 
evaluate the fabric performance for future projects. 
A number of performance issues were observed, not 
all related to the fabric, which will serve as useful 
lessons for designers, developers, equipment 
manufacturers, and maintenance services.  
Designers need to engage with researchers in order to 
reduce the performance gap that arises from using 

‘blunt’ design instruments. Leaving certain aspects of 
the building un-designed, such as air tightness of the 
service void behind the plaster board, or unspecified 
dimensions and sealing methods for openings, will 
inevitably leave this to interpretation by the 
construction site workforce and will lead to sub-
optimum solutions.  
Construction site operatives need to be much better 
trained to deliver projects with innovative materials, 
especially in the aspects of air tightness.  
Equipment manufacturers need to provide much 
more robust, user-friendly systems, with less 
variation of the performance parameters, especially 
in terms of ASHPs.  
Maintenance services can learn that better training in 
new technology is required on a larger scale, in order 
to effectively deal with ASHP performance issues. 
Having insufficient number of trained personnel to 
cover a large number of houses will inevitably lead to 
delays and user dissatisfaction. 
Despite these initial issues, we believe that hemcrete 
has considerable potential for transforming the UK 
construction industry. The stable internal temperature 
and relative humidity lead to reduced reliance on 
mechanical systems, and to their lower installation 
and running costs. The stability of internal conditions 
has a considerable positive influence on thermal 
comfort. The negative embodied carbon facilitates 
substantial long-term carbon emissions savings and 
goes a long way towards achieving the future UK 
carbon emissions targets.  
Overall, we need more projects like this, and a closer 
collaboration between designers, developers, users 
and researchers from the early stage of the project. 

NOMENCLATURE 
ASHP,  air source heat pump 
COP coefficient of performance for heat pump 

efficiency 
DSM, dynamic simulation model 
DD, degree day 
MVHR, mechanical ventilation with heat recovery 
RWH, rain water harvesting 
SAP,  Standard Assessment Procedure 
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ABSTRACT 
The LifeCycle Tower (LCT) construction system is 
the result of a two-stage cooperative and multi-
disciplinary research project lasting over several 
years. It combines two approaches significantly 
contributing to a CO2-neutral building sector: the use 
of timber as a construction material and a regionally 
achievable modular construction. Its practicality has 
been shown with the LifeCycle Tower ONE 
prototype and with a first client project. Compared to 
conventional building methods, the modular 
construction system and prefabrication significantly 
contribute to lifecycle cost reduction. Timber is both 
an ideal construction material and renewable, CO2-
neutral and resource-conserving. In addition, a newly 
developed comprehensive and user-friendly energy 
supply concept reduces the energy demand to a 
minimum. 

STATUS QUO AND PROBLEM 
DESCRIPTION 
The Rhomberg Group is an international, fourth-
generation and family-owned company active in 
construction, railway engineering and resources. The 
company is committed to a holistic approach, which 
takes into account the entire lifecycle of buildings, 
the infrastructure and the people, and focuses on 
procedures that make careful use of resources. In 
2009 the Rhomberg Bau GmbH initiated a multi-
disciplinary research project with the aim of adapting 
the traditionally resource- and energy-efficient timber 
construction method to large construction projects, 
and hence to open up the use of timber in future 
urban developments. For the continuing development 
and marketing of the results of the research project, 
Rhomberg founded the Cree GmbH (Creative 
Resource & Energy Efficient) subsidiary, also based 
in Vorarlberg, Austria. The Rhomberg Group's 
knowhow and wide range of services help Cree to 
bring timber as a construction material into urban 
development. The special focus of the team of 
architects, engineers and services engineers is on 
reduced lifecycle costs and high value retention. In 
turn, this has the effect of reducing CO2 emissions, 
reducing costs and improving comfort. 

Throughout the world we are experiencing a cultural, 
ecological and economic process of change in which 
working and living can only be managed using 
innovative technologies and ecological concepts. 
When it comes to planning and designing change in 
the human environment, architecture and the 
construction industry face a challenge. Below is an 
explanation of the three key issues that triggered the 
research project on alternative and sustainable 
construction methods. 
The first issue is the fact that environmental pollution 
caused by the production and consumption of 
products and services has risen dramatically in recent 
decades. The provision of physical goods and 
services is always associated with the consumption of 
natural resources such as renewable and non-
renewable raw materials, energy or water. Many of 
our current environmental problems - above all 
climate change - are the result of excessive use of 
natural resources in production and consumption. For 
this reason, a move away from the existing patterns 
of using natural resources towards a sustainable 
development is mandatory. The key focus of better 
environmental management has to the reduction in 
the total quantity of resources consumed, rather than 
a reduction in individual pollutants (e.g. Brix Report 
23 December 2010). 
The construction industry worldwide, with its 
conventional construction methods, is responsible for 
30 to 40 % of today's resource and energy 
consumption and for 40 % of today’s waste and CO2 
emissions (e.g. UNEP SBCI Buildings and Climate 
Change 2009: 5). This makes it very clear that there 
is an urgent need for action, particularly in the 
building industry. Over the entire lifecycle of 
buildings – from the design and concept to 
construction, maintenance and use up to the disposal 
stage – the aim must be to consume significantly less 
resources and to achieve a major reduction in CO2 
emissions, while improving comfort, functionality 
and security. 
The second issue is the worldwide increase in 
urbanisation. While in 1800 about 25% of the 
population lived in cities, the proportion of city-
dwellers in 2008 was 50% for the first time in the 
history of mankind, according to research by the 
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United Nations Population Fund (UNFPA). Already 
today, over three-quarters of the worldwide energy 
consumption takes place in cities. According to 
studies by the United Nations (UN), by the year 2050 
more than 75% of people worldwide will live in so-
called mega-cities, i.e. cities with more than a million 
residents. One consequence of this rapid growth in 
urbanisation are growing space requirements, which 
in many cases can only be resolved by the 
construction of multi-storey buildings. Up to now, 
urban construction has focused on traditional, 
conventionally produced prototypes that involve long 
construction periods and complex construction 
management. That means that currently the greater 
part of new buildings are in conventional solid 
construction (reinforced concrete skeleton 
construction). 
The third challenge are the social and political 
changes that arise from the decrease of worldwide 
available resources and the energy generated from 
them. For the construction industry, this means 
increasing prices for its core raw materials such as 
steel, insulation material and concrete. This means 
that the naturally regenerating and sustainable raw 
material timber is becoming more and more attractive 
as a construction material and therefore as a 
commercial factor for the building industry. 
Particularly in this sector intelligent materials 
management is an enormous competitive advantage. 
In addition, the use of timber reduces the "ecological 
backpack" by half as compared with conventional 
buildings: according to the renowned chemist and 
environmental researcher Prof. Friedrich Schmidt-
Bleek, every product has an "ecological backpack". 
For example, in order to produce 1 kilogram of steel, 
an average of 8 kg of rock and fossil fuels have to be 
taken out of the earth; for a kilogram of copper it is 
348 kg, while the "real" weight of aluminium is 37 
kg. In contrast, the "ecological backpack" of 1 kg of 
timber is about 1.2 kg – which means that only 0.2 to 
0.4 kg will be “consumed” additionaly. In his 
publications Prof. Schmidt-Bleek calls for a factor 10 
dematerialisation (e.g. Schmidt-Bleek et al., 2004: 
210). In his concept of the "ecological backpack", he 
has developed the MIPS indicator (Material Input Per 
Service unit), which measures how sustainable a 
product or - in the case of Cree - a building is. MIPS 
measures the input of natural resources throughout 
the entire lifecycle (production, use, disposal or 
recycling) of a product in the following categories: 
biotic materials, abiotic materials, earth movement in 
agriculture and forestry including erosion, water and 
air. Most products we produce from the earth's 
increasingly scarce resources involve much more 
material than their weight suggests, owing to the 
extraction process, transport and processing. It 
follows logically that materials with a very large 

ecological backpack have to be substituted by more 
resource-efficient materials. 
These three key issues make it clear that sustainable 
construction methods are immensely important for 
the architecture of the future and have to follow a 
multifactorial approach. A move towards multi-
storey green buildings providing urban living space 
for many by using environment- and resource-
friendly construction materials has become vital by 
now. All these challenges gave the main impetus for 
and commitment to developing a urban building 
construction that meets the requirements for 
sustainable and fit-for-the-future building and living. 

FROM THE IDEA TO ITS REALISATION 
The objective of the multi-stage research project was 
to develop a standardised and yet universally 
applicable prefabricated timber hybrid component 
system for the construction of energy-efficient office 
buildings up to 30 storeys or 100 m in height. From a 
structural point of view, today it is possible to 
construct even higher buildings. Another key focus 
was a building and façade technology geared to the 
construction system. It should help to make the shift 
from an energy-consuming to an energy-generating 
building, and thereby to make a significant 
contribution to a CO2-neutral building sector. (e.g. 
End Report on the first specification for the 
"Building of the Future Plus", with the long title 
"Energy-efficient tower block with up to 20 storeys 
in system construction", p. 3). 
As a first step, the technical feasibility of buildings in 
timber construction was investigated as part of the 
"8+" research project. This led to the conclusion that 
the technical (structural) construction aspect of 
buildings can be solved for buildings up to a height 
of 80 metres and more. However, this did not take 
into account the commercial marketability of the 
developed concept or its chances of obtaining 
approval under construction law. Following on from 
that first step, a cooperative and multi-disciplinary 
research project (LifeCycle Tower, LCT) was 
initiated under the lead management of Rhomberg 
Bau GmbH. The project lasted several years and built 
on the results of the "8+" project to produce a new 
construction system which was adapted to the 
requirements of the modern real estate market. 
Throughout the project, an integrated design process 
was used, which meant that key knowledge-holders 
and representatives of all important construction 
disciplines (architecture, structural engineering, 
building physics, facility management, building 
services, process management, marketing etc.) were 
able to jointly and holistically work on important 
tasks. For this purpose, regular workshops were held 
in Bregenz (Austria), Munich and Berlin (Germany) 
with all project partners involved. Another key 
element was the method of performing theoretical 
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simulations which were checked and confirmed in 
real tests (such as the fire test using a floor element 
on 16.02.2010 in the PAVUS research institute in the 
Czech Republic).  
Furthermore, using project-based industrialisation, 
the LifeCycle Tower system complies with the aim 
of the "five golden rules for resource efficiency of 
the European Commission" stipulated in the EU 
Resource Efficiency Programme: saving, recycling, 
replacing, reducing and appreciating. (e.g. The 
European Union Roadmap to a Resource-Efficient 
Europe 2011). 
Cree GmbH has developed the results of the 
LifeCycle Tower research project to full 
marketability. The LifeCycle Tower ONE was 
opened as a prototype and demonstration project in 
Dornbirn, Austria, in 2012 in the presence of Doris 
Bures, Austrian Federal Minister for Transport, 
Innovation and Technology. Since then it has been 
the focus of worldwide attention as the highest 
energy-efficient timber hybrid tower block in system 
construction in the German-speaking region and as a 
product with worldwide applicability. The eight-
storey building is composed of prefabricated timber 
modules, which are stacked around a solid stairwell 
core. By building the first client project (the Illwerke 
Centre in Montafon, IZM, Vorarlberg), it was 
possible to demonstrate that individual needs and 
requirements - as well as local conditions - could be 
accommodated by adapting the LCT system 
construction method and that the system can be used 
for all kinds of customer projects. 

RESEARCH RESULTS AND THEIR 
GENERATED INNOVATIONS  
With the LCT system, a timber construction system 
for multi-storey tower blocks was developed which, 
in spite of individual design options, can be 
constructed in a very short time period and which 
guarantees a much reduced use of resources and 
energy throughout the building's lifecycle. By 
contrast with other timber construction projects 
which aim to use as much timber as possible, the 
LCT concept is aimed at using resources as 
efficiently as possible. That means that while timber 
accounts for the greatest proportion of the materials 
used in the LCT system, only that quantity is used 
which is needed to achieve functionality coupled 
with maximum resource efficiency. An example is 
the hybrid floors, for which both timber and 
reinforced concrete are used in order to achieve the 
best possible combination of sound insulation and 
fire protection. The result of the research shows that 
there are two major avenues that help to 
systematically replace resource-intensive 
construction materials: one is construction with 
timber and the other is system construction. 

Firstly, let us consider timber as a raw material for 
construction: together with clay and natural stone, 
timber is one of mankind's oldest and most 
elementary building materials. As a raw material it 
has the advantage that it grows without consuming 
fossil fuel and that it is absolutely ecological, natural 
and sustainable. Compared to other building 
materials such as steel, brick or aluminium, the 
energy needed for processing timber as a 
construction material is only a fraction and the 
energy required for producing various timber 
products is very small compared to other materials. 
There is also the fact that the use of timber means 
that other building materials - the production of 
which would consume a greater amount of energy 
and create high CO2 emissions - can be replaced. The 
key properties of timber are its good thermal 
insulation, high strength, longevity and fire 
resistance. Fire tests have shown that, at temperatures 
above 200°C, a charcoal layer forms and insulates the 
layers of wood beneath; it follows that structural 
timber members are at less risk of collapse than 
comparable steel members. This means that timber as 
a construction material meets the latest safety 
requirements. Another advantage is the low specific 
weight, which means that, potentially, the total 
weight of a building can be reduced by up to 50%. In 
the case of the LifeCycle Tower ONE, the weight is 
one third less than that of a comparable reinforced 
concrete building. Another important aspect is the 
fact that timber is available on all continents and that 
its local harvesting can be the basis for regional and 
national independence in terms of the procurement of 
raw material, which has the effect of safeguarding the 
price of raw materials against increases. The IZM 
client project is a good example: two thirds of the 
timber used in its construction was obtained from the 
Vorarlberg and Montafon regions and the remaining 
third from the neighbouring region in southern 
Germany. This also means that transport routes are 
shortened and the regional economy is strengthened 
since the design of a building using the LCT system 
method can always be carried out by local architects, 
local contractors can carry out the construction and 
the components can be produced by local enterprises. 

137



However, the most important argument in favour of 
timber as a material for the construction industry is 
that it absorbs CO2 in its growth process (CO2 store 
technology). Through the process of photosynthesis, 
the leaves of the tree use water, carbon dioxide (CO2) 
and light to form carbohydrates and oxygen, which is 
vital to the survival of mankind. The tree stores these 
carbohydrates and releases the oxygen back into the 
atmosphere. Therefore timber has a useful function 
throughout its use period as it stores the accumulated 
carbon dioxide - which is the main cause of the 
greenhouse effect. Growing timber uses the process 
of photosynthesis to absorb carbon dioxide and the 
harvested timber stores it. (Kolb, 2007 : 17). 
Overall, timber consists of 50% carbon; it therefore 
plays an important role in maintaining a balanced 
climate as it stores CO2. The storage potential of CO2 
in 1 m³ of wood is just under 1 t of CO2; this means, 
for example, that in the IZM project with its 1,030 m³ 
of solid timber, over 944 t of CO2 is stored. 
Last but not least, timber is a resource-saving 
recyclable product, since it can be completely 
recycled at the end of its lifecycle without negative 
impact on the CO2 balance. On the one hand timber 
can be fully recycled and, on the other hand, even if 
it is burnt it will only release the amount of CO2 that 
the tree has absorbed during its growth. (Colling, 
2008: 1 ff.). 
PE International carried out a study (which presents 
the results of a CO2 assessment of the LifeCycle 
Tower as the basis for a “Product Carbon Footprint”) 
in parallel to the LCT research project, the results of 
which confirmed the following: by using timber as a 
base material for the building using the LCT 
construction method, a total of 9,493 t less CO2 
equivalent is emitted than by a comparable reinforced 
concrete building, taking into account the entire 
lifecycle including production, maintenance and 
disposal. That represents a 90% improvement on the 
total CO2 balance compared to conventional 
reinforced concrete high-rise buildings. This means 
the LCT construction system makes a significant 
contribution to a radical improvement of the energy 
efficiency in the building sector and is capable of 
storing the absorbed CO2 for over 100 years. 
One of the reasons for this is the fact that, with the 
LCT system construction method, it is possible for 
the first time to use timber as a loadbearing - and at 
the same time unencapsulated element - in timber 
construction, and thus to conserve additional 
resources. At the same time, exposed wood surfaces 
in the interior of buildings can be experienced 
directly by the users and contribute to a room climate 
that supports good health. (e.g. Moser et al., 25 
March 2010). 
The second key outcome of the research was the 
importance of system construction. The system used 
is a standardised modular system with universal 

applicability. In contrast to other high-rise timber 
construction projects, Cree has adopted a top-down 
approach in which all components are designed such 
that - in the case of an application in other countries - 
they can be adapted to the requirements and 
regulations in the respective country. In this context 
it is important that the LCT system components can 
be produced by local companies, thus providing 
opportunities for regional tradesmen and the timber 
industry. The buildings created to date by Cree, the 
LCT ONE and the IZM, are office buildings. 
However, the modular prefabricated timber 
construction system can also be used for residential 
buildings, hotels, catering and retail buildings. With 
highly precise prefabrication methods, the various 
modules can be designed to suit a wide range of 
construction projects. Owing to the consistent high 
quality of the components, the fit can be reliably 
assured. Another important advantage compared to 
conventional construction methods is the time 
required for construction, which is reduced by half. 
In the case of the LCT ONE prototype, it was 
possible to reduce the construction time by a factor of 
3. This is of benefit in that any disturbance to 
neighbours and general traffic is minimised and - 
especially in urban situations - the construction 
process is much simplified. The high degree of 
prefabrication makes fast assembly possible (at the 
LCT ONE it was possible to erect one floor including 
facade in one working day) and greatly reduces the 
requirement for storage areas during the construction 
phase. A third advantage of the prefabrication of 
elements is that less noise and dust is generated at the 
construction site. 

The LCT system makes a significantly improved CO2 
balance possible. This is largely due to the above-
described approach, i.e. the system construction 
method and the use of timber as base material. In 
view of the fact that energy consumption during the 
use phase of a building plays a very important role in 
the overall CO2 balance of a building, further 
research focused on the M&E building services. The 
objective of the LCT project was not only to ensure 
the required functionality of the building but also to 
create an indoor climate that supports concentrated 
work in office areas or relaxation in hotel or 
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residential environments, depending on the required 
function. At the same time, the energy consumption 
was to be reduced to a minimum while using 
technology which is as simple as possible. It was 
already decided at the energy technology design 
stage to focus on renewable energy sources as the 
basic energy supply concept. One result of this is that 
part of the required energy can be harnessed from the 
photovoltaic modules integrated in the facade, while 
the energy required for domestic hot water is 
provided by a solar thermal system on the roof. In the 
IZM building, the heating is provided by an air-to-
water heat pump combined with a low-energy radiant 
heating and cooling system. The energy required for 
space heating and cooling in the LCT ONE building 
is exclusively derived from a geothermal source, 
which is tapped via a ground probe array underneath 
the building. Overall it is possible to minimise energy 
consumption during the use phase by intelligent 
energy technology design and a smart, highly 
efficient energy supply concept. Furthermore, the 
operating costs are optimised and reduced by an 
automatic energy consumption monitoring system. 
The intelligent services concept includes a fully 
automatic ventilation system with highly efficient 
heat recovery and continuous CO2 measurement for 
the purpose of controlling the air flow, as well as 
automatic night cooling, equipment control based on 
the presence of people and lighting control based on 
the presence of people and daylight. The room 
temperature is managed by heating/cooling panels 
integrated in the ceilings. The facade with its counter 
sash windows provides increased sound and thermal 
insulation and includes integrated solar screening 
with a light direction function. Natural ventilation 
can be achieved by opening the windows manually. 
In line with the principle of the least technology 
possible, the technical components can be used 
sparingly, depending on the conditions and the 
demand, or can be completely dispensed with. The 
project manages completely without conventional 
energy sources such as heating oil or natural gas. 
The energy concept applied in the LifeCycle Tower 
project is a comprehensive and systematic one, 
taking into account the energy flows of various 
different functions as well as the potential of 
renewable energy and internal gains. All losses and 
gains were computed in an analysis of the space 
heating requirement in which transmission and 
ventilation heat losses were offset by gains from heat 
recovery and the presence of users. In the case of the 
LCT ONE building, the remaining demand for space 
heating is 285,430 kWh/a. This means that in terms 
of gross floor area, the annual space heating demand 
is less than 14 kWh/m², which is the main criterion 
used in PassivHaus design. In conventional high-rise 
buildings, the annual space heating demand is 
between 50 and 100 kWh/m². However, whether it is 

possible to achieve Low-Energy, PassivHaus or even 
Plus-Energy standards using the LCT system 
depends on local conditions. The IZM building not 
only achieves PassivHaus standard but is also the 
first building of this size in Vorarlberg to meet the 
criteria of a so-called "green building".( Eber, et al., 
2010). 

The LCT system complies with the principles of 
maximum sustainability. This is borne out by the 
certification as well as by numerous accreditations 
for sustainability and resource- and energy-
efficiency. On the basis of the strict sustainability 
criteria applied by the German Sustainable Building 
Council (DGNB), in 2010 the LCT ONE was 
assessed by the Austrian Society for Sustainable Real 
Estate Management (ÖGNI) in the categories 
"ecological quality", "economical quality", "socio-
functional quality" and "process quality" and was 
awarded "Gold", the highest achievable level. In 
2012, this assessment was confirmed for the 
completed building. 
In summary, the following tangible results are 
evident at the end of the LCT project: 
- A comprehensive building concept for construction, 

building services and facade 
- A modular timber system as a new independent 

product which meets the requirements for fire 
safety, acoustic insulation and structural integrity 

- A system that does not rely on services installations 
or facade details by a specific manufacturer 

- An energy design for a Plus-Energy building 
- A design blueprint that is ready for submission to 

the authorities at a hypothetical location 
- An analysis of cost-efficiency based on the 

lifecycle of the building 
- A CO2 footprint and certification 
EVALUATION OF RESEARCH 
RESULTS AND IMPLEMENTATION 
Often, "green building" standards are achieved by 
using sophisticated services engineering in order to 
ensure maximum energy efficiency. However, in 
order to achieve a genuine advance towards zero-
carbon building, the product must be assessed from 
the cradle to the grave and it is necessary to consider, 
at the design stage, which materials are used. When 
using the LCT system, it is known beforehand what 
type and quantity of materials will be used and how 
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these can be recycled at the end of the building's 
lifecycle. A frequently used output indicator is the 
CO2 footprint (also called carbon footprint or 
greenhouse backpack), which describes the total 
quantity of greenhouse emissions (CO2 equivalents) 
along the entire product lifecycle. In the study 
produced by PE International at the beginning of 
2010, it was concluded that, in addition to the 
enormous savings potential of 90% of CO2 
equivalents in the timber construction compared with 
reinforced concrete construction, there is still 
enormous improvement potential regarding the 
remaining 882 t generated primarily from the fit-out 
of the building over its total lifecycle. 
Changes are now visible at a political level, which is 
evidenced by the EU's 2011 Resource Efficiency 
Programme. The LCT system is proof that the aims 
and objectives in this programme can be realised and 
that today it is already possible to achieve 
dematerialisation in the building industry up to a 
factor of 5. As a new product on the building industry 
market, the system can be used worldwide as a 
universal model and thereby make a real contribution 
to a low-CO2 economy. 
In view of the fact that urban construction methods 
primarily rely on conventionally produced prototypes 
involving complex construction procedures, this 
results in high construction costs, long construction 
periods and considerable design and construction 
risk. For sustainable and resource-efficient 
construction in an urban context, Cree sees the 
solution in multi-storey timber construction. 
Components are produced in an industrial process to 
detailed designs and are erected in a very short time; 
the system is suitable for universal application. When 
it comes to remodelling and renovating the building, 
the modular construction simplifies matters. The 
system affords a maximum of flexibility, thus 
accommodating changes in use over the decades, and 
therefore contributes significantly to the longevity of 
the building. With the help of the structural system 
developed (intermediate floors and facade uprights), 
it has been possible to omit any loadbearing partition 
walls in the LCT ONE. This supports individual 
room divisions on the one hand and, on the other 
hand, makes it easy to change the use and size of 
rooms throughout the entire lifecycle of the building. 
Furthermore, the modular construction method of the 
LCT ONE facilitates cascaded use of all components. 
At the end of the building's lifecycle, its construction 
components can either be re-used in new buildings or 
recycled with little effort, used in thermal processes 
(energy generation) or decomposed in a pyrolysis 
process, binding its carbon content. 
CONCLUSIONS 
Owing to increasing environmental pollution, 
progressive urbanisation and the limitation of finite 

resources, the construction industry with its heavy 
reliance on energy and resources is facing a strong 
need for action. Alternative solutions have to be 
found in order to meet the need for residential 
accommodation in urban environments, while at the 
same time drastically reducing the emission of CO2. 
The LifeCycle system is the result of a two-stage 
research process and suggests two key approaches as 
a solution: the use of timber as the main construction 
material combined with a modular construction 
system. Because of its potential for storing CO2, 
timber is an important starting point and is capable of 
making an important contribution to a CO2-neutral 
building sector. Through the cascaded use of timber 
as a construction material resource (harvesting – 
processing – use – disassembly – recycling), CO2 is 
retained on a long-term basis; this is preferable 
compared to immediate incineration (which often 
involves energy-intensive preparation processes such 
as chipping the wood) in which - for the purpose of 
generating energy - the gas is released back into the 
atmosphere. The system construction method not 
only supports a high degree of flexibility and leads to 
a reduction in construction time and construction 
errors, but also supports local economies as it can be 
adapted to suit regional and local conditions. 
Currently, an effort is being made to adapt this 
flexible system construction method for housing 
construction. Another research activity focuses on the 
question as to whether the LCT system can also be 
used for non-rectangular designs. In view of the fact 
that in the assessment of the overall CO2 footprint of 
a building, the use phase plays a very important role, 
the LCT system is combined with a comprehensive 
energy supply concept which relies on renewable 
energy sources so that, depending on the location, it 
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is even possible to achieve Plus-Energy building 
status. 
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ABSTRACT 

In the ongoing work we investigate the effects of 

introducing Zero Carbon Buildings (ZCB) into the 

energy system. In order to reach the zero balance 

requirement several different technologies are 

available. With an optimisation model we investigate 

the preferred technology mix needed to reach the 

zero carbon balance in the most cost efficient way. 

Further, we analyse how technology choices affect 

the buildings interaction with the electricity grid.  

A case study of a zero carbon school building is 

performed, taking into account investment costs, 

variable electricity costs, carbon emissions and grid 

interaction perspectives. To increase flexibility and 

self-consumption of on-site electricity generation, a 

heat storage is present. An hourly time resolution is 

applied to account for the variability in load and 

generation.  

Further, we investigate the effect of restrictions on 

export and import of electricity to/from the grid, and 

how different carbon factors influence the optimal 

solution.  

INTRODUCTION 

Zero Carbon Buildings (ZCB) constitute an 

important step towards a holistic and integrated 

renewable energy system. However, the ZCB 

concept encompasses a new way of how we perceive 

the energy system as the energy flows are no longer 

only flowing from central energy producers to small 

end consumers. Each ZCB consumer is additionally 

an energy producer, which means that with the 

deployment of ZCBs the energy system is changing 

towards a system with many thousands of small 

distributed generation (DG) units, and with the 

energy flowing both to and from each customer. In 

this context, the consumers – or ZCBs – can take 

advantage of the possibility of managing and 

controlling their own energy consumption and 

production through smart energy management 

systems (EMS) within the building. Additionally, 

EMS is becoming more relevant with the deployment 

of automatic metering systems (AMS), which 

exposes customers to real time electricity price 

changing hour by hour. This concept of the energy 

system described can also be seen as part of the smart 

grids concept. 

Previous studies of the grid impact of ZCBs 

encompass optimal operation strategies where the 

technical equipment (choice and size) is treated as 

given (Dar, Sartori, Georges, & Novakovic, 2013) . 

In our study we additionally seek to find the optimal 

investment decision taking into account an optimal 

operation of the energy system on an hourly basis. 

Investment decisions for buildings can entail many 

details and contradictory objective functions 

(Fabrizio, Filippi, & Virgone, 2009). In this study, 

our aim was to investigate the net electricity load 

profile of semi-large non-residential buildings given 

an optimal constitution and operation of the energy 

supply system of the building. For this purpose we 

developed a simplified model, which entails the most 

important aspects.  

We use a dynamic deterministic optimisation model 

which optimises both the investment (technology 

choice and size), and the operation of the energy 

technologies. Thus, the hourly net electricity profile 

is given as an additional output from the model. 

These load profiles will be used in further work to 

analyse the impact of  ZCBs on the Norwegian power 

system.  

 
Figure 1 Energy flows in the optimisation model 
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electricity grid where it displaces fossil power 

production. The same definition may also be applied 

to energy, in Zero Energy Buildings (ZEB). (Marszal 

et al., 2011) (Sartori, Napolitano, & Voss, 2012)  

There exist several ambition levels for the ZCB or 

ZEB definition (Dokka et al., 2013). The model is 

capable of adapting all levels, however in the 

presented case study we are including compensation 

of operational but excluding  embodied  emissions, 

which is in line with ambition level II in (Dokka et 

al., 2013).  

One of the main challenges of the ZCB and ZEBs is 

their impact on the grid, as their electricity 

production tend to occur when the electricity demand 

is low, making the net electricity load profile become 

more volatile, see e.g. (Baetens, De Coninck, Helsen, 

& Saelens, 2010) and (Berggren, Widen, & Wall, 

2012). This tendency becomes even more apparent 

with higher time resolution. Additionally, a seasonal 

discrepancy is also observed, where excess electricity 

production during summer is exported to the grid, 

and to be imported in winter.   

Several dynamic grid interaction factors has been 

developed in order to evaluate the buildings 

interaction with the electricity grid, cf. (Salom, 

Marszal, et al., 2014). In this paper, the generation 

multiple (GM), defined in Equation (11), together 

with the absolute values for maximum import and 

export, are chosen as evaluation criteria. 

Building energy demand (Hourly load profiles) 

The heat and electricity demand of the school 

building is determined by a regression model which 

is based on measured energy consumption data 

combined with information on climatic parameters 

(Lindberg & Doorman, 2013). As there are no zero 

carbon school buildings built in Norway today we 

assume that the basis of a zero carbon building is a 

passive building with on-site energy production. 

Thus the predicted heat and electricity load is based 

on hourly measurements of district heat and 

electricity consumption data for a passive school 

building situated in south-eastern Norway. 

Hourly time resolution  

As shown in (Salom, Marszal, et al., 2014) and 

(Salom, Widén, Candanedo, & Lindberg, 2014) a 

sub-hourly time resolution is preferred when doing 

in-depth analysis of single building’s interaction with 

the grid. However, due to lack of available sub-

hourly measured energy consumption data for the 

passive building, the model could not have a higher 

time resolution than the input data. Model size was 

also an important aspect when choosing hourly in 

favour of sub-hourly time resolution. 

Available technologies 

The present technologies in the model reflect the 

most plausible technology options for Norwegian 

conditions. There are two aspects which make zero 

carbon buildings in Norway different from other 

countries. Firstly, hydro power accounts for 99 % of 

total electricity generation, making it almost 100 % 

renewable. Secondly, the historically generous access 

to low-cost renewable hydro power makes electricity 

accounting for approximately 80 % of the heat 

demand in Norwegian buildings (Lindberg & 

Magnussen, 2010). These two conditions, together 

with a dispersed settlement pattern, have led to 

relatively low distribution of district heat and natural 

gas grid (Skaansar, 2011). Thus, CHP units (for 

natural gas) and district heat connection are not 

included as technology options. Electricity storage 

(battery) is also not considered due to considerable 

storage capacity in the hydro reservoirs of Norway. 

Available technologies in the present version of the 

model are thus water-to-water heat pump, air-to-

water heat pump, PV panels, electric boiler, pellets 

boiler, and solar thermal collectors. 

MATHEMATICAL DESCRIPTION 

A dynamic deterministic mixed-integer linear 

optimisation model with hourly time resolution for a 

non-residential ZCB/ZEB has been developed in the 

Xpress-Mosel optimization modelling tool (FICO 

Xpress, 2013).  

Objective function: Minimising total costs  

The objective is to minimise total costs while 

complying with several constraints. Equation (1) 

reflects the sum of the total life time adjusted 

investment costs, and the total discounted operational 

costs. Equation (2) describes the annual operational 

costs in more detail, including fuel costs (equals 

bought energy from outside the building), and annual 

fixed operational costs of each technology, i.   
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The total lifetime of the building is assumed to be 60 

years. In order to limit the model, annual energy 

costs are calculated for one average year within a 

period, p. The total number of periods,   , is 
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flexible and depends on the number of years,    , 

within each period. 

Constraints 

The building must comply with several requirements. 

i. Zero Balance Requirements 

The model is built such that all ambition levels for 

the ZCB/ZEB requirement can be met, including 

embodied carbon emissions/energy. 

a. Zero Carbon Emissions 

Equation (3) reflects the zero emissions requirement 

including embodied emissions added the annual 

emissions from operation of the building, times the 

total number of years within each period, YRN, and 

total number periods of the building’s lifetime, PN. 

Note that the carbon emissions attached to the 

exported electricity,     
   

, subtracted from the 

balance may have a different CO2 value than the 

imported electricity. 

                   

   ∑ (   ∑           

        

     
   

                 
   

            )

                                                               

(3) 

a. Zero Primary Energy Consumption 

As an alternative to the zero emission constraint, the 

model can also investigate the effect of zero primary 

energy consumption throughout the lifetime of the 

building. See Equation (4). Notice that only one of 

the zero constraints is active at each model run. 
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           )

                                                                

(4) 

 

i. Building electricity balance 

The electricity balance of the building states that on-

site generation by PV,        , subtracted electricity 

used in the energy technologies,        ,  together with 

the electricity demand of building,     
  , equals 

electricity exported to the grid or electricity imported 

from the grid, see Equation (5).  

           ∑        
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As electricity import and export does not occur at the 

same time step, the model either runs in import or 

export mode. 

i. Building heat balance 

Similarly for heat, Equation (6) reflects that heat 

within the storage      at time step t,  equals the 

already stored energy within the storage from the 

previous time step, t-1, added the heat produced, 

       , by the active technologies i (notice that ST is 

treated differently) and in the end substracting what 

is used within the building,   
    .  

          ∑       

     

                
    

                               

(6) 

 

The heat storage has an efficiency loss of 1-   which 

reflects both charging and discharging losses. 

i. Limitations power grid 

As stated earlier, one of the main challenges of the 

ZCB/ZEBs is the interaction with the grid. Equation 

(7) introduces a limitation on the import and export 

of electricity to the grid. By applying different values 

of   we are able to investigate the impact of different 

levels of grid limitations. Equation (8) suggests that 

the maximum import/export value to equal the sum 

of the building peak load of electricity and heat. 

       
          

                       
(7) 

                    
where:     

     (  
  )    (  

    )                 (8) 
 

ii. Additional constraints 

For each of the technologies, i, capacity constraints 

and energy balances are applied.  

                                                      (9) 

In order to keep track of the energy stored in the 

storage, an additional requirement is set that the 

storage should contain the same amount of heat at the 

start (t = 0) and at the end (t = T) of each year. See 

Equation (10). 

                                                     (10) 

INPUT DATA 

The building of investigation is a school building 

complying to the passive house energy standard with 

a ground floor area of 10 000 m
2
 situated in the 

south-eastern part of Norway. 

Load profiles (hourly energy demand) 

A prediction of heat demand was made on outdoor 

temperatures for the city of Drammen in 2012, using 

the statistic methodology mentioned earlier. The 

annual heat and electricity demand of the school 

147



building was f006Fund to be 269 and 381 MWh 

respectively. 
 

 

Figure 2 Energy load of the school building 

Energy Technologies 

Normally specific investment costs are nonlinearly 

related to the installed capacity, see e.g. (Fabrizio et 

al., 2009). This relation can be linearized in order to 

be included in the linear optimisation problem. 

However, in this first version of the model, the 

specific investment costs are assumed constant in 

EUR per kW installed capacity. The specific costs 

are based on medium scale technologies (~ 50-100 

kW) which is applicable for the relatively large 

school building of 10 000 m
2
. See Table 1 for details. 

 

Table 1 

Investment costs and fixed operational costs
1
 

 

TECH-

NOLOGY 

INVESTMENT 

COST  

OPER. 

COSTS 

LIFE 

TIME 

 (in the range of 

50-200 kW) 

% of 

inv.cost 

year 

PV 1 800 EUR/kWp 1 % 25 

HP water-to-

water 

1 005 EUR/kW 

(incl.well drilling) 

3 % 15 

HP air-to-water 1170 EUR/kW2 3 % 15 

Pellets boiler 482 EUR/kW 5 % 20 

Electric boiler 145 EUR/kW 2 % 20 

Heat storage 4,7 EUR/litre3 none 20 

Solar thermal  30 860 EUR4 1 % 20 
 

The technical specifications for the energy 

technologies are given in Table 2. The electricity 

production from PV panels are simulated in PVSyst 

with climatic conditions of a standard year in Oslo, 

Norway, carried out at Multiconsult (Merlet, 2013).  

Heat production from the solar thermal collectors is 

treated similarly as for PV. Simulations in ColSim of 

a flat plate solar collector system were carried out at 

Fraunhofer ISE, with climatic conditions for Oslo 

                                                           
1
 Costs for Norwegian conditions using 8,3 NOK/EUR. Based on 

(Løtveit, 2012) if not otherwise specified.  
2
 Small scale air-to-water HP (5-10 kW). 

3
 Assuming        , yields 90 EUR/kWh. 

4
 75 m2 flat plate collectors without storage, (Hofstad, 2011). 

and with the heat demand of the school building in 

question (Wittwer, 2014). The hourly heat production 

from the solar thermal flat plate collectors takes into 

account that the solar collector is shut off (yielding 

no heat) in summer when heat demand is low and 

solar irradiation is high. This is a benefit from only 

adding an efficiency to the solar irradiation in the 

optimization model. The time series of heat 

production from the simulations were used directly as 

solar thermal production,      , in the model. 
 

Table 2  

Technical specifications 
 

TECH-

NOLOGY 

EFFICIENCY  REFERENCE 

  or COP  

PV Hourly production 

from simulations 

in PVSyst 

(Merlet, 2013) 

HP water-to-

water 

COP = 3,2 (Løtveit, 2012) 

HP air-to-

water 

40 % * carnot eff. 

with Tamb 

(Russ et al., 2010) 

Pellets boiler 90 % (Hofstad, 2011) 

Electric boiler 98 % (Hofstad, 2011) 

Heat storage 99 % (Hofstad, 2011) 

Solar thermal 

flat plate 

collectors 

Hourly production 

from simulations 

in ColSim 

(Wittwer, 2014) 

 

The investment decision of solar thermal is treated as 

a binary decision, i.e. the model can choose to invest 

in a 75 m
2
 collector area with a collector heat 

production of 26,5 MWh/yr to 30 860 EUR, but it is 

not possible to scale it as the heat production profile 

of the solar thermal simulations are strictly attached 

to the size in question. 

Electricity prices and other fuel prices 

The spot price from Nordpoolspot in 2012 is used as 

the electricity price, with added grid taxes for 

Norwegian conditions. All fuel prices are without 

VAT as the calculations are done for a service 

building which gets a tax refund for the VAT 

expenses. 

Table 3  

Fuel costs 
 

ENERGY 

CARRIER 

PRICE REFERENCE 

           

Electricity import 

(annual average) 
5,1 (EB Nett AS, 2014)  

(Nordpoolspot, 

2013) 
Electricity export 

(annual average) 
2,6 

Pellets 4,2 (Hofstad, 2011) 
 
 

The prices vary throughout the day with the annual 

average price shown in Table 3. The difference in 

import and export price is the grid charge applied by 

the local grid company where the school is located. 

Summed up, the import price equals spot price added 

grid taxes, and export price equals only the spot 
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price. The export price is always lower than the 

import price. This ensures that import and export do 

not occur within the same hour (ref. Equation (5)). 

Carbon and Primary Energy Factors 

The amount of PV area required for reaching the zero 

balance is highly sensitive to the carbon factors  

applied to the different energy carriers (Noris et al., 

2014), and because there are no official carbon and 

PE factors published for Norwegian conditions, 

different factors have been investigated. 

Due to the high share of hydro power, the carbon 

factor for electricity in Norway, proposed by (Dokka 

et al., 2013), is lower than the EU average of 350 

g/kWh (IEA, 2013), and as Norway is connected to 

the Nordic power system, the value is larger than 

zero. Table 4 shows the carbon factors used. 
 

Table 4  

Carbon factors (Dokka et al., 2013) (IEA, 2013) 
 

 CARBON FACTOR 

gCO2-eq/kWh 

 CO2-NOR CO2-EU  

Electricity import 130 350 

Electricity export 130 350 

Bio pellets 7 7 
 

The draft of the overarching standard for the 

Directive on Energy Performance of Buildings (prEN 

15603:2013), suggest new primary energy factors for 

various energy carriers. The new factors take into 

account that electricity produced onsite which is 

exported and reimported later, PE = 2,0, is less 

favoured than production that is consumed 

instantaneously reducing imported electricity with PE 

= 2,5, in order to reduce grid impact. In addition, in 

to investigate the impact of the asymmetric electricity 

factor, symmetric PE factors were also applied. 
 

Table 5  

Primary energy factors (prEN 15603:2013) 
 

 PE FACTOR 

kWhPE/kWh 

 PE-EN  PE-EN (asym) 

Electricity import 2,5  2,5 

Electricity export 2,5 2,0 

Bio pellets 0,05 0,05 
 

Grid Interaction Indicator 

One of main the challenge of ZCBs and ZEBs is their 

hourly and seasonal mismatch between load and 

generation of electricity, and in the literature various 

indicators have been proposed for evaluating these 

effects, see (Salom, Marszal, et al., 2014).  

    
|     |

|     |
   

(11) 

where                                      

The generation multiple (GM) is one of them, 

reflecting the ratio between the peak values for 

import and export of electricity to the building, 

shown in Equation (11). As the GM is a relative 

value, the actual peak values for import and export 

and GM relative to reference case (GMref) are given 

in the results table. 

MAIN RESULTS 

The model finds both the optimal investment 

decision (installed capacity) and the optimal 

operation (the way the technologies are being utilised 

at an hourly level) when minimising total costs.  

Table 6 shows key figures of the passive school 

building situated in south-eastern Norway, when 

applying the zero carbon (zeroCO2) and zero primary 

energy (zeroPE) constraints with the factors listed in 

Table 4 and Table 5. 

No zero constraint 

The first column corresponds to minimising costs 

without any zero requirements to establish a 

reference case. Total discounted costs are 0,7 mill 

EUR and the preferred technology choice is a water-

to-water HP, with an electric boiler and a heat 

storage to meet peak heat load requirements. No PV 

is installed and the peak electricity import value of 

the building is 352 kW. The annual CO2 emissions 

for the building are reaching 67 tonnes, and the 

annual primary energy consumption 1300 MWhPE. 

The primary energy consumption is higher than the 

total energy demand (~ 600 MWh) because of the 

primary energy factor of 2,5 for electricity. Notice 

that the electric boiler is used as the peak load 

provider with an installed capacity of 192 kW, but 

only providing 63 MWh/yr, which is in contrast to 

the HP which delivers 235 MWh/yr, with 65 kW 

installed capacity. 

Operational results 

Operational results shows that different technologies 

are being used for base load and peak load, as 

expected. In the reference case without zero 

constraints, the use of the storage and the electric 

boiler varies in accordance with the variable 

electricity spot price. Further analysis of operational 

results will be discussed in future work. 

Zero Balance Constraints  

When applying the zeroCO2 constraint, the 

investment costs are more than doubled compared to 

the reference case. However the annual operational 

costs are not changed significantly. The main reason 

is the PV installations that have considerable 

investment costs, but negligible operational costs. 

Comparing the total carbon emissions and total 

primary energy consumption, the zeroCO2 constraint 

gives negative PE consumption regardless of choice 

of factors, thus we can conclude that the zeroPE 

requirement is stricter than the zeroCO2 requirement 

when using symmetric PE factors. However, when 
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the asymmetric PE factors are applied (last column), 

it is the zeroCO2 constraint that is binding. This is 

also reflected through the total discounted cost where 

zeroPE with symmetric PE factors has the lowest 

cost (i.e. the weakest constraint), followed by the 

three zeroCO2 constraints cases, leaving zeroPE with 

asymmetric PE factors with the highest cost. The 

main driver for the costs thus seems to be the PV 

installation needed in order to reach the different 

zeroCO2 or zeroPE levels. However, the preferred 

choice of technologies are not altered, i.e. bio pellets 

boiler and electric boiler for peak loads. 

The grid impact at the bottom of Table 6 shows that 

when applying the zero balance (either zeroCO2 or 

zeroPE), the peak export values are higher than the 

peak import values, leading to GM factors between 

1,5 and 2,1. This means that the maximum export 

from the building is 1,5 to over twice as high as the 

peak import from the electricity grid. However, when 

comparing the maximum export value to the 

maximum import value of the reference case, we see 

that the GM factors is not above 1, indicating that the 

grid connection capacity of the building does not 

need to be higher than for a passive school building 

without on-site production.  This leads to the 

conclusion that zero carbon buildings in Norway do 

not necessarily need higher grid connection capacity 

than buildings without on-site production. 

Solar thermal 

Solar thermal is not chosen as a heat technology in 

any of the cases. The reason lies in the heat demand 

profile of the school building (see Figure 2) which is 

close to zero during the summer holiday when solar 

thermal heat production is at its highest. 

Consequently, the building is not capable of utilizing 

the heat production from the ST collectors and 

therefore, the investment becomes too expensive. 

When applying the model on a different building 

type, e.g. an office building or hospital, the 

conclusion will most probably change. 

Grid restrictions 

The grid impact results in Table 6 show that when 

the zero balance is applied, the peak export value is 

higher than the peak import value. As the peak export 

would demand a stronger grid connection capacity 

than the peak import alone, we applied restrictions on 

Table 6 Main model results 

Zero-constraint   None   Zero Carbon Emissions   Zero Primary Energy 

  Carbon factor   CO2-NOR   CO2-NOR CO2-EN CO2-NOR   CO2-NOR CO2-NOR 

  gCO2-eq/kWh electr.   130   130 350 130   130 130 

  
Primary Energy factor   PE-EN    PE-EN  PE-EN  PE-EN    PE-EN  PE-EN 

(asym) 

Total discounted cost [1000 EUR]   691   1 845 1 832 1 988   1 810 1 984 

Oper. cost [1000 EUR/yr]   34   34 34 27   34 33 

Emissions [kg CO2-eq/yr]   67 384   0 0 0   1 376 -6 109 

Primary Energy [MWhPE/yr]   1 296   -26 -16 0   0 0 

Installed capacity [kW]                   

  PV   0   486 480 579   473 542 

  HP water-to-water   65   7 7 114   7 8 

  HP air-to-water   0   0 0 0   0 0 

  Pellets Boiler (BB)   0   135 136 N.A. 

 

140 141 

  Electric Boiler (EB)   192   57 59 117   74 42 

  Accumulator Tank (m3)   1,5   7,3 7,0 3,6   4,7 8,7 

  SolarThermal (0/1)   0   0 0 0   0 0 

Energy production [MWh/y]                   

  PV   0   407 402 484   396 454 

  HP water-to-water   235   18 16 283   14 22 

  HP air-to-water   0   0 0 0   0 0 

  Pellets Boiler (BB)   0   280 281 0   281 282 

  Electric Boiler (EB)   63   4 4 15   5 2 

  Losses in Storage   2   5 5 2   4 10 

Grid impact                   

  Electricity sold [kWh/yr]   0   4 106 4 042 5 139   3 959 4 800 

  Max el import [kWh/h]   352   219 220 296   221 182 

  Max el export [kWh/h]   0   346 342 416   337 389 

  GM   0,0   1,58 1,55 1,41   1,52 2,14 

  GM ref   0,0   0,98 0,97 1,18   0,96 1,10 
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the maximum export value by introducing different 

values of alpha (see Equation (7)). When alpha 

decreases from 1 to 0,4, total costs increases with 37 

% due to increased installed capacity in the electric 

boiler and heat storage. In order to reduce the export, 

the model invests in cheap, and less efficient 

technologies (electric boilers) to increase the self-

consumption of PV generation and thereby limiting 

the maximum export.  Figure 3a shows that heat 

generation in bio pellets boilers, which is used for 

base load generation, is almost unchanged, however 

the peak load is increasingly covered by electric 

boilers and larger heat storage when stronger export 

restrictions are applied. Due to increased use of 

storage, the storage losses also increase, and thereby 

the total energy consumption. Therefore, the on-site 

energy generation must also increase in order to 

retain the zero emission balance, leading to almost 20 

% higher PV electricity generation.  

This implies that, by applying a limit on export for 

zero carbon buildings, the costs increases, the PV 

installations increases, and less energy efficient 

technologies for heat load in summer are introduced. 
 

 

a) Energy generation (MWh/yr) 
 

 

b) Installed capacity (kW) 

Figure 3 Investigating stronger export constraints  
 

Sensitivity analysis 

Heat pumps play an important role in a renewable 

energy system because they are able to utilise the on-

site PV generation for heat production. In order to 

investigate if a heat pump would give lower grid 

impact, bioenergy was made unavailable. The results 

are shown in the grey column in Table 6. We see that 

the GM factor is reduced, however as the absolute 

value of both maximum import and maximum export 

is increased, the GMref is actually increasing to 1,2, 

which is the opposite of the initial intention. The total 

discounted costs are increased by 11 % because the 

“CO2-payments” of electricity imported from the 

grid is higher than that for imported bioenergy, 

leading to higher PV installations and thus higher 

costs. 

In future, PV investment costs may be reduced even 

further. Thus a sensitivity analysis was performed by 

reducing the investment costs from 75 %, 50 % and 

25 %, while applying the zeroCO2 constraint. The 

trend clearly shows that total discounted costs are 

reduced, and the technology choices alter towards 

increased capacity of water-to-water HP together 

with electric boiler, and decreased pellets boiler 

capacity and heat storage size. The operation of the 

building in winter is equally shared between the heat 

pump and the pellets boiler, and in summer heat 

demand is covered only by the HP (as desired). The 

GM factor decreases from 1,9 to 1,3, which indicates 

less grid impact, however as both max import and 

max export increases, the GMref increases from 0,93 

to 1,09, indicating need for a higher grid connection 

capacity.  

Investigating the impact of changed electricity prices 

we first increase both import and export prices by 18 

€cent, keeping the price difference between them 

constant. This gave higher investments in PV, 

resulting in negative carbon emissions and GMref  = 

1,33, but with the other technological options 

remaining unchanged. When applying almost equal 

import and export price (only 0,1 €cent difference), 

there is less incentive to self-consume on-site PV 

production, but as the reference case has little self-

consumption due to pellets boiler providing base 

load, the self-consumption cannot be reduced further, 

and thus the results are almost identical to column 3 

in Table 6. 

DISCUSSIONS 

When applying the zero constraints, the solution does 

not seem sensitive to the different carbon or PE 

factors of electricity. Pellets boiler, heat storage, 

electric boiler and PV are still the preferred 

technological choices. The only difference is that PV 

investments tend to be higher when a stricter zero 

constraint applies (zeroPE with symmetric factors as 

the weakest, and zeroPE with asymmetric factors as 

the strongest), in order to provide enough export to 

the grid to compensate for the imported electricity. 

The findings are also in line with (Noris et al., 2014), 

which points out that the factors proposed by the 

EN15603 standard tend to favour bio energy as the 

preferred technology. 

The proposed asymmetric PE factors by the prEN 

15603:2013 reflect the wish to reduce unnecessary 

export of electricity to the grid as export (PE = 2,0) is 

valued less than import (PE = 2,5). This should give 

incentives to increase self-consumption of on-site 

production. However when concurrently applying the 

zeroPE constraint, the less valued export leads to 

higher investments in PV, and consequently higher 

total export and max export, which is the opposite of 
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the original intention. Thus, applying both the zero 

constraint and asymmetric factors at the same time 

leads to increased costs, and higher grid impact. 

CONCLUSIONS AND FURTHER WORK 

A dynamic mixed integer optimisation model with 

hourly time resolution has been developed. A case 

study has been performed on a zero carbon school 

building of 10 000 m
2
 situated in the south-eastern 

part of Norway. The model minimises total 

discounted costs and uses two major constraints: 

zeroCO2 and zeroPE. Cost minimization without the 

zeroCO2 and zeroPE constraints gives a solution 

with a water-to-water heat pump, an electric boiler 

and heat storage. When applying the zeroCO2 or 

zeroPE constraint, solar PV is chosen, a pellets boiler 

substitutes the heat pump and the heat storage is 

between 3 to 5 times larger. The size of the electric 

boiler is reduced to roughly 1/3 (depending on the 

constraint) compared with the cost minimizing 

solution, and this boiler is only used for the highest 

demand peaks. The total discounted cost for the 

zeroCO2 and zeroPE solution are 2,5 times as high as 

for the cost minimization solution, while the annual 

operational costs are almost unchanged. 

When applying restrictions on the import/export of 

electricity from the building in order to reduce grid 

impact, the costs increase, PV installation increase, 

and less energy efficient technologies for heat load in 

summer are introduced. 

By applying asymmetric primary energy factors 

together with zero primary energy constraints, the 

self-consumption increases, but at the same time the 

maximum export value also increases, which is the 

opposite of the original intention. 

Further work includes in-depth analysis of the hourly 

operation of the building, investigating the net 

electricity load profile towards the grid. The model 

will also be expanded with the possibility of using 

district heat. 

NOMENCLATURE 

Indexes 

 ,  energy technology  

 , time step (hr); 

 , period; 

 , energy carrier; 

 , month; 

Parameters 

  
   ,  Investment costs for energy technology i  

[EUR/kW]; 

  
   ,  Annual maintenance costs for energy 

technology i, [EUR/kW]; 

  
  , Electricity demand of building [kWh/hr]; 

  
    , Heat demand of building [kWh/hr]; 

    
   

, Price of electricity bought from the grid at 

hour t in period p [EUR/kWh]; 

    
    ,  Price of electricity sold to the grid at hour t, 

in period p [EUR/kWh]; 

  
   , Price of pellets in period p [EUR/kWh]; 

 ,  Discount rate [-] 

  ,  Storage efficiency [-] 

     , PV electricity generation, at hour t 

[kW/kWp]; 

     , Solar heat generation, at hour t [kWh/hr];  

      ,  Carbon emissions for energy carrier g, at 

hour t, in period p [gCO2-eq/kWh]; 

       , Primary Energy Factor for energy carrier g, 

at hour t, in period p [kWhPE/kWh]; 

    ,  Annual grid charge [EUR]; 

    ,  Monthly peak power grid charge 

[EUR/kW]; 

Variables 

    , Installed capacity of technology i, in period 

p [kW]; 

    
   

, Electricity imported from the grid, at hour t, 

for a typical year in period p [kWh/hr]; 

    
   

, Electricity exported to the grid, at hour t, for 

a typical year in period p [kWh/hr]; 

      , Electricity consumed by technology i, at 

hour t, in period p  [kWh/hr]; 

      , Heat provided by technology i, at hour t, for 

a typical year in period p [kWh/hr]; 

    ,  Bio energy consumed at hour t, for a typical 

year in period p [kWh/hr]; 

    ,  Heat stored in accumulator tank at end of 

hour t, in period p. [kWh/hr]; 

     , Binary variable. Equal to 1 if investment in 

ST in period p, else 0. 
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ABSTRACT 

 

The 2016/2019 Building Regulations updates present 
significant challenges to the UK building industry; 
there is also an urgent need for the retrofitting of 
existing housing stock to meet carbon reduction 
targets enshrined in the Climate Change Act. The 
recent Green Deal and other schemes have attempted 
to address this problem, but have fallen short of 
expectations. Existing research identifies that 
alternative finance can 'fill in the gaps' where the 
legal tender system falls short, unlocking previously 
unused assets in a community. This paper proposes a 
new model for collective action, reworking the basic 
ideas behind the Green Deal within the context of a 
complementary currency system. 
 

INTRODUCTION 

 

Since 2002, several schemes and mechanisms have 
been introduced by the government in order to 
improve the environmental performance of the UK's 
housing stock. The Energy Efficiency Commitment 
(EEC), for example, aimed to achieve energy savings 
of 62TWh between 2002 and 2005 (Ofgem, 2005), 
and exceeded its targets through a focus on assisting 
low income households with energy efficiency 
upgrades, whilst government funding for the 2000 
Warm Front scheme continued to assist vulnerable 
demographic groups with measures such as 
insulation and boiler replacement until its close in 
2013 (GDS, 2014). The CERT (Carbon Emissions 
Reduction Target) scheme ran between April 2008 
and the end of 2012, and imposed obligations upon 
all gas and electricity providers with more than 
15,000 domestic customers to assist with a variety of 
energy efficiency measures, including financial 
assistance with insulation and efficient lighting 
(Ofgem, 2013), before being superseded by the 
Energy Companies Obligation (ECO). 

In 2010, the policy mechanism known as Feed-in 
tariffs came into force in the UK, to encourage the 
micro-generation of electricity on domestic and non-
domestic properties via the payment of a 'generation 
tariff' for any electricity produced, with a further 
premium paid for any electricity exported back to the 

national grid. From November 2011, the Renewable 
Heat Incentive expanded upon this mechanism by 
providing similar incentives for the use of renewable 
heating technologies such as biomass boilers and 
solar thermal panels. More recently, the coalition 
government has introduced the Green Deal, a market 
mechanism which aims to encourage a much wider 
range of retrofits without limitation to either the 
usage or occupancy status of the building in question, 
by providing loans which are payable to the value of 
any savings made on energy bills as a direct result of 
any upgrades installed. 

The successes of the above schemes have been 
notably varied. The latest effort in particular, the 
Green Deal, has been described as an outright failure 
by numerous critics. Survey rates as of September 
2013 were so low that it would take an estimated 160 
years to survey all UK properties (Mark, 2013), 
whilst take-up rates post-assessment had stalled at 
levels in the single digits (Bawden, 2013), and has 
been described by activist writer George Monbiot as 
'a useless middle-class subsidy' (Monbiot, 2012). 
And whilst schemes like CERT, CESP, EEC and 
Warm Front have resulted in improvements to many 
homes across the UK, the limitations of centralised 
funding, the problem of hard-to-treat properties, and 
in some cases, sub-standard scheme management and 
design have left shortfalls in delivery. In the wake of 
the most recent economic recession, funding from 
government has been withdrawn from Warm Front (it 
ended at the beginning of 2013), which assisted the 
most economically vulnerable households. At 
present, CERT's successor, the Energy Companies 
Obligation (ECO) and the Green Deal remain to 
close the gap in the energy performance of homes 
across the United Kingdom. However, research 
shows that, due to the relatively high cost-per-unit 
involved in hard-to-treat properties being prioritised 
by ECO, the rate of carbon emissions reductions 
achieved are likely to be less than a fifth of all of the 
schemes it replaces (Rosenow & Eyre, 2013). 
Furthermore, data collected by the Committee on 
Climate Change has noted that market-based 
schemes such as EEC, CERT and ECO, by imposing 
additional costs on energy suppliers, have resulted in 
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measurable increases in the price of fuel (DECC, 
2013). 

 

WHAT ARE ALTERNATIVE 
CURRENCIES? 

 

A currency system using a unit of value other that the 
legal tender unit is known as an alternative currency. 
These currencies usually operate at the community 
level, and are administrated at this level with no input 
from main government. Of the three types of 
alternative currency Blanc (2011) identifies, 
'complementary' currencies appear most capable of 
addressing larger scale economic issues, due to their 
ability to interact with national economies and act 
counter-cyclically, as can be observed in the 
functioning of Switzerland's WIR Bank, which 
utilises a cashless 'credit clearing' mechanism 
(Kennedy et. al, 2012, p.37). It is to this type of 
complementary currency that we turn to in reworking 
the Green Deal's basic premise in a more productive 
direction. 

Alternative currencies have been described by 
leading academics as 'antidote' to globalisation 
(Seyfang, 2000), protecting communities and local 
interests from the larger forces of the global 
economy, much like a small boat harbour would 
protect smaller vessels from the turbulence of the 
open sea (Greco, 2009, p.194). Alternative currencies 
form a natural counter to the hyper-mobility of state 
finance, preventing money from being leached from 
a community towards larger and more powerful 
economic centres. In this way, they also serve a 
social function in that they help a community to 
retain its own personal character.  
 

WHY COMPLEMENTARY 
CURRENCIES? 

 

Of the various types of alternative currency that exist, 
the 'credit clearing' system is perhaps the most 
advanced and, according to T.H. Greco, has the most 
potential to make a positive difference to the current 
economic status quo. The credit clearing circle is a 
type of cashless exchange system modelled upon the 
Commercial Trade Exchanges that exist within the 
business world. In such a system, 'credits' available 
within the system equal the total sum of all positive 
balances, or the total sum of all negative balances 
(the amount is the same). This design prevents the 
unit of value from becoming the limiting factor in 
exchanges – a feature of legal tender that has created 
a scarcity culture in mainstream economic life, and is 
at the source of the failures of the market mechanism 
discussed earlier in this paper. The notion that 
alternative currencies increase 'the demand 
multiplier' by removing such scarcity is mirrored by 
Groppa (2013). Unused labour capacity exists in 
large amounts – current UK unemployment figures 

stand at 27.7% as of March 2014 (Office of National 
Statistics, Mar. 2014). Consider then that in a 
complementary currency system, this labour 
constitutes a readily tradeable service, so long as 
exchangeable goods exist elsewhere in the system, 
which is not limited in the same way as it would be 
in the conventional market by artificial scarcity. 
However, until now, complementary currencies have 
been unable to operate on anything other than a 
relatively small scale, due to limitations imposed 
upon individual negative balance limits. As it stands, 
this places retrofit operations on scale larger than can 
be currently accommodated by credit clearing circles 
– this can be seen in the fact that the WIR Bank 
remained unable to fund renovation projects until it 
incorporated a conventional interest-based loan 
system into its functionality (Greco, 2009, p.35). 
However, it is not enough to increase credit limits in 
these systems, as this has adverse impacts on overall 
system stability. Greco (2013) advocates a limiting of 
negative balances, but that this limit be based on the 
sales volume of an individual member, such that a 
negative balance can be cleared in a timespan of 
typically 'a few weeks' through trade. However, 
Greco also notes that the system should maintain 
flexibility and, depending on circumstances, a line of 
credit could be potentially be extended to the 
equivalent of sales turnover within one hundred 
trading days. In a system as stable as the WIR Bank, 
this could be potentially be extended even further. 
Nevertheless, this 'extended negative balance' 
function is likely to open the way for financing 
projects such as retrofits for business members only. 
Many individual members may still find the figures 
required out of their reach. The question of how 
complementary currencies can address the retrofit 
problem, therefore, is primarily a question of scale. 
This paper puts forward a preliminary model for 
collective action, with the aim of solving the 'scale 
problem' by multiplying credit limits for projects by 
providing a mechanism for effective collaboration 
between credit circle participants. 
 

CONNECTIVITY AND CO-OPERATION 

 

In order for an alternative currency to work 
effectively, it must provide value to its participants, 
in the form of both a place to exchange their goods 
and services for currency, and as a source of goods 
and services in return for any currency they have 
earned. The quality of this reciprocal network, 
therefore, is based upon the range of goods available 
within the system, which will increase in tandem 
with number of participants. To quote a metaphor 
from The End of Money, the first ever fax machine 
was completely useless – but as more fax machines 
were added to the network of fax machines, each 
individual fax machine became more and more useful 
(Greco, 2009, p.199). This introduces us to the 
concept of 'critical mass', the idea that an alternative 
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currency system must grow to a certain size in order 
to become self-sustaining. Research suggest that 
failing to reach this critical mass is one of the most 
common reasons for failure of new alternative 
currencies, as can be seen in the example of the 
Rössle Project in Stuttgart, Germany (Kennedy et. al, 
2012, p.79). 

Both Jankovic (2013) and Hopkins (2009) note that 
hyper-connectivity in a system adversely impacts its 
resilience against external system shocks, as well as 
degrading the quality of information transfer past a 
certain point. Combined with the 'critical mass' 
concept, these findings imply the existence of an 
optimum group size – that is, a 'cell' of connected 
individuals working towards the same end. Too many 
or too few and the collective falls apart. This would 
not necessitate limiting total membership to achieve 
ideal connectivity, but rather to aim for 'modularity', 
such as is advocated by Hopkins as one of three 
indicators of overall system stability/sustainability. 
This prevents the attainment of the 'percolation 
threshold' expounded by Jankovic, preventing 
extreme events from transmitting through the system 
at large. 

However, it is not enough to merely craft 'modules' 
of human activity to suit a particular theory. 
Participants must be working towards a goal which is 
relevant to themselves – that is to say, on a relevant 
scale to themselves, and to the group. A high-rise 
complex of five-hundred flats, for example, would 
certainly exceed the optimum 'cell' size, and would 
therefore be an unsuitable co-operative project target 
for a single cell. In 1992, Robin Dunbar published a 
paper entitled “Neocortex size as a constraint on 
group size in primates”, in which he argued that the 
human brain is capable of maintaining a finite 
number of stable relationships, roughly equating to 
150. Sub-dividing within this number, Dunbar found 
that 'bands' of individuals with even closer ties 
formed, ranging from between 30 and 50 individuals. 
It is this 'band' that I will equate to a cell of closely 
co-operating individuals in a credit clearing system; 
that multiple bands coalesce under the larger 
definition of 'tribe', in which not all individuals 
necessarily have to be very closely bonded, indicate 
strong potential for interrelationships between cells. 

Jankovic (2013) recommends that stable inter-
relational systems include a built-in ability to remain 
flexible, contracting in times of greater system risk, 
and expanding at times of lower risk, by dynamically 
altering the number of agents operating within the 
system. This suggests the possibility that the 
economic cells advocated in this study remain 
likewise flexible with regards to numbers of 
participants. Furthermore, Jankovic recommends that 
where such models reflect economic systems (as is 
the case here), the effects of individual limitations on 
agent budgets should also be studied. Quantitative 
data on collective action presented here therefore 

involves up to 50 participants with varying trading 
volumes as a limiting factor – the maximum 
specified by Dunbar, comparing the comparative 
benefits with smaller group sizes, down to a single 
agent. For simplicity's sake, one credit is assumed to 
be identical in material value to one pound sterling. It 
is worth noting of course that, in actuality, a 
deliberate choice to tie credit value to the national 
currency would give rise to certain secondary effects. 
However, this is beyond the scope of this study; the 
choice of unit here is arbitrary, and should be 
considered as such by the reader. 
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

METHODOLOGY: THE 'CELL' MODEL  
FFFFFFFFGGGGGGGGGGGGGGGGGGGG............................................................GGGG.......................................................................................................................................

The models in the next section show how the 
independent variables Participant Number and 
Average Participant Income affect the derived 
variable Credit Limit. How this credit limit limits 
each participant, based on their available yearly 
income. Rather than adopt a fixed credit limit, such 
as that advocated by Greco, these models respond to 
contextual conditions in a dynamic manner. Credit 
Clearing system operators using this model would be 
free to assign credit limits on a case-by-case basis, 
based on individual risk assessment, determining 
whether the credit limit required is acceptable, and if 
not, which independent variables must be adjusted to 
produce a more acceptable credit limit. Figures for 
return on investment for part 1 are based upon on 
economic analysis calculations from a theoretical 
retrofit project conducted by the author (Burnett, 
2014), based upon the results of extensive dynamic 
simulation and research into estimated costings for a 
retrofit of an Edwardian House in Birmingham, UK. 
In the second part, the model has been adapted to 
show the positive effects that may be observed when 
economies of scale are applied., using the example of 
a collectively owned solar photovoltaic array, where 
ownership among participants is averaged at 2kWp 
per person.  
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

PART I: SINGLE RETROFIT 
FFFFFFFFFFGGGGGGGGGGGGGGGGGGGG............................................................GGGG.......................................................................................................................................

The basic premise behind the Green Deal market 
mechanism is not without its merits. The idea of 
repaying back initial investment costs in line with 
monetary savings is (theoretically) a good one, albeit 
one which is thrown out of balance by the combined 
effects of interest payments and the 'performance 
gap' – the difference between simulated/estimated 
environmental performance, and actual measured 
performance. The latter of the two problems can be 
diminished or even eradicated entirely through the 
application of appropriate dynamic simulation 
modelling; the former, however, is immutable within 
the mainstream economic system. When taking out a 
conventional loan, such as is required by Green Deal 
applicants, the amount paid back will be more than 
the amount borrowed, the net result of which is that 
the individual pays out more than is saved through 
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Figure 1 Retrofit calculations for 10 participants 

 
Figure 2 Retrofit calculations for individual investment 

 
Figure 3 Calculations for individual investment in a photovoltaic array 

 
Figure 4 Calculations for collective investment in a photovoltaic array (10 participants) 
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the instalment of energy saving measures. 
Meanwhile, payback periods are adversely affected 
by inflation, which diminishes the value of any 
investments by merit of devaluing the currency used. 

Within a credit clearing circle, investors suffer from 
neither interest payments nor the effects of inflation. 
And in a collective where bonds are social as well as 
economic, the risks of performance shortfalls can 
also be shared. The overall effect of this is that 
collective investment in a project such as a zero 
carbon retrofit, where return on investment is linked 
to savings on energy and earnings via market 
mechanisms such as Feed-in Tariffs, becomes much 
more viable. Payback periods, calculated by 
subtracting total energy savings and income from 
installed renewable technology payment schemes 
from total initial investment year-on-year are found 
to be ten years, requiring a line of credit extending to 
245 trading days for a group of ten with an average 
yearly trading volume of 5,000 credits/pounds (see 
Fig. 1). Increase the number of participants and the 
required line of credit reduces proportionately; the 
inverse is also true. Compare this to an individual 
investor who, operating on the basis of the average 
trading volume of 5,000 credits/pounds per year, 
would require a line of credit extending to almost 
seven years of trading, or a yearly trading volume of 
a massive 50,000 credits to reach the 245 credit limit 
imposed upon the collective of ten (see Fig. 2). 
Increasing the group to its theoretical maximum size 
(50 participants) with an average trading volume of 
5,000 credits/pounds requires a credit limit of a mere 
49 days. Assuming such a large collective could 
remain stable, this would allow a retrofit to be funded 
every two months or so. Whilst each participant 
would receive only a small monetary benefit for each 
project, this would be cumulative, resulting in 
significant return on investment, particularly after the 
initial ten year payback period has been reached. 
Greco's 100-day credit limit would allow two such 
retrofits to occur over the same period, with any 
further increase in credit limit directly transferring 
over into the ability to undertake retrofits at an ever-
increasing rate. Again, the system shown here proves 
to be highly flexible, based as it is on a number of 
changeable variables. 
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF  

PART II: ECONOMIES OF SCALE  
FFFFFFFFFFGGGGGGGGGGGGGGGGGGGG............................................................GGGG.......................................................................................................................................

In mainstream economics, 'economies of scale' is a 
concept used to explain the positive effect on rate of 
return that often accompanies increasing the scale of 
a venture. Economists frequently use the “0.6 rule” to 
quantify the benefits of increasing the scale of a 
capital investment, roughly translating into a venture 
of ten times the size costing four times the capital 
(Tribe and Alpine, 1986).  

This model shows that without collective action, 
participants of a credit clearing circle are severely 

negatively affected by a lack of economies of scale 
(see Fig.3). However, using the example of a 
photovoltaic panel installation, with a project size 
determined by an average array size of 2kWp per 
participant, the benefits of collective action can be 
clearly seen (see Fig. 4). Whilst an individual 
investing separately in a 2kWp system will have to 
wait almost eighteen years for a full return on 
investment, ten individuals working collectively see 
their investment fully returned within just over seven 
years. Better still, these payback periods do not vary 
with level of involvement. As participants' 
investment amounts are taken to vary in relation to 
their total trading volume (as limited by a cap on 
negative balances), a participant is free to invest as 
much or as little as they are able within the rules of 
the clearing circle. Referring to Figure 2, one notes 
that a casual investor, investing money to the amount 
of 1% of the total cost of the 20kWp system, 
experiences the same payback period as a 
professional participant funding 28% of the 
investment. 

Earlier, we have visited the idea of a fixed limit on 
negative balances within any credit clearing system, 
in order to assure overall system stability by limit the 
impact of 'bad debts'. In Figure 4, ten participants 
have a mean average yearly trading volume of 5,000 
credits/pounds, including a range of different trading 
volumes, from the lowest at 500 credits/pounds per 
year, up to 13,800 credits for a 'full time' participant. 
Required credit limits are bound to average trading 
volume among all agents within the collective, rather 
than individual trading volume. In this case, an 
average trading volume of 5,000 credits translated 
into a required credit limit of 209 days. A lower 
average trading volume would require higher credit 
limits – or simply demand a higher average trading 
volume if the credit limit was unchangeable. 
Meanwhile, imposing Greco's 100-day credit limit 
upon the transaction would require an average 
trading volume of 10,418 credits/pounds over the 
year. This would not exclude any moderately 
successful trader from involvement, but would likely 
exclude the more casual investors, such as are likely 
to make up a significant proportion of the ranks of 
credit clearing circle participants, particularly in the 
early stages of an alternative currency's development. 
This fact is crucial when setting credit limits, as 
setting these limits too low may disincentivise certain 
participants, creating a barrier to trading that may 
ultimately prevent critical mass from being reached 
in a timely manner, resulting in a high risk of system 
collapse. 

Lowered group size results in a requirement for much 
higher credit limits, with a single individual with a 
yearly trading volume of 5,000 credit needing the 
equivalent of 526 days of credit to finance a privately 
owned 2kWp system, or a yearly income of 12,600 
credits/pounds in order to remain within the credit 
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limit of 209 days achieved by the collective of ten 
participants. What emerges is a very flexible system, 
with multiple adjustable variables – credit limit, 
participant number, participant 
mean/minimum/maximum trading volume interact in 
a fluid manner, allowing for the creation of trading 
parameters that encourage rather than limit activity. 
For example, if, at the absolute upper range, 50 
participants (with an average yearly trading volume 
of 5,000 credits/pounds) are involved in the co-
ownership of a 100kWp solar project, they would 
require a line of credit of only 110 days, and would 
enjoy a payback period on their investment of only 
3.7 years. However, further research is required to 
validate whether or not a cell of this size would be 
socially manageable.  
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

DISCUSSION 
FFFFFFFFFFGGGGGGGGGGGGGGGGGGGG............................................................GGGG.......................................................................................................................................

The failure of the Green Deal, the looming Kyoto 
carbon reduction targets, and to a lesser extent the 
impending Building Regulations of 2016 and 2019, 
are regarded as intractable problems by many in the 
industry. Few studies have attempted a resolution 
with any great optimism, and none thus far have 
attempted to do so outside the paradigm of the 
mainstream financial system. Within such a context, 
where contemporary attempts provide so little 
productive guidance, this study has not aimed to 
present any wholly conclusive findings. This study 
positions itself as preparatory work to redirect the 
energies of research in more fruitful directions by re-
analysing the paradigm in which researchers may 
work towards the solution. By drawing together 
research from several fields, this study has aimed to 
produce the beginnings of a highly flexible model 
which works alongside both the existing institution of 
the mainstream financial system as well as human 
nature, and can respond quickly to adjustments of a 
number of variables. Such and approach works with, 
rather than against, the inherently unpredictable 
nature of individuals within a social setting. 

This paper is a valuable addition to research on 
complementary currencies in its own right, 
notwithstanding its link to its specific aim of 
identifying methods of producing capital for housing 
retrofits and similar projects. Collective action is an 
under-researched area within the complementary 
currency research field; many researchers and 
founders of complementary currency systems appear 
to have tacitly assumed that these currencies are 
either desirable only at smaller scales, or cannot 
function at larger scales by failing to study them at 
these scales. Some complementary currencies operate 
on almost separatist principles, resulting in decisions 
that deliberately remove any chance of them 
affecting the mainstream economy in any notable 
way. This paper has also produced a valid argument 
against the idea that investors are required to fund 
larger projects. A viable alternative to approaching 

single wealthy investors is presented within a context 
which has already been proved to be capable of 
success – complementary currencies – as can be seen 
in numerous systems operating around the world.  
This paper has shown that social cohesiveness is an 
absolute requirement for this alternative to become 
viable. The implication is that investors, and 
therefore interest, is a mechanism only required in a 
system where the economic is profoundly removed 
from the social.  

The quantitative part of this study again presents the 
beginnings of a direction of research rather than 
absolute answers to such a large question – if it 
claimed to, it would be less valuable. The 'cell' model 
espoused here, though based on peer-reviewed and 
widely accepted research, has not yet been tested in 
practice among complementary currency groups. 
Therefore, as of now, it is a hypothesis only. 
However, it opens up a natural counterargument to 
prescriptive limitations within a complementary 
currency system, such as Greco's 'one-hundred day 
rule' of credit limits. It would be premature to 
prescribe a new number to this limit. In any case, it 
appears more prudent at this stage to present the 
credit limit as a dependent variable, derived from 
other independent variables rather than presented as 
an inflexible goal to attain. In real terms, of course, 
acceptable credit limits would be likewise highly 
variable, depending on the levels of risk that they 
represent in a complementary system. This suggests 
that it should be up to the administration of each 
credit clearing circle to adjust credit limits, based 
upon the often subjective assessment of risk, on a 
case-by-case basis. This study therefore addresses the 
idea of a credit limit in a manner which is appropriate 
to its reality.  
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

CONCLUSION 
FFFFFFFFFFGGGGGGGGGGGGGGGGGGGG............................................................GGGG.......................................................................................................................................

The main research outcome presented in this paper is 
the production of a quantitative model to analyse the 
benefits and limitations of collective action within a 
credit clearing system. This model is less of a final 
outcome, but rather a particular structure to apply to 
further research into the problem of larger scale 
transactions in an economic system excluding the 
mechanism of monetary interest. This model 
provides a strong basis and a definite direction for 
this future research, and has shown enough evidence 
of the potential benefits of fusing economic and 
social functioning to solve the retrofit problem to 
justify significant further research to this end. 

The several unanswered questions in this study 
logically lead on to several specific avenues of 
research. A central question relates to the most 
appropriate scale of collection action between 
individuals – what is the maximum workable cell 
size? This study has shown that the benefits increase 
proportionately with the scale of co-operation, so the 
largest stable cell would also confer the most notable 
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benefits upon participants. However, before these 
cells are formed within real-life credit clearing 
circles, the threshold beyond which they become 
unmanageable needs to be ascertained through 
primary research as well as secondary sources, as has 
been done here. 

Further work is recommended into refining the 
methods used in this study to quantify the benefits 
gained from economies of scale. As a general rule, 
the '0.6 power' rule is effective in a variety of 
situations. Further research should work towards 
ascertaining whether this rule applies in the particular 
case of zero carbon retrofits, and within the context 
of complementary currencies. Until this research is 
undertaken and verified, the figures shown in this 
study can be taken as estimates only. 
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 
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ABSTRACT 

Dissemination of Higher Education Institution HEI 

knowledge and expertise to Industry is a vital step 

towards economic growth and development, 

supporting an increase in employability and business 

competitiveness. However, historically HEIs have 

failed to respond in a timely and effective manner to 

novel and emerging Industrial needs and are 

therefore rarely considered as an appropriate source 

of accessible and relevant training. This paper 

focuses on research undertaken within the Welsh 

Energy Sector Training Project (WEST) and looks at 

the reasons why HEIs have failed to cater for the 

emerging needs of the low carbon building sector in 

Wales and explores how this challenge might be 

taken up. The results of consultation with Industry 

regarding optimal training delivery methods are 

presented. Research results highlight the importance 

of WEST and similar initiatives for the growth of the 

low carbon economy as well as enterprise in the low 

carbon building sector. 

INTRODUCTION 

The dissemination of HEI based knowledge and 

expertise is crucial for economic growth and 

development and forms an important part of the 

Government’s science and innovation strategy (HM 

Treasury, 2004: 69). Through this knowledge transfer 

there are multiple benefits that affect a wide range of 

levels: the trainee, universities, local communities 

and regions as well as the national economy (Lockett, 

2008). However, this is based on the premise that the 

knowledge transfer is successful, both in terms of the 

content being relevant and responsive to the 

Industry’s training needs, but also accessible to the 

target audience. It is argued here that, to date, HEIs 

are yet to demonstrate that they can effectively 

respond to this need for training in the existing 

workforce, with their focus being on traditional 

activities including research and traditional teaching 

schemes, both of which are more incentivized by 

recent HE funding structures (Lockett, 2008). 

However, the focus of HEIs will have to expand to 

include a new element, that of ‘impact’ which is now 

included in the Research Excellence Framework 

(REF) assessment criteria. According to the REF 

“Assessment framework and guidance on 

submissions” document, ‘impact is defined as an 

effect on, change or benefit to the economy, society, 

culture, public policy or services, health, the 

environment or quality of life beyond academia’ 

(REF 02.2011, 2011). This assessment criterion will 

encourage HEIs to expand their engagement to 

include beneficiaries beyond academia such as 

individuals, organisations, communities, at a local, 

regional, national or international level. 

Further, according to D’Este (2007) previous 

initiatives, have supported HE staff to engage in 

other forms of industrial engagement such as 

patenting, licensing and new company creation 

whereas knowledge transfer through consultancy and 

training has been largely neglected.  In addition, the 

absence of lead agencies that would communicate 

current skills needs at a regional level create an 

additional barrier for HEIs to coordinate and provide 

training to caters for those needs. (Chatterton, 2000).   

Focusing on the construction sector, the need for 

continuing professional development (CPD) has been 

highlighted by the UK sector (Wall, 2006). However, 

relevant current training provision appears to be 

scarce and unbalanced, with the main focus on the 

education of future professionals to the exclusion of 

the continuing professional development of the 

existing workforce, including the particular training 

needs for knowledge update in order to compete in 

the low carbon market (Essex and Hirst 2011(1)). 

Further to that, the intensity of the workload in the 

construction industry sets restrictions around 

professionals’ time availability to undertake this 

necessary training (Wall, 2006). As Bell et al (2004), 

suggested and is further asserted here, this barrier 

could be appropriately addressed through the 

provision of  more appropriate learning patterns 

based on e-learning, allowing for more flexibility 

however, the implementation of e-learning by HEIs 

has been slower than expected (Bell et al., 2004).  

The Low Carbon Research Institute (LCRI) 

Convergence Energy Programme (CEP) has enabled 

the delivery of the Welsh Energy Sector Training 

(WEST) Project through funding from the Welsh 

European Funding Office’s European Regional 

Development Fund.  The LCRI was established to 

investigate low carbon technologies, intelligent 

building design, energy efficiency and other allied 
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strategies. It includes research projects that focus on 

the following themes: Hydrogen (H2), Large scale 

power generation (LSPG), Low carbon built 

environment (LCBE), Marine energy (Marine) and 

Solar Photovoltaic (Solar PV). WEST is the training 

dissemination arm of the LCRI CEP programme that 

aims to enable the uptake of this cutting edge 

research by the Welsh Low Carbon sector.  

This paper focuses on the LCBE theme of the LCRI 

and WEST and aims to explore how, through the 

review of current HE training available in Wales as 

well as consultation with Industry, the project has 

derived training that is tailored in terms of both 

content and delivery for the Welsh low carbon 

building sector.  

METHOD 

This paper firstly presents the results of the review of 

current higher education training available to Wales 

and the Welsh and English border (Border) for the 

LCRI CEP LCBE theme. We then go on to discuss 

the results of consultation with industry relevant to 

the low carbon building sector with regards to their 

views about availability of current low carbon 

building training and their preferred training delivery 

methods. Finally, the influence of these findings on 

the shaping of the WEST LCBE training 

development is presented. 

REVIEW OF EXISTING LOW CARBON 

EDUCATION AT HIGHER EDUCATION 

LEVELS (Banteli et al., 2014) 

During the first stage of the WEST project, a review 

of the training, relevant to the LCBE theme within 

the LCRI CEP, currently available across Wales and 

its Borders was conducted. This review considered 

LCRI CEP LCBE related education in terms of mode 

of study, qualifications offered as well as its 

geographical distribution. In order to identify 

relevance of the courses to the theme, the courses’ 

curriculum was analysed at module level. It should 

be noted that each course may include more than one 

LCRI CEP LCBE related module. 

The LCRI CEP LCBE theme covers many different 

areas of research related to the built environment, 

divided into seven work packages (WP): 

 WP1: Sustainable (active) Building Envelope 

 WP2: Design and Implementation of Energy 

Efficient Lighting Solutions 

 WP3: Welsh Timber in Building Construction 

 WP4: Low Carbon Design 

 WP5: Urban scale Energy Demand and Supply 

 WP6: Monitoring the Performance of Low 

Carbon Buildings 

 WP7: Innovation, Technology Deployment and 

Market Development 

Modules available in Wales and the Border for 

the Low Carbon Built Environment theme  

The modules were identified as relevant to the LCBE 

theme through the review the courses’ content and its 

relevance to the LCBE work packages. A total of 24 

relevant modules were found in total with 13 located 

in Wales and 11 in the Borders (Figure 1). 

 

 

Figure 1 Low Carbon Built Environment modules 

available in Wales and the Border 

 

Since the main focus of this report in terms of 

location is Wales, the courses that are delivered 

within Wales were more thoroughly considered in 

terms of the location of their training delivery and its 

distribution throughout Wales (Figure 3).This 

information is compared to the total availability of 

courses in Wales (Wales) as well as Wales and the 

Border (Total). 

 

 

Figure 1   Representation of Welsh regions for this 

study 

 

Most of the LCBE related modules are available in 

South Wales (5) and Cardiff (5). Only two modules 

are delivered in Mid-Wales and only one module is 

available in North Wales. 
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Figure 2   Modules available within Wales for the 

LCRI CEP LCBE theme 
 

Modules and related qualifications 

The available modules were also considered in terms 

of the qualifications to which they are assigned. The 

review focused on HE delivery at level 4 and above 

which includes Postgraduate Certificate (PgC), 

Postgraduate Diploma (PgD), Bachelor’s degree with 

honours, Master’s degree and Doctoral degree 

(Quality Assurance Agency for Higher Education, 

2008). However, the main focus has been given to 

Masters level degrees. Undergraduate and 

Foundation degrees were not deemed relevant to the 

training resulting from the research output of the 

LCRI CEP as their content is typically too generic. 

Further, the target audience for WEST and the focus 

of this paper is on training and education of the 

existing professional workforce. However, cases 

where Foundation and Bachelor degree courses 

included modules that were more specific and bore 

relevance to the LCRI CEP research themes are 

included in the report. The availability of 

Postgraduate Diploma and Postgraduate Certificate 

courses was of particular interest. These 

qualifications were only considered in this study 

when offered as a validated qualification for students 

to apply for directly.  They were not considered if 

they were exit awards available only where a student 

fails to gain sufficient credits to achieve a Masters 

degree.  

Cases where Universities offered individual courses 

as separate units for Continuing Professional 

Development (CPD) were also included in the 

review, where CPD provision was considered to be a 

viable study option addressed directly to 

professionals who wish to update or increase their 

knowledge or even change a career pathway. 

However, out of the 24 LCBE related courses 

identified, most of them (20) led to an MSc 

qualification; while only 6 of these could also lead to 

a PgD and 4 to a PgC. There are 3 Foundation 

degrees modules relevant to this theme. Study 

options actively made available as CPD units were 

found to be scarcely available (3). 

 
Figure 3   Qualifications that can be achieved by 

completing courses which contains modules relevant 

to the LCRI CEP LCBE theme                                                      

(NB some modules are included in courses that have 

more than one achievable                                        

qualification after course completion)  
 

Modules and options for mode of study  

The mode of study was also reviewed, so that the 

level of flexibility could be investigated. The 

identified modes of study available can be 

categorised as: full time, part time and distance 

learning. The relevant geographical area was 

widened to include Europe for distance learning 

courses as they are considered available to Welsh 

resident professionals regardless of the location of 

the Institution responsible for delivery. For the 

courses identified, the part-time study option (16) 

was more frequent than the full-time one (14) 

whereas only 7 modules related to the LCBE theme 

were found to be available via distance learning. 

 

 
Figure 4   Study options of the modules relevant to 

the LCRI CEP themes (NB some modules are 

available in more than one study option) 
 

The results of the review of existing Low Carbon 

education at Higher Education levels has 

demonstrated that there are many aspects of the 

existing available training and education that result in  

limitations to its accessibility by professionals in the 

sector. Firstly, the courses identified are mostly 

located in South Wales and the capital; it is therefore 

evident that this limits accessibility for professionals 

in the rest of Wales.  Further, the most available 

flexible mode of study identified by this research is 

part-time face-to-face delivery, which still requires 

participants to travel in order to attend delivered 

training and therefore does not provide a true 
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solution to limited accessibility to employed 

professionals. Distance learning courses, which could 

allow for more flexibility and would help overcome 

the uneven distribution of training, are scarcely 

available. Finally, most of the relevant courses 

identified here are only available in a delivery mode 

leading to large qualifications such as an MSc. These 

typically require a year or more to be completed 

depending on the mode of study (full-time or part-

time respectively). Very few HEIs offered smaller 

qualifications like PgCs or PgDs and even fewer 

offer CPD training. 

CONSULTATION WITH INDUSTRY  

Method and beneficiaries 

Consultation with professionals in the LCBE related 

sector was undertaken in order to identify the views 

of the professionals about skills needs, current 

training provision, as well as preferred training 

delivery methods. This consultation took place in the 

form of events as well as a questionnaire survey.  As 

a result, forty-seven professionals responded to the 

questionnaire and thirty-three attended the events. 

The quantitative data presented relates only to the 

views of respondents to the questionnaire, however, 

where applicable, comments and views expressed 

during the events are also included in the discussion 

that follows. In terms of the professions at whom this 

consultation was addressed, the list of professions 

was derived from interviews that the WEST 

researchers held with the LCBE researchers at the 

initial stages of the project that aimed to establish the 

potential target audience relevant to the output of the 

research. These potential beneficiaries were then 

collated and formed the target audience for the 

WEST consultation strategy (Table 1). 

Table 1 

Potential beneficiaries from LCRI CEP LCBE 

research 

PROFESSIONS ANTICIPATED TO 

PARTICIPATE TO THE SURVEY, RELEVANT 

TO THE LCBE RESEARCH 

Architectural technologists Interior Designers 

Builders / Contractors Electricians 

Building engineers Urban Planners  

Building physicists Solar Installers 

Building services engineers Insulation Installers 

Engineering consultants Building surveyors 

Environmental consultants Architects 

Building Energy Assessors  
 

In order to understand the profile of the questionnaire 

respondents, the participants were asked to state their 

profession. A large proportion of the respondents 

were professionals that weren’t listed in the 

questionnaire (40%),  however, they were relevant to 

the survey and included energy and environmental 

managers, surveyors, landscape architects, energy 

assessors, energy managers. The ‘other’ response 

also included some professionals from Higher 

Education (4.25%). The only highly represented 

profession was ‘Architect’ (27.7%). Part of the 

WEST project Industrial Engagement strategy 

included the formation of the LCBE Industrial 

Advisory Group (IAG) that included practitioners in 

relevant and recognised practices. The IAG members 

were selected to enable them to represent adequately 

the professions identified as potential target audience 

by the LCBE researchers. Since responses to the 

questionnaire were not received from representatives 

of all of the professions identified as the potential 

target audience for the training, the questionnaire was 

also completed by the IAG members, therefore 

providing input from across the sector. It was found 

that the IAG members’ responses largely agreed with 

the responses of the 47 survey participants and 

therefore, although there is no claim for the statistical 

representativeness of this survey, this supplementary 

research supports, as reasonable, our interpretation of 

the results presented below as being an adequate  

approximation of the views of the breadth of targeted 

professions. 

  

 
Figure 5   Questionnaire participants’ professions 

 

Drivers and Barriers to training uptake 

In order to achieve European targets, changes to 

regulation have been made by the UK and Welsh 

Government to required performance in the 

construction sector. This creates a challenge to all 

professionals as regulation has been reported as the 

most important driver for skills demand (Ruiz 

del’Portal et al., 2014). This result is reinforced by 

the responses of professionals about their drivers for 

training uptake. The main driver for uptake being the 

need to update their knowledge required at work 

(60%). This is followed by personal interest (51%), 

the aim to increase the competitiveness of their 
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practice (28%), while 15% of participants also 

indicated that gaining a qualification is their driver 

for training uptake (Figure 7). This highlights the 

importance of ensuring that WEST LCBE training 

responds to the needs of the existing professionals in 

this sector, in particular catering for their demand to 

update their existing knowledge and ensuring that the 

training makes explicit, relevant linkages to enabling 

response to relevant regulation changes. 

 

 
Figure 7   Drivers for training uptake 

 

In figure 8 it is demonstrated that according to 

participants’ responses, there are two equally 

prevalent barriers for training uptake: that it is too 

time consuming (30%) and training cost (30%). 

Meanwhile, travel distance did not seem to be widely 

considered as a barrier by the respondents (4%). 

 

 
Figure 6   Barriers for training uptake 

 

Current training provision related to the LCBE 

theme 

In figure 9 it is shown that most participants believe 

that current available training did not completely 

cover their needs. This is reinforced by what is stated 

in the ‘Low carbon skills requirements for the 

regeneration and built environment professional 

services sector in Wales’ document that 

“...professionals do not feel that current provision is 

sufficient and fit for purpose. There is clearly an 

urgent need for additional facility in Wales to meet 

demand.” (Essex and Hirst, 2011(1)).   

 
Figure 7   Current training and how much it covers 

participants' needs  

(1=Not at all; 5=Covers my needs) 
 

According to respondents, the main reason why 

available training fails to cover their needs is high 

cost (28%) and irrelevant content (25%). 

Interestingly, although ‘too time consuming’ was 

identified as the most prevalent barrier for training 

uptake along with cost, it didn’t seem to be an 

important factor as to why current available training 

failed to cover the participants’ needs (2%) (Figure 

10). WEST LCBE aims to overcome the barriers for 

training uptake and to provide training that responds 

to participants’ training needs. Through the above 

results, we can see that ‘high cost’ and ‘time 

consuming’ seem to be the most prevalent barriers 

for training, whereas the most frequently reported 

concern associated with current training was 

“irrelevant content”. WEST’s courses are fully 

funded and therefore the ‘high cost’ barrier is 

unlikely to affect access to our training, although 

employers still loose time in the office, which can 

certainly be interpreted as a cost to business. With 

regards to the issue of training being ‘time 

consuming’, the WEST LCBE course suite is 

designed such that it incorporates  a substantial level 

of online flexible self-study and training delivery, 

thus enabling the student to maximise their  ability to 

fit training around their wider commitments. Further 

to that, the course sizes are smaller than those 

typically delivered at an HE level, with short CPD 

events and 1-credit CPD training units that can serve 

as stepping stones towards 10 credit units. This will 

be described further in the discussion section.   

With regards to content, in order to ensure that the 

WEST LCBE training is relevant to the practitioners’ 

training needs, a Skills and Training Needs Analysis 

(STNA) was conducted. As previously stated, WEST 

LCBE training content is based on the LCRI CEP 

LCBE research; however, the training topics 

developed by WEST LCBE were also informed by 

the STNA conducted. 
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Figure 8  Reasons why current training fails to cover 

participants' needs 
 

Preferred methods of training delivery and 

training material 

The results about participants’ preferred training 

delivery methods were assessed by asking them to 

evaluate the impact that each delivery method had on 

their interest in participating in training.  From face-

to-face training delivery workshops were more 

preferred than lectures, while in relation to distance 

learning delivery methods, mobile applications 

decreased the participants interest in training uptake 

(Figure 11). A blended approach that incorporates an 

appropriate combination of the above, seemed to 

increase the interest for training uptake the most 

(Figure 11). 

 

 
Figure 9   How different training delivery methods 

affect participants’ interest in training uptake 
 

In terms of the format of training material, figure 12 

shows that the most preferred form was training 

material included online (website) (51%). This was 

followed by digital files (15%) whereas hard copies 

of training material together with video recordings 

seemed to be the least preferred forms of material 

(4% and 2% respectively). However, other forms that 

were suggested by participants included video 

captures of lectures as well as one-to-one tutoring 

and site visits. The inclusion of case studies and real 

life applications of the content were also important 

for the participants. 

 
Figure 10   Preferred forms of training material 

 

Training and accreditation 

The level of accreditation preferred by most 

practitioners was CPD credits (30%) followed by a 

specialist certificate (17%). The pursuit of higher 

level education the preference for the least number of 

respondents.  (9%) (Figure 13). 

 

 
Figure 11   Preferred level of accreditation 

 

Further, many participants found the options of 

combining different training modules towards 

obtaining a postgraduate certificate appealing, given 

that the training was delivered in a flexible timetable. 

This is a very important output of the survey for the 

WEST LCBE and the development of its course 

suite. It demonstrates the need for change in the 

approach to uptake and delivery of existing degrees 

to incorporate a more flexible access strategy, 

particularly that allows their completion over longer 

time periods and enables the widening of access to a 

wider audience, including working professionals.  

The WEST LCBE course suite has been designed to 

be responsive to these needs, with further detail being 

provided in the discussion section. 

DISCUSSION: WEST LCBE TRAINING 

As already stated, the intention of the WEST project 

is to develop and deliver training based on topics are 

derived from the research being undertaken within 

the LCRI CEP LCBE programme, with the final 

subjects identified through consultation with 

industry.  The topics themselves are not discussed in 

the current paper, however we will now go on to 

focus on how industrial consultation, as reported 

earlier in the paper and summarised in table 2 have 
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2% 
11% 

34% 

Irrelevant content  

Cost was too high  

Too time consuming  

Other 

No answer 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

Increase  

Same  

Decrease  

No answer 

51% 

4% 

15% 
2% 

0% 

28% 

Website 

Hard copy 

Digital files 

Video recording 

Other 

No answer 

17% 

30% 

9% 

6% 
0% 

38% 

0 Specialist certificate  

CPD credits  

Higher level 
education  
None  

Other 

No answer 
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influenced the development of the course delivery 

strategies and mechanisms.  

 

Table 2 

Summary of consultation prevalent results and WEST 

interpretation for course development  

 

QUESTION RESULT WEST 

RESPONSE 

 

Training drivers Update 

knowledge 

required at work 

Focus  training on 

existing 

professionals 

Training barriers Time and cost Flexible training 

delivery 

Current training Barely covers 

training needs 

Skills and training 

needs analysis 

Current training  Irrelevant content Skills and training 

needs analysis 

Training 

delivery 

methods 

Blended learning Blended learning 

for development 

of courses 

Forms of 

training material 

Online Online virtual 

learning platform 

 

 WEST LCBE Training Suite, course sizes 

The HE review results demonstrated that training 

provision within the LCBE sector is limited in terms 

of study options and awards, relevant to employed 

professionals. The most commonly offered flexible 

study option is part-time; however, this typically 

involves a significant weekly commitment over a 

number of years, for example one day per week for 

two years, required a regular and high time 

commitment from professionals. Further, the 

majority of the available courses related to the LCRI 

CEP themes are MSc degree courses, with very few 

PgCs or PgDs available to the sector in Wales. A full 

MSc is not easily achievable by full-time employed 

professionals, as even when it is delivered in part-

time mode it still requires the dedication of time and 

effort over a two year time period and the timescales 

of its completion are fixed and consistent for all 

training participants. However, it could be argued 

that smaller awards including CPD awards, requiring 

anything from 1 hour + commitment, PgCs (60 

credits – 600 hours) and PgDs (120 credits – 1200 

hours) undertaken over a number of years and in a 

flexible manner, are better tailored to suit their 

training requirements. Thus, the lack of provision of 

smaller awards highlights the need for an improved 

strategy of UK Universities’ engagement with 

Industry.  

WEST LCBE modules aim to address this issue 

through the development of a training suite which 

will include stand-alone CPD sessions (1 – 3 hours), 

and small CPD training units (1 credit ), requiring 

approximately 10 hours of a training participant’s 

time. These courses are designed to be stand alone, 

although there is the potential capacity for these to 

also serve as stepping stones for 10 credit units which 

will require 100 hours of student participant time. It 

is the intention therefore that as the WEST LCBE 

Training Suite develops, participants can select 

modules and study at their own pace.  Although 

professionals may initially find committing to a full 

qualification / degree discouraging, access to training 

such as CPD and smaller qualifications of 1 and even 

10 credits may trigger their interest in committing to 

study on the former. Through the project’s 

continuation strategy, there will be an investigation 

of methods to formally embed this route of  

progression through from CPD, through 1 credit to 

10 credit units and ultimately in the ability to 

culminate in a flexible pathway to the traditional 

larger HE qualifications such as a Postgraduate 

Certificate, Postgraduate Diploma, MSc or MRes 

(Masters of Research). 

WEST LCBE training delivery  

The above, along with the industry consultation 

results that indicate blended learning as their 

preferred way of training delivery has led to the 

development of a blended training delivery approach 

which incorporates both traditional face to face 

delivery as well as online learning activities. The 

WEST training units include both face to face 

sessions as well as online activities and training 

material that the participants can go through at their 

own pace. The online activities and training materials 

can be accessed through a Virtual Learning 

Environment (VLE) which enables enrolled users to 

view training materials and go through activities that 

include information dissemination, formative and 

summative assessment and further reading. The VLE 

also enables discussions through the form of forums 

among the course cohort or individual student 

tutoring.  

The face to face sessions are designed according to 

the course content and include both workshops for 

skills dissemination as well as lectures. Based on the 

consultation results, the face to face sessions and 

lectures incorporate a breadth of relevant case 

studies, including presentations from professionals 

and experts in the field. As identified through the 

consultation, video captures of presentations are well 

received from professionals so all presentations of 

the face to face sessions are recorded and uploaded 

on the VLE for revisiting and self-study. This also 

enables the course to be delivered through a purely 

online mode at a later stage. Although travel distance 

wasn’t perceived as an important barrier for training 

uptake from the survey participants, the HE review 

demonstrated that training provision is not evenly 

distributed throughout Wales. WEST LCBE aims to 

address this problem by making the face to face 

sessions of the developed courses available in various 

locations across Wales to maximise accessibility. 
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CONCLUSIONS  

Research has been carried out by the WEST LCBE 

theme to investigate the current HE training available 

that is relevant to the LCBE theme, with training 

being evaluated with regards to its distribution across 

Wales, the related qualifications and the available 

modes of study. It is evident, currently, that existing 

training provision, particularly that provided through 

HEIs lacks accessible smaller scale courses that are 

likely to be more accessible to working professionals. 

Further, existing delivery modes are largely 

inflexible in terms of both time and accessibility, 

with the majority of the courses available being 

located in South Wales, further decreasing 

accessibility by the Welsh workforce. 

Further, research in the form of consultation with 

built environment professionals has demonstrated 

that current training provision is not responsive to 

Industry’s needs; that the preferred training delivery 

method is a more flexible form that follows a blended 

learning model. Industry is found to need smaller 

CPD courses that provide accreditation after their 

successful completion and for some, the potential to 

build up towards a more substantial qualification 

such as those offered traditionally by HEI degree is 

also attractive, especially where this might be 

obtained against a more flexible timescale. 

These findings are implemented within the proposed 

WEST LCBE course suite which includes CPD 

sessions, leading to 1 credit accredited courses and 

finally 10 credit courses. These courses are delivered 

through blended learning, incorporating traditional 

learning methods such as workshops and lectures as 

and, where relevant, the presentation of case studies. 

A VLE platform enables complimentary online 

training through learning activities and serves as a 

depository for all training material of the courses.  

Through the development of this training, WEST 

LCBE aims to: support the Welsh built environment 

sector in responding to the challenges of the low 

carbon agenda; as well as assist HEIs in addressing 

the challenges associated with effectively and 

efficiently responding to Industrial training needs. In 

particular by enabling HEIs to adopt additional forms 

of course delivery and provision of flexible training 

for a variety of audiences in addition to their more 

traditional educational offerings (Chatterton 2000). 
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ABSTRACT 
Mysore, a South Indian city, used to be recognised as 
having socially cohesive, inclusive housing 
typologies. Post-colonial development fuelled by 
economic globalisation has transformed perceptions 
of the house among the growing middle class, with 
the home becoming a commodity to demonstrate 
affluence and status. This research focuses on one 
aspect of housing - boundary condition. Alternative 
3D models are generated to reflect the sustainable 
agenda and varied preferences of homeowners that 
are analysed by the environmental design method. 
Integrated Environmental Solutions (IES) has been 
adopted to identify the carbon footprint of different 
alternatives, which are triangulated by the 
environmental psychology methodology adopted 
during the fieldwork.  

INTRODUCTION 
It is important to understand housing as a social and 
cultural phenomenon that can allow insights in the 
effective formulation of localised and relevant low 
carbon housing strategies. Although strategies such 
as converge and contract (Mayer 2004) seek to 
accommodate developing countries’ valid aspirations 
to achieve higher levels of prosperity, there is still an 
imperative to reduce carbon emissions within India. 
Whilst a low carbon society for developed nations 
can be defined as “inventing low carbon technology 
and reducing carbon dioxide emission by the middle 
of 20th century” (Skea and Nishioka 2008); for 
developing nations, achievement of low carbon 
communities must go hand in hand with achieving 
wider development goals. Further, while 
acknowledging the role of technology, emphasis has 
to be given to the importance of lifestyle and social 
change (Skea and Nishioka 2008). The complex and 
multifaceted society of India is interwoven with 
caste, religion and regional disparities, where 
newfound economic status and affluence in middle 
class segments has a critical impact in the process of 
sustainable development.  
It is important to understand the social and cultural 
values of the society while examining sustainable 
housing strategies. The Indian middle class was 
rooted in social and cultural values known for their 
simple and thrifty living. Now they have transformed 

themselves to spendthrift, demonstrative people with 
clear signs of transformed ideology and values 
(Varma 2007). Though there are more people below 
the poverty line in India compared to the middle 
class, it is the very few rich and affordability of the 
middle class, which is getting in the way of 
sustainable housing. Now, the Indian middle class is 
considered the largest consumer group in India, 
which is virtually shaping the development of India. 
The middle class often consciously seeks to emulate 
the consumption practices associated with the upper 
or upper middle class, with individual families often 
overextending themselves financially in order to 
obtain particular commodities that are symbols of the 
culture of wealth demonstration (Imtiaz and Helmut 
2001, Misra 1961). It can also be summed up as, 
middle class individuals engage in practices designed 
to acquire the aesthetic and cultural knowledge 
necessary to adapt to shifting consumption practices 
(Fernandes 2000, Fernandes 2006). It is the 
unthinking consumption of the middle classes along 
with the national agenda of development that puts 
sustainable development at risk.  
The implications of a reconfigured middle class are 
evident in changes to housing typologies. While 
investigating the strategies for sustainable housing, 
the primary question to be addressed is whether 
middle class aspirations are detrimental to 
sustainable housing. In India, national development 
and in particular urban development do not reflect 
the urgency or concern for sustainable development 
and some of the good works by research institutes or 
individual architects have remained as standalone 
efforts and failed to influence wider audiences 
(Piyush 2001). Furthermore, the sustainable features 
evident in traditional housing typologies have been 
overlooked in the prevailing housing, wherein the 
innate sustainable qualities of the Jagali housing can 
be contrasted with contemporary housing typologies 
(Nijman 2006). 
The expansion of new housing has been driven by 
economic growth, which benefitted from economic 
globalisation and liberalisation. Economic 
empowerment serves an educated, aspirational and 
increasingly affluent faction within the middle class 
who has acquisitive value systems where housing is 
as much a reflection of individual status and wealth.  
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The urban middle class are particularly important to 
this research as their aspirations have an impact on 
consumption, which affects the environment. The 
results from a previous research project (Satish and 
Brennan 2012) and first set of fieldwork has 
established the significance of a bottom-up approach 
and lead to the pivotal question of this research: 
whether middle class aspirations in housing are 
detrimental to sustainable development. This is 
examined by understanding the aspirations of the 
middle class people of Mysore, in South India and 
examined for its implication on sustainable housing 
elements. In Mysore, as throughout India, the built 
environment is polarised between well-maintained 
and protected housing interiors and poorly organised 
and maintained external spaces. This paper focuses 
on this space and examines how these transition 
spaces are used to reflect their values and concerns. 

BOUNDARY CONDITION 
A prevalent housing typology developed across India 
has viewed open space more as a setback between 
houses and the street rather than as a shared resource 
(CITB 1987, HUDCO 1987). These new typologies 
do not encourage desired social, cultural or economic 
activities as these open spaces do not sustain life by 
performing important utilitarian, socio-cultural and 
perceptual functions (Correa 1983, Kaza 2007, Kaza 
2010, VSF 2012). This research is thus focused on 
these boundary conditions, which reflect the change 
in society that the virtuous link between building 
form, bioclimatic response and social structures in 
the household may be broken.  
To further examine the different aspects involved at 
boundary condition, element analysis of different 
activities involved at transition space have been 
carried out. This process helps to clarify different 
issues involved and the varied preferences of the 
homeowners. The data collected during the element 
analysis are coded and analysed for their implication 
on the sustainable agenda (Satish 2013). A closer 
examination of the transition space reflects different 
aspects that play a crucial role at this level. The 
factors identified include climate responsive design, 
building materials, transition from street to threshold 
space and interiors, openings and social concerns like 
security, demonstration and interaction.  
There are drastic alterations in the transition space, 
the way it is defined and used over a period of time. 
A quick reflection based on the initial research 
suggests that the factors identified in these typologies 
also reflect a sustainability agenda. Elements of the 
traditional Agrahara typology reflect sustainable 
features. For instance, the invisible boundary along 
with the Jagali transition space enhances community 
interaction and is socially sustainable. The effective 
use of Jagali space along with the use of climate 
response materials enables Agrahara typologies to 
use the least amount of embodied energy and 
maintenance energy. In the case of the contemporary 

typology, the defined boundary not only increases the 
embodied energy, it is unsustainable as the spaces 
between the buildings are not used effectively and 
the high wall in-between the houses is not supportive 
of neighbours’ interaction. Based on the element 
analysis of both typologies, modification of these 
factors in the new typology and its implication on 
sustainable features, six major elements are identified 
to cover the issues related to boundary conditions. 
They are: volume, entrance, opening, security, 
interaction and skin.  

METHODOLOGY: FIELDWORK  
The main objective of achieving sustainable 
strategies within the existing middle class paradigm 
is achieved by contextualising the broad term of 
sustainability to Mysore condition on one hand and 
reflecting the acceptability of middle class 
homeowners’ preferences and acceptability on the 
other. The models and the local sustainability agenda 
are derived based on the previous research and first 
set of fieldwork. The models prepared and 
simulations carried out reflect the local sustainability 
agenda and different levels of sustainability with 
specific reference to boundary condition. Further 
fieldwork looked at the aspirations of the middle 
class people and their willingness to align towards 
more sustainable features. The models were tested 
with homeowners by semi-structured interview and 
with key stakeholders in the design and procurement 
process. To analyse the issues reflected in transition 
spaces, elements representing middle class 
aspirations and the sustainability agenda were 
identified (Satish 2013, Satish and Brennan 2012). 
To elicit preferences and log the choices of people, 
architects and builders, a ‘multi sorting task’ 
methodology was followed (Groat 1982).	  

DESIGN MODELS 
To investigate the sustainable practices and middle 
classes aspirations, four models are prepared. The 
concern is to explore and investigate people’s 
perception about boundary condition, so the 
identified elements are altered based on the 
sustainable agenda and people’s preferences to derive 
four models. Furthermore, other aspects – which also 
play a crucial role and influence simulation results 
other than the identified elements – are kept constant 
throughout this process. For instance, the number of 
occupants and dwelling units are the same in all the 
models. Even the volume is also worked out to be 
similar, so that the cooling load requirement is also 
kept constant.  
The four models reflect different boundary 
conditions. At one extreme a traditional bioclimatic 
solution that reflects past models of communal living 
(figure 1) and at the other, a representative model of 
current private sector middle class housing was 
constructed (Figure 2). A further two models 
between these were designed primarily to get a finer 
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understanding of the exact levels of privacy and 
social interaction that would be embraced by 
potential stakeholders. Drawing conclusions from the 
earlier research, one model aims to reflect the 
ambitions and desires of the homeowners as 
expressed during the first set of fieldwork (Figure 3). 
Another model is developed with emphasis on 
sustainable elements and catering to homeowners’ 
expectations (Figure 4). These four models are 
clearly defined with spatial, visual and physical 
characteristics (Figure 9).  
 

 
Figure 1 Model 1: Jagali typology 

 
 

 
Figure 2 Model 3: Typical Plot Typology 

 
 

 
Figure 3 Model 4: Plot and high gate typology 

 
Figure 4 Model 2: Jagali + Plot Typology 

 
These models are evaluated both qualitatively and 
quantitatively. Qualitatively, parameters like 
community interaction and cultural requirements, 
demonstration of wealth, and concern of security are 
elaborated. Quantitatively, parameters like, land 
footprint, embodied energy, carbon emission, 
opening size, climate responsive features, and source 
of material are analysed (Figure 9).  
There are many other factors, which will impact the 
performance of the house and boundary condition. In 
this research, all other factors which could potentially 
alter the performance of these models other than the 
identified six elements are kept constant. Other 
effective strategies to reduce energy consumption 
and carbon emission, like double glazing or 
insulation or cavity walls to reduce the conduction 
heat gain are kept constant. The rationale is that some 
of these materials and construction methods could be 
adapted to any given models. For instance, cavity 
wall construction and double glazing will provide 
insulation and reduce the conduction heat gain and 
thus cooling load substantially. Furthermore, this 
could be applied to any of the four models 
developed, which could easily alter the sustainable 
strategies of any given model. As this research is not 
focused on interior spatial organisation and finishes 
or materiality of construction; construction materials 
and construction techniques, all these are kept 
constant. However, construction materials used for 
the front elevation have been identified as one 
element of the boundary condition; it is examined 
more as a skin than as a construction or structural 
material. 
These four models are prepared for four typologies 
that include the most prevailing and well-established 
vernacular typologies. The first study and the 
literature review have been used in terms of 
perception, aspiration, attitude, values and aspects, 
which shape the social and cultural requirements 
along with input from key players such as architects, 
builders and government officials. 
The models prepared reflect the prevailing 
typologies: which has an approximately 4-feet-high 
compound between neighbouring plots. The front and 
rear of the plots are built with a minimum setback of 
1 metre or as required by the Mysore Urban 
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Development Authority regulations (model 2). Most 
of the aspiring ones (model 3) tend to have a very 
high gate that insulates them from the external world 
and there is extensive use of imported material and 
ostentatious finishes and large openings. The earlier 
Agrahara typologies (model 1) are representative of 
the early typologies with a raised platform in the 
front with small openings and use of locally available 
material, overlooking the street. Finally, based on the 
feedback from the first batch of fieldwork, a 
combination of climate responsive and aspirational 
typology (model 4) was developed. 

COMPARATIVE ANALYSIS OF THE 
DESIGN MODELS 
The qualitative outcome is triangulated with the 
quantitative performance of each model. The major 
tangible factors such as land footprint, embodied 
energy (Reddy and Jagadish 2003), carbon emission, 
and heat gain due to conduction based on size of the 
opening, source of material (Berge 2009), climate 
responsive design are compared among the four 
identified models (Figure 5).  
The aim is to reduce carbon emissions and to 
investigate where one can make the greatest 
difference rather than targeting a particular figure or 
standard. In this sense, the models are rated as most 
or least sustainable models and hence the increment 
among the models is not critical but what is 
important is where they stand compared to other 
models. The rating of models from most to least 
sustainable is validated by testing them by simulating 
these models for their environmental performance 
before using them during the second set of fieldwork.  

ENVIRONMENTAL SIMULATION FOR 
PERFORMANCE 
The models were generated with a similar 
configuration in terms of built-up area, number of 
rooms, size of the plot and provision for minimum 
light and ventilation. To focus the research more on 
the boundary conditions, all other components such 
as constructional systems and spatial planning were 
kept as constants. Each option was then modelled 
first in Google SketchUp and then exported into 
environmental simulation package, Integrated 
Environmental Systems (IES), to predict energy 
consumption and carbon emissions. Longitude and 
latitude were specified for Mysore using hourly 
climate data from Bangalore, the nearest city to the 
study area. 
These models were validated for their sustainable 
strategies by triangulating their performance before 
using them during the fieldwork. Integrated 
Environmental Systems was used to simulate these 
models and analyse the peak cooling plant load, total 
energy consumption and carbon emissions from each 
model. IES is a dynamic simulation software which 
allows one to model a building by inputting form, 
location, meteorology, materials and building 

services. The simulation engine then uses real 
weather data to simulate models over a year in 15 
minute intervals to give a relatively accurate 
indication of comfort and energy use (IES 2010). 
Since the emphasis is on social sustainability and 
buildings are typical middle class homes, this 
research does not intend to measure or compare 
against a benchmark or absolute standards, rather it 
will investigate the performance of each model on a 
comparison basis. In this context, IES has been a 
very useful tool in analysing the building 
performance by defining the required parameters. 
The results of the simulation for each of the four 
models are shown in Figure 10. with respect to 
conductive heat gain, cooling load, peak energy 
demand and carbon emissions for a representative 
day – May 19 – one of the hottest days chosen to 
analyse the heat gain and energy consumption due to 
cooling. The aim of this research is to access the 
implication of varied boundary conditions in terms of 
change in energy consumption and resultant carbon 
emissions. 
For the simulation purpose, only these boundary 
conditions of different typologies are altered while 
providing an input in IES. For instance, the internal 
parameters like number of rooms, number of 
occupants, comfort conditions expected inside the 
house, minimum light and ventilation desired are 
kept constant across all the models. Details like size 
of the openings and their location are altered among 
the models. Similarly, the construction materials and 
internal partitions are kept constant, whereas the 
external finishes – either the cladding or plastering or 
use of construction material as external fabric – are 
altered according to each typology. Finally, the 
boundary condition as the shared party wall, 
independent plot system, four feet compound and 
very high compound with high gate details are 
constructed and inputted into the IES. 
The outcome clearly indicates higher conduction 
gains, energy consumption and resultant carbon 
emission in the plot and high gate typology; model 
no 4 (Figure 3). Further, they also demonstrate the 
lowest energy consumption and carbon emission in 
the Jagali typology (Figure 5,6). 

 
Figure 5 IES simulation: Energy consumption 

 

176



 

 
Figure 6 IES simulation: Carbon emission 

 
A key finding is one of increased energy 
consumption in model four. It incurs nearly 65% 
more energy compared to the model 1 that 
incorporates the Jagali typology. Similarly, there is a 
difference in the performance of different models. 
For instance, in the case of energy consumption, the 
high compound typology requires nearly 300% more 
cooling load compared to a Jagali house. And even 
this will increase the conduction gain by nearly 90%. 
All the results are tabulated and compared in Figure 
10. 
The simulation output demonstrates that changed 
boundary conditions have an implication on energy 
consumption and resultant carbon emission. This also 
validates the hypothesis while developing models 
exploring different boundary conditions. It also 
clearly shows a direct relation between people’s 
changed preferences, aspirations and its implication 
on energy consumption and carbon emissions. 
Once the models are simulated and energy 
consumption and carbon emission are quantified, 
they are tested for their acceptability and preference 
by the stakeholders through series of qualitative 
fieldwork. Choices and preferences clearly represent 
the area in which we can expect people to support 
and adapt to sustainable features (Satish 2013). The 
feedback can be classified in to three types. First the 
elements which people are ready to change their 
preferences for the cause of sustainability, in this we 
can easily find the materials, skin and openings as 
two aspects which people are ready to align towards 
a sustainable agenda. There are certain elements for 
which they do not have very strong preferences and 
to some extent are ready to align themselves. In this 
case people might consider some adjustment but are 
not ready to forthrightly support a sustainability 
agenda. However when it comes to issues like 
security; people are not ready to compromise and 
would not be interested in sustainability issues and 
would not compromise on their perception of what is 
safe and secure for their property. 

REVISED MODEL SIMULATION  
This study has been very useful in disentangling one 
area, the boundary condition and look at each 

element separately so as to identify people’s choices 
and preferences resulting in the housing typology and 
hence resultant sustainable concerns rather than 
broadly summing up the boundary conditions as 
unsustainable in present context. 
This study is also helpful in identifying the areas and 
elements where it is easier to achieve higher 
sustainable goals compared to areas where there will 
be higher resistance to change. Revising the model to 
suit both peoples’ choices and sustainable agenda 
further tests this. Peoples’ choices and preferences, 
collected by social methods, are fed into the IES 
simulation model to analyse the difference in the 
process of sustainable housing. An IES daylight 
analysis of the revised model shows that adequate 
daylight can be achieved even after reducing 60% of 
the opening size compare to the plot and high gate 
model. To test this the plot and high gate model is 
altered to have 50% of original size windows which 
people would be ready to align with to achieve more 
sustainable housing. 
The new IES simulation chart clearly shows a drop in 
the energy consumption of 40% (Figure 7). The 
changed window parameter has also reduced the 
carbon emission by 40% (Figure 8).  The results 
clearly show that, by changing the elements which 
people are ready to alter, we can reduce carbon 
emission by a fifth. This is significant because it is 
useful to know where we can really target and reduce 
emissions. 
 

 
Figure 7 Post-fieldwork simulation: Energy 

consumption 
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Figure 8 Post-fieldwork simulation: Carbon emission 
 

CONCLUSION 
Sustainable development can go hand in hand with 
the middle class but only with changes in the 
attitudes of the people, and their ability to relate 
themselves to reality. Recognising upward movement 
as a hallmark of the middle class and approaching 
sustainable development as an upward movement of 
technology and socio-economic issues, can be used 
as a way of catering for the aspirations of the 
middleclass whilst making them more sustainable in 
nature. 
This research demonstrates that homeowner’s 
attitude towards housing elements differ depending 
on the specific issue and on individual perceptions. 
Furthermore, their preferences will not only depend 
on the individual, but are also influenced by the 
building elements. For instance, middle class 
homeowners strongly prefer the high gate plot 
typology and would not like the ‘Jagali’ typology.  
The study using survey field work and model 
simulations has highlighted the relatively recent shift 
in attitudes and cultural values relating to housing; 
from an inherently sustainable approach which 
valued shared spaces, local materials and communal 
activities, to one which reflects a move towards a 
twentieth century Western approach; of 
individualism, nuclear families and consumer driven 
values. The study also clearly demonstrates that there 
are elements of sustainable development like 
materials and openings, which people are willing to 
align themselves with yet there are other elements 
like security, where they would not compromise. 
Their immediate concerns would be of greater 
importance than the greater issues of carbon emission 
and sustainable housing. 
India has identified housing as one of the eight 
national missions to reduce carbon emission as part 
of its commitment to reduce the vulnerability of the 
people to the impacts of climate change (NAPCC 
2008), this bottom-up approach to identify the 
sustainable strategies acknowledging people’s needs 
and aspirations should be a useful contribution to 
achieving carbon reduction and sustainable housing. 
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party wall had a small veranda and back yard. 
Jagali: Jagali is a semi-open raised space, which acts 
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house. People shared their leisure activities and 
entertainment with their neighbours in these informal 
spaces. 
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ABSTRACT 

The UK Government has stated that self-build homes 

are likely to be more affordable, energy efficient and 

innovative than standard market housing. However, 

there is little academic research to support these 

assertions. In addressing this gap in knowledge, this 

paper reviews the literature relating to the pros and 

cons of self-build housing, with a focus on energy 

efficiency. The paper explores expert opinions on the 

suitability of self-build housing as a development 

model for the delivery of zero carbon homes. The 

research employed a Policy Delphi study using three 

rounds of questionnaire surveys to gather data 

iteratively from a heterogeneous panel at a national 

level in the UK. The experts believed that the self-

build sector was well placed to deliver high quality, 

energy efficient homes. The findings indicate a belief 

that group self-build homes are likely to be more 

energy efficient, affordable, high quality and meet 

the needs of the occupants than open market housing. 

INTRODUCTION 

In 2011, the Building Societies Association (BSA) 

commissioned research to determine the potential 

demand for self-build housing (BSA, 2012). Their 

study identified that 53% of their respondents would 

be interested in self-building. However, over recent 

years, only around 10% of new homes in the UK 

have been delivered through self-build methods of 

procurement (Department for Communities and 

Local Government – DCLG, 2011; RIBA, 2009). 

Exact figures for self-build activity in the UK are not 

available, as no data on procurement route is 

collected by DCLG. The number of self-build homes 

is therefore estimated based on Her Majesty's 

Revenue and Customs (HMRC) data on VAT 

reclaims by self-builders. The small proportion of 

self-build and domination of speculative housing 

development in the UK is exceptional in comparison 

to other developed countries (DCLG, 2011; NaSBA 

2008). Indeed, in many European countries, around 

half of the new homes are delivered through self-

build. It is commonly agreed that the housing needs 

in the UK are failing to be met, either in quantity or 

quality (Brown et al., 2013; Griffith, 2011). Within 

their 2011 Housing Strategy, DCLG (2011) stated 

that ‘custom [self-build] housing can make a stronger 

contribution to economic growth. By making it easier 

for ordinary people to build their own homes, there is 

the potential to deliver wider benefits of affordable, 

greener and innovatively designed homes’ (p.14). 

They also announced their aspiration to double the 

size of the self-build housing sector over the coming 

decade.  
 

The National Self Build Association (NaSBA) (2014) 

has identified seven routes to self-build (Table 1). 

The routes encompass a spectrum of involvement in 

the process by the 'self-builder'; from involvement in 

every aspect of planning, design and construction to 

procuring those services from professionals and 

doing so either individually or as part of a group. 
 

Within the literature, different terminologies are used 

when discussing self-build housing. Barlow et al. 

(2001) stated that the term ‘self-build’ is disliked by 

many as it is seen to be ‘down-market’ and fails to 

encompass the broad spectrum of the sector. Duncan 

and Rowe (1993) introduced the term 'self-provided' 

as an alternative to self-build, to encompass both 

those who undertake the labour themselves and those 

who employ a contractor to do so; the same 

terminology was also adopted by Parvin et al. (2011). 

The Housing Strategy (DCLG, 2011) introduced  the 

term 'custom build' to replace the term 'self-build'. 

NaSBA (2014) have since made a distinction 

between the two terms, classing routes 1-5 as self-

build and routes 6 and 7 as custom build. (see Table 

1). For the purpose of this paper, the term ‘self-build’ 

is used. This is defined here as any form of housing 

where the first occupants of a new home are involved 

in its production; either by arranging for its 

construction or being involved in building it 

themselves to some degree (all routes in Table 1). 

The emphasis here is on forms of self-build 

procurement involving a group of homes (three or 

more) rather than individual homes (routes 4, 5 and 7 

within Table 1). The reason for the group focus is, in 

part, the political support for the sector and also 

because the group scale appears to offer further 

benefits which warrant exploration. 
 

Successive governments have expressed an intention 

for zero carbon homes to be a mandatory standard in 

the UK from 2016. However, in the Queen’s Speech 

2014, an announcement on exemptions from the 

standard was made (Pearson, 2014).  
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Table 1: Routes to self-build (after NaSBA, 2014; Wallace et al., 2013) 

ROUTE TO SELF-BUILD CHARACTERISTICS OF ROUTE 

1 Self-build-one-off Individuals undertake most or all of the design and construction themselves 

2 Contractor built-one-off Individuals manage the design process and select a contractor to undertake most or all of 

the work 

3 Kit homes Individuals engage a kit manufacturer and work with them on the design and 

construction plan. The specialist manufacturer supplies and erects the house with the 

self-builder responsible for providing the slab. Either the kit manufacturer or the buyer 

‘finishes’ the property 

4 Independent community 

collaboration 

Self-builders work with others to acquire a site; split it into plots; and organise the design 

and construction of their own home 

5 Supported community 

self-build group 

A social landlord or independent self-build organisation helps individuals learn the skills 

to build a group of homes together 

6 Developer built one-off An individual finds a developer with a site and a design acceptable to them, which is 

then built out by the developer 

7 Developer/contractor 

led group project 

A developer/contractor organises a group and builds the homes; often the self-builders 

finish them off 

 

Announced in 2007, originally the standard was 

ambitious, requiring not only the emissions from 

regulated energy (for heating, cooling, hot water, 

ventilation, auxiliary services and lighting) to be 

accounted for, but also those from unregulated 

energy (for cooking and plug-in appliances such as 

TVs and hairdryers) (DCLG, 2007). In the face of 

concern from the UK construction industry and with 

the ongoing global financial crisis, the definition has 

been amended to include only the emissions from 

regulated energy. It is anticipated that the zero carbon 

homes standard will comprise three elements for 

compliance: a Fabric Energy Efficiency Standard 

(FEES); on-site energy generation using low or zero 

carbon technologies (Carbon Compliance); and 

'Allowable Solutions'. Allowable solutions provide 

for an element of local, near or off-site carbon 

offsetting, such as a community renewable energy 

scheme (Zero Carbon Hub, 2011).  
 

There is conjecture within the literature that the 

housing market has failed to respond to increasing 

consumer demand for low energy homes (Lovell 

2005, Peterman et al. 2012). There is also consensus 

that the housebuilding industry has a tendency to 

stifle innovation (Lovell 2005, Goodchild & 

Walshaw 2011) due to a number of reasons including 

a lack of financial incentives; and the fact that, due to 

its scale, the momentum of the volume housebuilding 

industry creates inertia.  
 

Osmani and O'Reilly (2009) sought to identify 

drivers for and barriers to zero carbon homebuilding 

from the housebuilders’ perspective. Legislation was 

found to be both the strongest driver and the most 

significant barrier. In a recent study examining 

perceptions across the broader housebuilding 

industry as to what both drives and prevents the 

delivery of zero carbon homes, barriers and 

challenges themed around the nature and culture of 

the housebuilding industry were identified by the 

interviewees (Heffernan et al., 2012). The current 

business model of the industry, being dominated by 

the volume housebuilders, was identified as a barrier.  

 

Since the Government pledged their support for the 

group self-build sector there has been an increase in 

academic research in the area; however, the literature 

remains limited. This gap in the literature, combined 

with the evidence of the failure of the volume 

housebuilding sector to meet the housing demand in 

quantity, quality or improved energy efficiency 

provide the justification for this research. The aim of 

this paper is therefore to contribute a better 

understanding of the potential for group self-build 

housing to advance the delivery of zero carbon 

homes and sustainable communities. The objectives 

of this paper are to: 

1. Identify the pros and cons of group self-build 

housing; 

2. Examine the suitability of the group self-build 

sector for delivering zero carbon homes. 

LITERATURE REVIEW 

Why self-build? 

The literature has shown that the motivations both for 

individuals to self-build and for activity within the 

self-build sector to be encouraged are numerous. One 

reason the sector is currently receiving support from 

the Government  is that it is seen as a potential 

resilient supply of housing (Wallace et al., 2013; 

Barlow et al., 2001; Parvin et al., 2011; Brown et al., 

2013). The self-build sector continues to build homes 

in times of economic uncertainty because, unlike 

speculative housing, homes are built to live in rather 

than for immediate sale (Parvin et al., 2011). The 

Callcutt (2007) Review asserted that the primary 

concern of speculative housebuilders is to ‘deliver 

profits for their investors, now and in the future’ 

(p.6). As a result, in times of recession, the level of 

activity in the UK housebuilding sector is 

significantly reduced as the housebuilders ensure that 

only profitable schemes are delivered. The self-build 

sector has thus been identified as a means of 

diversifying the supply of new homes in the UK and 

addressing this issue at a time when the required 
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volume of new housing is not being delivered 

(Brown et al., 2013). It is also recognised that the 

self-build sector is better able to make smaller and 

more difficult to develop sites viable (ibid). 
 

Another advantage identified within the literature is 

that self-build housing improves choice for 

homeowners (Wallace et al., 2013; Griffith, 2011; 

Barlow et al., 2001; Parvin et al., 2011; Brown et al., 

2013). Both Parvin et al. (2011) and Wallace et al. 

(2013) refer to a home’s ‘use-value’; by building a 

home that meets the needs of the occupants, the level 

of satisfaction with the home is significantly 

increased (Parvin et al. 2011). Similarly, self-build is 

also recognised as producing homes of a higher 

quality (Miles and Whitehouse, 2013; Barlow et al., 

2001; RIBA, 2009). Although, further research into 

the quality of self-built homes has been called for 

(RIBA, 2009). Barlow et al. (2001) report from the 

findings of a Building Link survey that ‘getting more 

for their money’ either in terms of quality or quantity 

was a significant motivation for many self-builders. 

Brown et al. (2013) discuss long-term affordability 

within their chapter on added value. They state that 

cost savings of 20-30% on build cost can be achieved 

through self-build models of procurement. Further, 

they suggest that cost savings of group self-build 

projects can be even greater.  
 

Group self-build schemes offer the additional benefit 

of building a community as a direct result of the 

process of building homes (Brown et al., 2013; 

Wallace et al., 2013). Falk and Carley (2012) suggest 

that co-housing and self-build should be encouraged 

as a way of building a sense of community in new 

developments. 
 

Barlow et al. (2001) propose that self-builders often 

incorporate technical innovations within their homes. 

They suggest however that what some self-builders 

consider a technical innovation may in fact simply be 

an enhancement to the specification. An example 

they cite in this regard is that of improved levels of 

insulation as a means of enhancing the energy 

efficiency of a home. Enhanced energy efficiency is 

cited by many as a benefit of self-build homes 

(DCLG, 2011; NaSBA, 2011; Brown et al., 2013; 

Parvin et al., 2011). Because self-builders have a 

long-term interest in the home they are building, 

decisions which impact on both the capital cost and 

the running costs of a home can be considered on a 

whole-life basis. Therefore, investing in enhanced 

energy performance becomes a sensible option for a 

self-builder (Parvin et al., 2011). This view is 

reinforced in many of the recent reports on the self-

build sector; for example ‘their [self-builders] homes 

often have small carbon footprints’ (NaSBA, 2011: 

p.17) and ‘Many people who build their own homes 

are very committed to the Green cause. The vast 

majority will install additional insulation and many 

are very keen on modern environmentally friendly 

ways of generating energy’ (NaSBA, 2008: p.12). 

The same report suggests that ‘Self build homes are 

greener. An extra 25,000 self build homes would save 

around 100,000 tonnes of CO2 per year’ (ibid: p.4) 

However, these assertions appear to be based on 

anecdotal evidence. Wallace et al. (2013), in 

reporting the findings of an Office of Fair Trading 

report identifying the Code for Sustainable Homes as 

a burden for self-builders, propose that 

environmental ideals may not be a priority for all 

self-builders. A recent qualitative study of Danish co-

housing (Marckmann et al., 2012) found that the self-

builders were very focused on the inclusion of 

sustainable technologies, and to a lesser extent on the 

sustainable everyday practices of the residents. 

However, the environmental consequences of the size 

of their homes was not discussed, and yet, the floor 

area of a dwelling has been found to be a significant 

factor in the overall heat consumption of a home 

(Gram-Hanssen, 2011). There is a propensity for 

individual self-build homes to be large detached 

dwellings, which has a negative impact in the broader 

sense of sustainability; as a less dense form of 

development, more likely to be car dependent (Dol et 

al., 2012). Therefore, although individual self-

builders may focus on the improved energy 

performance of their home, there also needs to be a 

broader consideration for the scale and nature of the 

development; this is perhaps more feasible with 

group forms of self-build where environmental 

sustainability has been found to be a common aim 

(Wallace et al., 2013). 

Barriers to self-build 

Availability of suitable land has been identified as 

the primary barrier to self-build in the UK (NaSBA 

2011). However, Barlow et al. (2001) suggest that 

perceptions of the difficulty of acquiring land 

outweigh the reality of the situation. The rising value 

of land is cited as a barrier to entry to the self-build 

market for all but the most well-off households 

(Griffith 2011). Through an analysis of the socio-

economic characteristics of typical self-builders, 

Parvin et al. (2011) draw the conclusion that 

possession of capital (both financial and individual) 

is a key requirement to self-build. However, they 

postulate that by self-building in groups, the need for 

capital is reduced and thus the threshold for entry to 

the self-build market is reduced. Further, they 

suggest that by working as a group, a number of the 

potential barriers to self-build can be more easily 

overcome. The identified benefits of group self-build 

include: sharing costs of land, construction and 

professional fees; pooling knowledge and skills and 

potential sweat equity trading; reduced individual 

risk through aggregation; and savings on construction 

overheads by operating as a single client (ibid). 
 

In 2001, Barlow et al. reported that ‘Until relatively 

recently, finance was seen as a major barrier to the 

development of the self-build sector in the UK. This 

is, however, changing’ (p.30). They proceed to state 
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that the risks of lending to self-builders are low and 

that a number of lenders have developed their self-

build business to meet current demand. However, ten 

years on, NaSBA (2011) identified lending and 

finance as barriers to self-build; citing risk and 

perceived risk of lending to self-builders as an issue, 

in particular during the construction phase. They also 

cite lack of demand for self-build finance as an issue. 

In a group self-build situation, the financial barriers 

are seen to remain, but can be different to those for 

individual self-builders (Wallace et al. 2013). The 

finance for group self-build appears to be a more 

specialised market, therefore offering less options for 

borrowing. The group is also reliant on each 

individual member obtaining the necessary finance. 
 

Further barriers to self-building cited within the 

literature include legislation, such as the planning 

process and building control (NaSBA, 2011; Barlow 

et al., 2001) and the self-build industry itself which is 

disparate by nature (NaSBA, 2011). 

Summary 
 

The review of the literature has identified that the 

benefits of self-build are numerous. However, much 

of the literature is based on individual self-build 

models and much less on the group self-build 

methods of procurement. A common message from 

all of the recent reports on the self-build sector in the 

UK is that research evidence is now growing, but the 

evidence base remains insufficient (Wallace et al., 

2013; Parvin et al., 2011; Brown et al., 2013). Whilst 

the literature generally supports the assertion that 

self-build homes tend to be ‘greener’ and more 

energy efficient, research in relation to the potential 

of group self-build to deliver zero carbon homes is 

absent. Therefore, although energy efficiency is the 

foundation of the zero carbon homes standard, 

research focusing on zero carbon and self-build 

housing is warranted. The literature on zero carbon 

homes identified that there are multiple barriers to 

their delivery in operation (Osmani and O’Reilly, 

2009; Heffernan et al., 2012). However, research has 

suggested that alternative models of housing 

procurement to speculative housebuilding may 

provide ways to overcome these barriers. 

METHODOLOGY 

In examining the suitability of group self-build for 

the delivery of zero carbon homes, a Policy Delphi 

study was conducted to explore the opinions of the 

professionals and experts within the self-build sector. 

The Policy Delphi method is an iterative research 

process in which data is collected from the same 

research participants in a number of successive 

rounds. Within this study, online questionnaires were 

used to collect data over three rounds, a suitable 

number for a Policy Delphi study (Paraskevas and 

Saunders, 2012). The benefits of using Delphi, over 

the group techniques it was designed to replace, are 

that it avoids the need to gather a large number of 

busy experts in one place at the same time; and it 

allows for the quasi-anonymity of participants. 

Hence, it potentially offers more honest responses 

than other group processes (Delbecq et al. 1975) and 

allows all participants to make an equal contribution 

to the discussion, avoiding the potential for one 

participant to dominate the group.  
 

The unique characteristics of Policy Delphi are that it 

employs a heterogeneous group of participants; the 

participants will have knowledge and experience in 

the subject area but are referred to as ‘informed 

advocates’ (Paraskevas and Saunders 2012); the 

method typically produces rich qualitative data 

(Turoff, 1975; Paraskevas and Saunders, 2012; 

Landeta, 2006). The participants in a Policy Delphi 

will not be expected to be knowledgeable about all 

aspects of an issue; this is why the heterogeneity of 

the sample group is important (Paraskevas and 

Saunders, 2012). Policy Delphi does not seek to 

reach a consensus; it seeks as broad a range of views 

as possible (Turoff, 1975).  
 

The sample group comprised professionals within the 

housebuilding sector and experts in self-build 

housing. Purposive sampling was used, as is typical 

of the Delphi method. Participants were selected 

from the following categories: public sector; 

specialist groups/experts; housing associations; 

private developers; designers; contractors and 

financial institutions. The data was collected between 

June and September 2013. 
 

Panellists were asked to answer open-ended 

questions in the round one questionnaire. The 

responses to the questions were qualitatively 

analysed using NVivo9. NVivo was employed within 

this research study for its benefits in handling large 

amounts of data in a time efficient manner; the 

turnaround time between rounds being an important 

factor within a Delphi study (Keeney et al., 2006). 

From each of the original questions, a series of 

statements was developed for the round two 

questionnaire. Against each of these statements, the 

panellists were asked to indicate their level of 

agreement using a six point likert scale. It is common 

in policy Delphi studies not to provide a neutral 

option on a likert scale in order to force the 

respondents to express an opinion. Panellists were 

also asked for reasoning for their responses. 
 

The questionnaire for the third round sought to 

review the responses to some of the questions with 

the lowest level of consensus from the previous 

round. de Loe’s (1995) definition of consensus was 

used (Table 2). A series of questions were posed 

again to the panellists, the group response from the 

previous round was also provided. Respondents were 

asked to review their response from the previous 

round in light of the group opinion. They were also 

asked to provide reasoning for their response in order 

to try to ascertain a reason for the dissensus.  

184



Table 2 

Levels of consensus (Source: de Loe, 1995) 
 

CONSENSUS 

LEVEL 

DEFINITION 

High 70% in one agreement category or 

80% in two contiguous categories 

Medium 60% in one agreement category or 

70% in two contiguous categories 

Low 50% in one agreement category or 

60% in two contiguous categories 

None <60% in two contiguous categories 

RESULTS 

Response rates of 33% (23/70), 74% (17/23) and 

88% (15/17) were achieved for rounds one to three 

respectively. The number of invited panellists varied 

from round to round as only those who participated 

in the preceding round were invited to take part in the 

subsequent round. The decrease in numbers of 

responses can be explained by the iterative nature of 

the research method and the sample group being 

comprised of busy professionals. However, there was 

a high level of commitment from the panellists, with 

increased response rates as the rounds proceeded. 
 

Pros of group self-build 

In the first round, panellists were asked to identify 

the pros of group self-building as a development 

model for zero carbon homes. From the responses, 

six themes were identified: energy efficiency; 

affordability; quality; innovation; sustainable 

communities; and meeting the needs of occupants. 

Energy efficiency and sustainable communities were 

the themes identified most often by the panellists. 

Under the theme ‘energy efficiency’ the following 

benefits were identified:  

 Occupants would have a better understanding of 

the home energy system; 

 Ability to specify higher standards of energy 

efficiency; 

 Sharing information and awareness about zero 

carbon; 

 Lifestyle choice; 

 Stimulate demand for zero carbon / energy 

efficient homes. 

Under the theme ‘sustainable communities’, the 

following pros were identified: 

 Resilient, less transient community; 

 Sustainable lifestyle (e.g. Car sharing, food 

growing); 

 Shared energy systems; 

 Variety – more interesting urban design. 

When identifying pros under the theme of 

‘affordability’, panellists considered both 

affordability during procurement and affordability in 

operation. Benefits such as economies of scale in 

construction; access to funding/finance available only 

to the group self-build sector; and lower running 

costs were identified. The ability to procure a tailored 

design; increased satisfaction; and greater input into 

specification and materials were all identified under 

the theme ‘meeting the needs of the occupants’. 
 

Statements were developed from each of the themes 

identified in the responses to the round one 

questionnaire; panellists were asked to indicate their 

level of agreement using a Likert scale. For each 

statement, in addition to a count of the responses, the 

level of consensus and mean are shown, the mode is 

also highlighted in bold for each. The closer the 

mean rating is to 1.0, the stronger the level of 

agreement with the statement (Table 3; Figure 1). It 

has been argued that data from Likert-type categories 

can be treated as interval variables; although this has 

been the source of much debate within the literature 

(Bryman, 2012). For the purposes of this paper, the 

data is treated as interval variables and as such the 

means are presented. The statement with both the 

lowest mean and the highest level of consensus is 

‘Group self-build or custom build is more likely to 

meet the needs of the occupants’. 

 

 

Figure 1: Round 2 responses – Pros of group self-

build (mean ratings: 1=strongly agree; 2=agree) 

Table 3: Round 2 responses – Pros of group self-build (counts) 

GROUP SELF-BUILD OR CUSTOM 

BUILD IS MORE LIKELY TO… 
STA A SOA SOD D STD C MEAN 

be energy efficient 1 10 3 2   M 2.38 

be affordable 1 8 5 2   M 2.50 

be innovative 5 6 6    M 2.06 

be of a higher quality 2 6 6 1   M 2.40 

meet the needs of the occupants 7 9     H 1.56 

create sustainable communities 7 4 4 1   L 1.94 

Key: STA = Strongly Agree; A = Agree; SOA = Somewhat Agree; SOD = Somewhat Disagree; D = Disagree; STD = 

Strongly Disagree; C = Consensus [H = High; M = Medium; L = Low] 
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Table 4: Round 2 responses – Cons of group self-build (counts) 

GROUP SELF-BUILD OR CUSTOM 

BUILD HOUSING 
STA A SOA SOD D STD C MEAN 

…has no cons 1 2 2 3 7 2 L 4.12 

…requires commitment to the process 11 5 1    H 1.41 

…is difficult to finance 3 8 6    H 2.18 

Zero carbon is too complex for… 1 1 4 3 7 1 L 4.00 

Finding sites is difficult for… 9 6 2    H 1.59 

Key: STA = Strongly Agree; A = Agree; SOA = Somewhat Agree; SOD = Somewhat Disagree; D = Disagree; STD = 

Strongly Disagree; C = Consensus [H = High; M = Medium; L = Low] 

The mean ratings indicate that the panellists were all 

broadly in agreement with each of the statements in 

relation to the pros of group self-build as a 

development model for zero carbon homes. 

Cons of group self-build 

Panellists were also asked to identify the cons of 

group self-building as a development model for zero 

carbon homes. From the responses, six themes were 

identified: there are no cons; difficult to finance; 

requires commitment; sites are difficult to obtain; 

zero carbon is too complex; and group issues. The 

difficulty of securing finance and group issues were 

most frequently identified. Under group issues, the 

following disadvantages were stated: 

 Reaching consensus; 

 Finding people to collaborate with; 

 Different lifestyles. 

The panellists identified issues in relation to securing 

finance: funding risk for innovative solutions; need 

for upfront capital; not suitable for the financially 

insecure; and working with staged mortgages. 
 

Statements were developed from each of the themes 

identified in the responses to the round one 

questionnaire and panellists were asked to indicate 

their level of agreement using a Likert scale.  There 

was a high level of consensus with the three 

statements with the lowest mean ratings (strongest 

level of agreement) and a low level of consensus with 

the two ratings with the higher mean ratings. These 

results indicate that the panellists somewhat 

disagreed with the statements ‘Group self-build or 

custom build has no cons’ and ‘Zero carbon is too 

complex for group self-build or custom build’. These 

are therefore not agreed as cons of group self-build. 
 

From the qualitative responses, it was evident that the 

panellists attributed the group issues to working 

within a group self-build in general rather than 

specifically in relation to zero carbon group self-

build. Therefore, this issue was not explored any 

further in the subsequent rounds. 
 

In addition to the themes, a series of other cons were 

also identified by individual panellists. These were 

typically either not repeated, and could not therefore 

be identified as a theme, or they were in contrast with 

benefits previously identified and panellists had 

therefore been given the opportunity to disagree and 

comment should they wish. These issues included: 

 Ensuring quality control; 

 More expensive; 

 Lack of skills; 

 Cultural change required. 
 

 

Figure 2: Round 2 responses – Cons of group self-

build (mean ratings: 1=strongly agree; 2=agree; 

3=somewhat agree; 4=somewhat disagree) 

DISCUSSION 

Within this study, there was a moderate to high level 

of consensus across the heterogeneous panel, apart 

from in relation to some of the postulated cons of 

self-build. The policy Delphi method does not 

actively seek consensus as a primary aim, however, 

where dissensus exists, the reasons for it are 

explored. There was a low level of consensus for the 

statement ‘zero carbon is too complex for group self-

build or custom build housing’. When this was 

probed in the third round questionnaire, the reasoning 

provided for agreement with this statement included 

that ‘zero carbon is still complex for all types of 

developers of housing’. Reasons cited for disagreeing 

with the statement included that ‘group self-builders 

and custom housing providers tend to have a good 

appetite for zero carbon theories’. 

Much of the literature focused on the individual self-

build sector as, until recently, the group self-build 

sector in the UK has been seen as a niche market 

(BSA, 2012). Despite this, the findings presented in 

this paper support many assertions and the findings 

of previous research on self-build. For example, the 

panel identified themes of energy efficiency; 

affordability; quality; innovation; sustainable 

communities; and meeting the needs of occupants in 

terms of the pros of group self-build, all of which had 

emerged from the literature (NaSBA, 2011; Wallace 

et al., 2013; Barlow et al., 2001; Falk and Carley, 

2012; Parvin et al., 2011). However, within the 

themes, some new benefits were identified; under the 
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theme of energy efficiency, the panel were able to 

identify two benefits which had not previously been 

identified. These were the ability to share 

information about and awareness of zero carbon; and 

stimulate demand for zero carbon. Both of these 

benefits could serve to address some of the barriers to 

zero carbon homebuilding identified in previous 

research such as lack of demand for zero carbon 

homes and lack of awareness of zero carbon (Osmani 

and O’Reilly, 2009; Heffernan et al., 2012). A key 

barrier to zero carbon homebuilding previously 

identified was the poor knowledge of the occupants 

in terms of how to operate building services 

efficiently; this would be much less prevalant with 

self-build homes. 

From the first round qualitative data, five themes of 

cons of group self-build housing as a development 

model for zero carbon homes were identified. 

Through the second round questionnaire, the panel 

supported only three of the themes: difficult to 

finance; requires commitment; and sites are difficult 

to obtain.  None of these cons are insurmountable; 

the recent flurry of activity in independent group 

self-build schemes is indicative of the fact that 

groups can find sites; acquire finance; and form a 

commited unit to take projects forward. Indeed, these 

group schemes also commonly have sustainability at 

their core (Wainwright, 2013). Whilst the panellists 

were broadly in agreement that group self-build 

housing is more likely to create sustainable 

communities, one panellist raised a note of caution 

over the potential self-selectivity of the group self-

builders, leading to a narrow demographic within the 

group and questionable social sustainability. 

However, this has to be tempered against the views 

from the literature which suggest that group self-

build lowers the threshold for entry to the self-build 

market and indeed home ownership (Parvin et al., 

2011).  

Whilst doubts were raised by some individual 

panellists with regard to the capabilities of self-

builders, there was moderate consensus that group 

self-build would typically deliver homes of a higher 

quality than those delivered by speculative 

developers. 

Acquiring finance was cited as a potential con. 

However, in the literature, there were divergent 

views on this point (Barlow et al., 2001; NaSBA, 

2011). The fact that the Lloyds Banking Group 

commissioned the Centre of Housing Policy at The 

University of York to carry out research into the self-

build market (Wallace et al., 2013) would suggest 

that the financial sector is preparing itself for an 

upscaling in the self-build sector. 

CONCLUSIONS 

This paper has reviewed the literature on self-build 

housing and, through a Policy Delphi study, 

examined perceptions of the suitability of group self-

build for zero carbon homebuilding. The results of 

the review suggest there is insufficient research into 

the group self-build sector, with a gap in knowledge 

of group self-build and zero carbon homes. 

The research into perceptions of the suitability of  

group self-build as a development model for zero 

carbon homes has identified and elucidated a number 

of themes of pros and cons. The pros include: energy 

efficiency; affordability; quality; innovation; 

sustainable communities; and meeting the needs of 

occupants. The cons include: difficult to finance; 

requires commitment; sites are difficult to obtain. 

However, it has been argued that none of the cons for 

the development model are insurmountable. It has 

also been demonstrated that a number of the pros of 

group self-build could serve to overcome the barriers 

to the delivery of zero carbon homes as identified in 

previous research. 

The recommendations that arise from this paper are 

that further research into group self-build and its 

potential to deliver zero carbon homes should be 

undertaken. In particular, there is a dearth of research 

around the perceptions and experiences of group self-

builders, their motivations, the barriers they face and 

how they are influenced by existing policy support. 

This further research could aid in the development of 

policy and industry support for this burgeoning 

sector. 
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ABSTRACT 

This paper will look into a case study of a building 

designed to be Net Zero Energy in Southern 

California - the Conrad N Hilton Foundation office 

Headquarters in Agoura Hills. The project was 

completed in 2012 and has won numerous awards 

and certifications including LEED Platinum 

certification. 

 The author, who was the lead energy and building 

systems designer for the project, will share key 

outcomes from the project including: 

- The project context: A brief overview of the 

building (~2,050m2) the client's brief and the 

climate. 

- The design process: How energy budgets were 

established once it was determined the project 

should be net zero and then how the project was 

designed to operate under the net zero target. 

- The design strategies implemented in order to 

achieve net zero energy; 

- Post-Occupancy Verification: Findings and 

changes that needed to be made during the post-

occupancy measurement & verification phase to 

bring the energy of the building down to the 

targetted value. 

The project, which was designed to achieve a net 

zero carbon outcome, has not yet achieved its goal 

after 18 months of operation but is striving towards 

the goal and continuously improving with the 

eventual aim of reaching that target. A key lesson is 

the importance of good post-occupancy verification 

as part of achieving an operational energy goal.  

INTRODUCTION 

The Conrad N Hilton foundation office building is a 

stand-alone two-storey office building in Agoura 

Hills, California, USA. 

The project was a build to-suit office building with 

an integrated design process that started in 2007 and 

construction of the project finishing in October 2012. 

The building has a gross floor area of 2,050m2. It is a 

2-storey office building with predominantly cellular 

office space on two sides of a central atrium. 

The foundation is a not-for profit organisation 

charged with responsibly managing the substantial 

charitable endowment from the Conrad N Hilton 

Foundation. 

 

Figure 1: Photo of the completed project 

THE CLIENT BRIEF 

The Conrad N Hilton Foundation has a clear and 

important objective – to alleviate suffering and 

improve the lives of disadvantaged and vulnerable 

people worldwide. The Foundation felt that it was 

important to reflect their values in the design of their 

new offices and in particular for their offices to have 

no net contribution to climate change and other 

environmental issues. 

Early in the project, project opportunities were 

developed and owner requirements documented 

through series of integrated design workshops 

incorporating the client, their representatives and a 

full consultant team. This process included a 

contractor acting in a design role to provide guidance 

and input. 

Through this process, a set of measurable 

requirements based on the client brief were 

established. Some key outcomes relating to this 

process that informed the design are summarised 

below: 

- The client wanted the building to achieve net 

zero energy. This was defined in annual terms 

meaning that across a continuous 12-month 

period, on-site renewable energy systems would 

generate as much energy as the building 

consumed. (Periods where the building used 

more than it generated would be OK provided 

the net annual outcome was positive). The 

implication is that this means net zero carbon as 

well as net zero energy. 
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- The project team then established an absolute 

cap on energy use for the building of 

85kWh/m2/yr. This was based on the local 

climate providing 250kW/m2/yr for typical solar 

PV collectors and an assumption that only 70% 

of the roof would be able to be covered with PV 

components, with 2 floors served by the 

renewable systems. 85kWh/m2/yr was also 

considered to be an achievable but best practice 

benchmark based on energystar measured data 

for commercial offices at the time. 

- Embodied energy was not considered as part of 

the net zero energy calculation and the design 

team did not establish measurable benchmarks 

beyond those in LEED. 

- The health and well-being for the foundation’s 

staff was seen a very high priority. One key 

requirement that came out of this was that the 

building should provide high volumes of outside 

air without any recirculation. This had 

substantial potential implications for energy use. 

- A second key priority was that regardless of the 

design solution, the space should be conditioned 

to be able to maintain 21-24°C at all times. 

Broader comfort bands were discussed but were 

not considered to align with the expectations of 

the foundation staff. 

- Most staff would have their own private office 

and most of those offices would need to have 

individual control of their space. 

- It was also determined that all permanently 

occupied spaces should achieve 250 lux (a 

reasonable minimum light threshold) for 85% of 

occupied hours. 

These requirements all ended up informing the 

ultimate design solution and will be referred back to 

in the paper as we review how the design was 

developed. 

THE CLIMATE 

The site was located in Agoura Hills, California, 

which is approximately 50km due west of the Los 

Angeles downtown and approximately 18km north of 

the pacific coast (which runs east-west in that part of 

Southern California). 

 
Figure 2: Monthly average maximum & minimum 

temperatures for Agoura Hills (weather.com) 

The resulting climate is hot and dry summers with 

cool winters. There is a large diurnal range of 20°C 

on average. Almost all of the annual rainfall of 

450mm falls from November to March. 

We identified a series of opportunities in the climate: 

- External temperatures were very frequently 

found to be in or around a range that would be 

suitable for natural ventilation; 

- Although summer dry-bulb temperatures were 

high, generally wet bulb temperatures were 

lower, possibly meaning that cooling energy 

would potentially be less energy intensive. 

- Although wet bulb temperatures were 

substantially lower, we determined it would not 

be possible to meet the client’s expectations on 

cooling with evaporative cooling alone. 

- Solar intensity for the area is high, particularly in 

late summer / early autumn when the marine fog 

is less prevalent. 

- Prevailing winds is from the west but Santa Ana 

winds in summer could be from the east and 

would most likely be very hot. 

It should also be noted the project is in a very 

substantial seismic zone, which would substantially 

increase the costs of using a building method with 

high amounts of thermal mass. 

The conclusions from these findings were that natural 

ventilation on its own would not be able to meet the 

client’s internal condition objectives, even if we 

considered the use of substantial thermal mass and 

night cooling. 

THE DESIGN PROCESS 

The design team followed an integrated design 

process similar to that now enshrined in LEED 

Version 4. 

Early in the design, a series of design workshops 

were carried out including the client, a the full design 

team (ZGF Architects as the Prime Consultant), a 

specialist facilitator (Rocky Mountains Institute) , a 

potential contractor (Matt Construction) to identify a 

wide range of design solutions that could meet the 

owner requirements. 

Through this design process, a wide range of design 

alternatives were considered as a response to the 

client brief. Key conclusions out of the design 

process included the following: 

- It was generally agreed that solar systems would 

be the best means to achieve the generation of 

energy on site. Solar Photo-voltaic panels and 

Solar Thermal panels were both considered 

potentially viable technologies; 

- The client confirmed that natural ventilation 

alone would not meet their expectations for a 

comfortable space; 

- The client described an office space that was not 

congruous with exposed concrete ceilings and 

floors, making extensive radiant systems 

significantly less viable for the project; 
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- The client felt that the controls that would be 

needed to limit the risk of condensation on 

chilled beams from windows being left open 

were not worthwhile for the occupants to need to 

consider; 

- The use of an enhanced natural ventilation 

system, which incorporated cooling and heating 

into the natural ventilation airstream, was 

considered to have high appeal as it met most of 

the client objectives. Examples of completed 

passive downdraught projects internationally 

provided a level of assurance that the concept 

was viable. 

- As the passive downdraught concept was 

developed, the air distribution pathways became 

both architectural and structural elements, a key 

benefit arising from the integrated design 

process. 

All in all the integrated design process was very 

beneficial in enabling the design team to explore a 

wide range of options and compare those options to 

the client brief with input from all design team 

members. 

KEY DESIGN FEATURES 

The building incorporated a wide range of features 

designed to meet the multiple requirements of the 

client brief (including net zero energy). Many of the 

features were integrated across disciplines and serve 

multiple purposes. 

Thermally Responsive Envelope 

The building’s envelope was designed to provide 

substantial control of solar heat gain that could be a 

clause for excessive energy use through cooling. 

The building was oriented as much as the site could 

afford on an east-west axis although it was not 

possible to orient the building to true north given the 

topography of the site, sightline and access 

requirements. As a result the building had one façade 

to the S-SW and another to the N-NE. 

The southwest façade was found to have substantial 

solar gain at peak times but would also have periods 

of the day where there would be no sun. Because the 

building was naturally ventilated, any solar gain 

occurring when outside temperatures were below 

22C would also be OK, as there would be virtually 

no cooling or fan energy needed to meet the load, so 

we wanted to make sure that occupants could enjoy 

the full view during those conditions as well if 

desired. 

An automated operable external shading device was 

therefore applied to the south-west facade that could 

be controlled independently in each office. The 

shading system would have a daily override which 

would pull all shades down if outside temperatures 

were above 26C in case someone’s office was not 

occupied and the shades were left up. 

A light shelf was added above the shades on the 

south façade that provided control of direct sun into 

the office but that enabled excellent natural light into 

the offices even when the operable external shades 

were down. Although some heat gain would be 

brought in through the light shelf, it would be at the 

ceiling of the space and would be of lesser 

consequence than direct sun hitting the floor. 

Only smaller vertical fins at each side of the glazing 

were found to be necessary for shading the north 

façade. 

This façade design enabled solar gain to be 

controlled, limiting the amount of cooling required in 

hot conditions, while simultaneously bringing in 

good natural light that could be used to supplement 

electric lighting. 

 

Figure 3: External shading on the south facade 

Passive Downdraught HVAC 

The HVAC system was expected to be the largest 

single energy user in the building and so it was 

critical to design a system that could meet the client 

objectives at the lowest possible energy. 

The ultimate design solution as a passive 

downdraught cooling system. Natural ventilation 

intakes at high level were located around the 

perimeter of the building, serving a vertical 

downdraught shaft that was connected to a raised 

floor plenum. Cooling coils were positioned at the 

top of the downdraught shaft to cool the air as needed 

to maintain internal comfort conditions and also to 

enhance the flow of air on still, hot days.  

The shafts were concrete and doubled up as the 

vertical structural bracing for the building.  
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A raised floor plenum was used for the distribution of 

air and at the entrance to the raised floor plenum 

there were heating coils to ensure that ventilation air 

in winter was not too cold. The raised floor plenum 

enabled the air from the shafts to be distribute to 

acoustically separate private offices and also served 

as a means of distributing the various cabling 

systems required in the building. 

Each cellular office had its own damper in the raised 

floor plenum to control the supply of cool air and 

also its own perimeter heating hot water trench 

heater. 

 

Figure 4: Schematic of the downdraught concept 

The air from each office exhausts through an 

acoustically sealed opening at the top of each cellular 

office, into the central atrium and eventually out 

through the roof of the atrium. 

Analysis of the system predicted it would be at least 

50% more efficient than the ASHRAE benchmark 

overhead VAV system in operation. Energy savings 

were predicted to be achieved through the following: 

- The system would operate in natural ventilation 

mode at all times without the use of mechanical 

ventilation fans. This meant that fans, which are 

a significant part of any HVAC’s energy use, 

would not be required. 

- The building system would enable it to operate 

without substantial supplemental heating and 

cooling whenever outdoor air temperatures were 

in the range of 16-23C. This represented a large 

body of hours for the local climate. 

- Conditioned air could be controlled in volume 

using dampers to ensure that in winter, only the 

minimum ventilation air would need to be 

heated, limiting the heating demand. 

Cooling energy was anticipated to be similar to a 

VAV system, so a very efficient water-cooled chiller 

was incorporated into the design.  

Solar Thermal Heating 

Heating Hot Water was identified as a substantial 

component of the heating demand for the passive 

downdraught system. The reason for this was that we 

anticipated the need to supply at a relatively high air 

temperature through the raised floor plenum. (In 

analysis under these conditions, heating hot water 

was originally anticipated to be an annual energy 

demand of 25,000 kWh/m2/yr.) 

The proposed solution was to use a solar thermal 

system for the heating hot water. This is because the 

climate offered many days where there was a 

substantial solar load that coincided with a morning 

warm-up and ventilation load the following day. It 

was found that a solar thermal system of 65 m2 

(gross) with a storage tank of 3,800 litres would be 

able to provide 70% of the heating hot water 

requirements and 100% of the domestic hot water 

requirements for the building. 

This system also enabled us to use an electric boiler 

for the heating hot water and save the capital cost of 

connecting natural gas to the site (which was 

substantial). 

Daylight, Low energy lighting and controls 

Lighting was targeted as an element of the building 

that should be reduced as much as possible, 

particularly given the narrow floor plate and central 

atrium design of the building. 

Each office incorporated a large window with the 

south-west facing offices also incorporating light 

shelves so that daylight would be brought in even 

when shades were deployed. 

A series of controls were applied to the lighting with 

a goal to maximise energy savings without taking 

ultimate autonomy away from individual office users. 

Each office includes an integrated daylight / occupant 

sensor which automatically switches off ambient 

electric lighting whenever there is enough daylight or 

if the office is unoccupied. 

Users have low-energy task lights to supplement the 

ambient lighting system which are controlled 

manually. The users can also override the ambient 

lighting controls for fixed time period, after which 

the controls revert back to being automatic. 

These initiatives combined were designed to reduce 

lighting energy by 35% compared with the ASHRAE 

90.1 (2007) benchmark. 

Solar Photovoltaic Collectors 

A large 115kW solar photovoltaic array, procured 

through third party financing, was installed to 

provide the electricity needed to meet all of the 

operating energy needs. This array was expected to 

generate 167,500 kWh per year of electricity 

(approximately 80Wh/m2 of gross building floor 

area). 

In California, annual net metering is the most typical 

way to obtain a return from a solar PV array and was 

the applied rule for this project. This means that the 

power providers are only obliged to offset the cost of 

energy used on an annual basis by the customer and 

do not pay a feed-in tariff beyond that, so there was 

no incentive to design an array that would use more 

energy annually that the building was predicted to 

use. This made it important for the design team to 
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predict an operating value as close as possible to real 

world performance as there would be no financial 

benefit to the owner in having a larger array than 

necessary. 

Although it was originally conceived the array would 

be located on the roof of the main building, it was 

determined that a more suitable location would be as 

shading for the on-grade car park adjacent to the 

main facility. 

Summary of design energy calculations 

The table below summarises the ASHRAE 90.1 

(2007) calculations submitted for LEED rating. We 

anticipated that in operation the energy use would be 

higher, so there was an in-built safety factor included 

in the calculations to allow for an extra 13% energy 

use. 

 

LEED 

Baseline  

(kWh) 

CNHF 

Design  

(kWh) 

Lighting 62,128 39,918 

Space Heating 9,754 6,347 

Space Cooling 54,746 7,328 

Pumps 0 14,125 

Heat Rejection 0 23,620 

Fans 113,290 11,493 

Service Water Heating 13,143 4,202 

Receptacle Equipment 35,857 35,857 

Elevators & Escalators 5,710 5,710 

Total 294,628 148,600 

Savings over baseline 50% 

115kW PV Array Generation 167,449 

Percent of Energy  

Generated On-Site 
113% 

Total Energy Use Intensity 

(kWh/m2/year) 
71 

Figure 5: ASHRAE 90.1 (2007) LEED Baseline and 

Proposed energy model results 

MEASUREMENT AND VERIFICATION 

The building has been occupied for over 18 months 

now and the measurement & verification team has 

been working closely to monitor the building 

operation since occupancy. The team includes the 

MEP design team, commissioning team and a range 

of sub-contractors.  As part of this process the team 

held regular post construction coordination meetings 

to resolve conflicts in the building.  In addition to 

this, the commissioning agents are providing the data 

to the M&V analysts to use and compare to 

calibrated energy models.  This is required to be able 

to test the actual performance of the building 

compared to what was predicted through simulations. 

M&V Overview and System Design: 

The following is a schematic diagram showing the 

transfer of information from the facility to the 

calibrated energy model.  A critical component in the 

schematic that is increasingly recognised as 

fundamental to good post-occupancy validation is the 

use of analysis software that allows the team to 

interact with the data in an interactive and visual 

process.  Many of the issues that have been found 

were found not through algorithms looking for 

relationships but through the visualization of graphs 

and charts which help to show issues with specific 

components.    

 

Figure 6: M&V communication schematic 

The facility contains both an Alerton BMS system 

and electrical submeters that all directly 

communicate into a JACE system.  The JACE is a 

data logger that takes all the information from all the 

different equipment and makes it usable with 

SkySpark, the analysis software used.  SkySpark is 

setup on remote servers for the project collecting all 

of the information from the JACE and creating a 

large database that is used for analysis.   

Trending Performance: 

As part of the M&V plan seven rooms were given 

test shaft status with additional sensors to monitor the 

trending of performance in the shafts, raised floor 

and adjacent zones.  The zones included typical 

conditions for the building including the boardroom, 

private offices and shared offices. 

These detailed zones provide additional information 

to assist in understanding how energy use in the 

passive downdraft system relates to occupancy 

trends.  The measurement sensors and energy meters 

have been designed and detailed in coordination with 

the commissioning agent to be able to fully optimise 

the performance of these systems.   

OPERATING PERFORMANCE RESULTS 

The building opened in October 2012 and generally 

performed well during the autumn months. There 
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were some teething problems – some dampers and 

valves were not being controlled properly and this 

was rectified in the initial period. 

Winter HVAC Performance 

Once winter came, the building was performing 

substantially worse than anticipated both in terms of 

energy performance and comfort. This was due to a 

wide range of operating faults which took a 

considerable amount of time to troubleshoot and 

correct.  

Some of the faults that were identified and fixed 

included the following: 

- The exhaust dampers in the atrium space were 

initially based on the wind direction rather than 

the internal temperature or the first floor below 

the atrium. Although analysis had indicated this 

would be OK, this proved to be a poor operating 

assumption and caused substantially more cold 

winter air to enter the building than designed. 

This was rectified by changing the controls for 

the exhaust dampers to respond to the heating 

setpoint of the atrium space. 

 

Figure 7: Central atrium space 

- Airflow, during the first winter period in 

particular, tended to enter through the ground 

shafts and exit through the first floor shafts. This 

led to excessive heating energy (lots of hot air 

was lost out the shafts) as well as some breezy 

and uncomfortable spaces. Ultimately it was 

determined that this had been caused by a wide 

range of factors – some leaky dampers and 

raised floor openings but also the distance 

between the air heating coil and the vertical 

supply shaft.  This was rectified by only using 

the trench heater for heating ventilation air in 

winter and by applying extra sealing to openings 

in the raised floor plenum and dampers. 

- The building had substantial troubles achieving 

the heating setpoint in the morning and this was 

due to incorrect control of the trench heaters and 

incorrect schedules applied to the ventilation 

openings. This was rectified by changing the 

schedules and setpoints of the two components. 

- The solar thermal system did not initially store 

enough of the heat collected during the day, 

partly due to controls and partly due to the fact 

that more heat was needed during the day to 

manage other issues. In addition, the boiler did 

not supplement the heating of the water storage 

properly resulting in some capacity issues for the 

boiler during morning warm-up. These were 

rectified by changing controls on the solar 

thermal system. 

During most of the first winter, all of these issues 

caused a substantial blow-out in the heating energy 

for the building, which was initially running at more 

than double the expected energy use. It took almost 2 

winter seasons to rectify all the above the problems 

and get the building under control. By the end of the 

second winter, the team felt as though the building 

was operating close to the anticipated heating energy 

(within 20%). 

Summer HVAC Performance 

Similarly in summer, some zones had substantial 

difficulties initially in meeting the cooling setpoint. 

This was because the flow of air was also found to be 

reversed by the heating coil at the entrance to the 

raised floor plenum.  

After testing changes to the operation and the 

reactions of the staff, it was found that, because the 

air supply grille was located directly below the 

glazing and because the supply velocity was so low, 

colder supply temperatures did not have a substantial 

impact on user comfort and therefore air could be 

supplied colder without being reheated to meet 

cooling loads. 

It was also found that the shafts needed to be primed 

with cool air before starting operation to get the 

airflow on a hot day moving in the right direction. 

Once these changes were made, cooling energy was 

brought back to within 10% of the predicted energy 

use in the calibrated design model. 

Lighting Energy 

Lighting energy has been very close to what was 

predicted in the modelling. Although there were 

some early issues getting used to the controls, it 

seems the combination of daylight controls, 

occupancy sensors and manual override works well 

in terms of energy and occupant satisfaction. 
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Receptacle loads 

One of the initiatives to reduce power demand was to 

have all occupants use laptops if possible. This ended 

up being implemented for most of the project. 

Overall receptacle loads (unregulated loads) have 

been lower than predicted. 

Other unregulated loads 

Some surprisingly large unanticipated loads were 

discovered as part of the measurement and 

verification process. Note these items were not 

budgeted in the original energy calculations and are 

not shown on the design vs actual graphs but are 

listed below: 

- External landscaping water features were found 

to be as much as 8kWh/m2/yr  

- Servers were found to be approximately 

7kWh/m2/yr 

- The maintenance building was found to have 

substantial energy use also at around 

7kWh/m2/yr. 

- Other unallocated loads of almost 14kWh/m2/yr 

have also been identified – with meters not 

having enough detail to drill down to exact 

demand. This represents the use of all demands 

not specifically metered, including all non-PC 

equipment in the building. This number was 

surprisingly high. 

These are good examples of energy loads that are 

often not accounted for in the design process, do not 

get designed for and then end up being substantial 

end users. Many items were found to be a 24-hr 

energy load on the building.  

Solar PV collector performance 

Solar PV output ended up being better than expected. 

During the design phase we anticipated an output of 

80kWh/m2/yr – the first year’s output was closer to 

85kWh/m2/yr. Performance over time could be 

expected to degrade slightly and may end up closer to 

the predicted amount in the long term. 

Summary of measured results 

The graph below provides a summary of the 

measured results compared with the calibrated design 

model. 

 

Figure 8: (above) modelled vs actual vs renewable 

energy generation (below) modelled vs actual 

breakdowns of key energy uses  
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COMFORT AND THERMOSTATS 

Early feedback from site was that occupants were too 

cold in the morning and too warm in the afternoon.  

Occupants had initially been encouraged to use their 

room thermostats, as a ‘heat dial’ to optimise 

comfort. 

Unfortunately, the thermostats selected by the 

controls contractor did not have independent settings 

for heating and cooling.  Rather, when the slider bar 

was pushed to the +2 position BOTH the heating and 

cooling set points were raised by 2°F (1.1°C). This 

occcupants would arrive on a cold morning and 

immediately shift their thermostat slide setting to 

+2°.  This raised the heating set point to 73°F 

(22.7°C) and the cooling set point to 77°F (25.1°C).  

The thermostat would stay that way until the 

afternoon when the space cooling would not activate 

until the space reached 77°F, by which time the 

occupants would complain of being too warm and 

would shift their thermostat down to -2°F.  The 

following morning the cycle repeated with an office 

temperature of 69°F (20.4°C) again.  

We achieved a huge improvement in general comfort 

levels by placing all thermostats in the 0 position (i.e. 

design set point) and then disabling them. 

GETTING TO NET ZERO ENERGY 

The building in the first 18 months has continuously 

pulled back the operating energy through a rigorous 

and ongoing measurement and verification process. 

The achievements to date on their own vindicate the 

importance and value of post-occupancy verification 

of performance for all buildings, particularly those 

with innovative features. 

The first 18 months in particular are by necessity a 

period where the occupants got used to the operation 

and quirks of their new home and where the post-

occupancy team focussed on tuning the building to 

provide a comfortable environment above the net 

zero energy objective. 

Now a comfortable environment has been achieved, 

the team are hopeful of achieving a net zero energy 

outcome within the next 12 months. Key aspects of 

this process will be: 

- Continuing to refine and improve the operation 

and efficiency of the heating system. One 

example is the time heating switches on, which 

is currently earlier than modelled as part of 

bringing the building up to a warm temperature. 

This starting time will be reviewed through the 

winter and ultimately closer to the design. 

- Hopefully next winter with the system working 

effectively there will be renewed confidence and 

occupants will feel like thermostats can be 

dialled back without resulting in discomfort. 

- Ongoing review of the solar thermal controls and 

connections to make the most of the solar 

thermal resource included. 

- Implementation of strategies for getting 

unregulated and unanticipated loads under 

control including improved pumps and on-off 

controls for the water feature and automated 

switch-off controls for certain electricity circuits. 

SUMMARY OF KEY FINDINGS  

Net zero energy (and carbon) is in many ways more 

about designing a building to an operating energy 

target and then achieving that target. 

The vast majority of anecdotal evidence relating to 

building’s performance in operation is that they end 

up using substantially more energy than anticipated. 

This reality was born out with the Hilton Foundation 

project, which, through the hard work of the post-

occupancy team, is now getting close to the expected 

levels of energy use and hence close to achieving a 

net zero outcome. 

Many of the key findings of this building will be 

project specific. However some major issues that we 

believe will help others stretching to achieve 

operating energy targets are listed below: 

- The comfort of occupants will always take 

precedence over energy use. This means that in 

the first year or so of operation, even with a 

conventional building, the most important focus 

will be meeting the expectations of the building 

users before or as part of meeting the net zero 

energy requirements. 

- Software tools that enable sophisticated analysis 

of a large number of monitored and metered data 

are essential in the post-occupancy interrogation 

of buildings. Many of the issues with the 

building that were solved were solved through 

the use of the analytical software included in the 

building. 

- Controls conceived in the design phase in 

particular will almost always require 

modification and review once a building is 

running. Controls are the easiest way to 

continually optimise the building performance. 

Our advice is to ensure that the controls systems 

used are flexible enough to be modified without 

the cost of engaging specialists or proprietary 

consultants. 

Many of our other lessons may apply to some 

projects and we hope this is helpful for you in finding 

ways to achieve an efficiently run building. 
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ABSTRACT 

This paper presents the results of an extensive energy 

conservation program and optimum integration of 

solar energy systems. The program consists of two 

stages; the first stage is concerned with energy 

auditing and energy conservation measures whereas 

the second stage considers the installation of solar 

system. 

The first stage results in an energy conservation of 

about 55% with about half year average payback 

period of most measures. In the second stage, the 

results indicate that photovoltaic system produce 

more than 24% of the total energy consumption 

onsite with a payback period less than 15 years. In 

addition, more than 104 ton of CO2 emission can be 

avoided annually. 

INTRODUCTION 

Net-Zero Energy Buildings (NZEBs) are those 

buildings which, on an annual basis, produce energy 

from renewable sources that equals the amount of 

consumed energy by the building. If the produced 

energy from the building is slightly less than 

consumed; such building is called nearly net zero 

energy building (nNZEB). The NZEBs concept is 

increasingly recognized worldwide. For instance, 

European countries has issued a legislation starting 

from July 2012, that public buildings have to be 

nearly zero energy building by the end of 2018, while 

all other new buildings should follow the same trend 

by the end of 2020. On the same aspect, ASHRAE 

assign a target of net zero energy buildings fulfilment 

by 2031. 

In order to achieve NZEB or nNZEB for existed 

and/or newly designed buildings, it must be first 

ensure that the building is designed and operated 

efficiently before considering any integration of 

renewable energy.  

The newly designed buildings may face challenges to 

fulfil the requirements of NZEBs, but these 

challenges become even more hard to achieve for an 

existing building. Thus, the existing buildings should 

undergo an energy auditing and energy conservation 

processes before considering supplement any other 

power generation process.  

ASHRAE-100 (2006) introduces energy audit 

standard for existing building that may be followed 

to reduce energy consumption. Under such guidlines, 

many research works have implemented such or 

similar audit standard which their results showed 

substantial energy reductions (Li, 2008; Iqbal, and 

Al-Homoud, 2007; Escrivá-Escrivá, et al., 2010; 

Mills, et al., 2004; Rahman, 2010). 

Recently many new and existing buildings 

incorporate solar energy technologies to attain 

environmental benefits in comparison to the 

conventional energy in terms of reducing global 

warming and greenhouse gases emissions, mainly 

CO2, and preventing toxic gas emissions. A very 

competetive renewable resources is the photovoltaic 

(PV), comparable to the conventional method (Oliver 

and Jackson, 2001). Such type can be easily installed 

on buildings’ roof to avoid the cost of land use as 

well as utilizing the roof structure to support the PV 

modules.  

Aristizábal et al., (2008) studied the operation 

performance of the first grid-connected building 

integrated photovoltaic (BIPV) system installed in 

Colombia. In another study, the potential impact in 

energy demand reduction at the Florianopolis 

International Airport in Brazil  is analyzed by Rüther 

et al., (2009). In both studies, the results showed that 

the integration of PV systems on  buildings in warm 

climates can supply a large portion of the electrical 

energy consumption of the building. Also, Yoon et 

al., (2011) carried out an analysis of building 

integrated photovoltaic (BIPV) modules on the 

windows that covering the front side of a building by 

using transparent thin-film amorphous silicon solar 

cells.  

The most other common renewable source that 

utilized for building is the solar thermal (T) collector, 

which converts solar energy into thermal energy. 

Da Graca et al. (2012) explored the feasibility of 

NZEB  for a typical single family home in the mild 

southern European climate zone. Solar thermal and 

photovoltaic collector systems were sized in order to 

meet all annual energy needs. Their results showed 

that, for the southern European climate, NZEB 

implementation is feasible, with a moderate increase 
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in initial cost with a payback time of 13–18 years. 

Also, Zhai et al. (2008) concluded that under the 

weather condition of Shanghai, 150 m2 vacuum tube 

solar collector arrays can be used to satisfy heating 

and air-conditioning for covered area of 460 m2. In 

addition, they are capable of inducing natural 

ventilation by stacking pressure and supplying hot 

water for the office building. 

In the present work, a mid-size existing institutional 

building is considered as a model for existing public 

buildings that intented to be moved toward NZEB in 

a very harsh weather suas as in the State of Kuwait. 

This study has two purposes; the first is to carry out 

an exntensive energy audit to reduce the energy 

consumption in the building to its lowest possible 

value by implementing the appropriate energy 

conservation measures. The second objective is to 

integrate solar energy within the studied building to 

achieve Net Zero/near Net Zero Energy Building 

(NZEB or nNZEB). In addition, the performance and 

environmental impact of the designed building 

integrated  renewable system is evaluated. 

BUILDING AND HVAC DESCRIBTIONS  

The building under consideration is belong to the 

Mechanical Engineering Department in the College 

of Technological Studies, Kuwait. It is a 2-storey 

building with a total floor area of 7020 square meters 

which was constructed on 1999. The long side of the 

building is oriented toward the east-west direction 

with 4 main entrance doors on east side. On average, 

350 people use the building with irregular occupancy 

from 8 am to 6 pm, 5 days per week during the 

academic sessions. The building wall construction 

can be considered heavy mass, with an overall heat 

transfer coefficient of 0.562 W/m²K. Most of the roof 

of this building was constructed from light mass 

construction that is well insulated with an overall 

heat transfer coefficient of 0.187 W/m²K. The 

windows and entrance doors are aluminium-framed 

constructed from 6 mm double-tinted glazing with an 

overall heat transfer coefficient of 3.42 W/m²K. 

The heating, ventilation and air-conditioning 

(HVAC) system of the building is consists of 4 air-

cooled reciprocating (semi-Hermetic) chillers using 

R407c refrigerant. Three of the chillers are typically 

on duty while one is on standby, and each has a 

capacity of 429kW. The integrated distribution 

system consists of 14 air-handling units (AHUs) of 

constant air volume (CAV) that serves the staff 

offices, classrooms, and laboratories. The only part 

of the building that is designed to utilize a variable 

air volume (VAV) is the administrative section. The 

remaining part of the building consists of workshops, 

and they are serviced by 30 fan-coil units (FCUs).  

STAGE-1: ENERGY CONSERVATION 
MEASURES 

Energy Conservation Measures with no Cost 

An overview assesment of the building energy 

consumption, an energy index which is also known 

as energy utilization index (EUI) is calculated by 

dividing the annual energy consumption to the gross 

floor area. This index is used to compare the energy 

consumption among buildings of a similar nature. 

The EUI of the building was 630 kWh/m² while 

similar building were between 315 to 410 kWh/m² 

(Alajmi, 2012). The comparison shows initially an 

opportunity of energy saving in the building by about 

50%. 

An energy audit team has carried out a preliminary 

assessment, which revealed of an inefficient practice  

of operating and maintaining the building. The 

building roof was partially damaged which left the 

steel structure of the roof bare of insulation, 

increasing thermal loading on the building. In 

addition, the main entrance and emergency doors 

were deliberately left open for a long time while the 

HVAC system was running. This increases the 

amount of air infiltrated into the building and 

consequently the HVAC energy consumption 

dramatically.  

Moreover, visits at night and weekend to the building 

revealed that the lights and plug-in equipment of 

some offices were left on after working hours and 

during the weekends. All luminaries used in the 

building are the T-8 type. 

In general, to reduce energy consumption, it is 

important to increase the awareness of the users to 

switch off the lights and equipment before leaving 

the space. This could also be assigned to the security 

officer. Table 1 lists the potential opportunity of 

energy conservation that could be achieved by 

applying the above mentioned energy conservation 

measures. An annual saving of 290 MWh can be 

achieved as a result of applying the preliminary 

auditing of the building which count for 6.5% of the 

building consumption. 

Energy Conservation with Investment (Building 

Management System) 

The possible opportunity of energy saving indicated 

that initial recommendations are not sufficient with 

such slight achievement. Thus, the energy audit team 

decided to conduct a detailed study to provide 

sufficient information for thermal performance 

evaluation of the building. For this reason, 

microcomputer data-loggers that have built-in 

sensors for dry-bulb temperature, relative humidity 

and light intensity, are installed in each zone of the 

building to monitor the building’s indoor 

environment from April to October. The collected 

data showed that usually the indoor air temperature 

was 1-5°C below the recommended thermal comfort 

temperature (24°C for summer) in the ground and 
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first floors of the building. This explains the 

continuous complains of over-cooling by the building 

users which was clear on their responses to the 

comfort questionnaire; this explicitly means that 

there is unnecessarily energy consumption by the 

HVAC system.  

Upgrade the HVAC System Control 

Along the detailed energy auditing, the audit team 

work found that the HVAC system is operated 

manually and all the 3-way valves of the AHUs were 

not functioning properly, i.e., they were not 

responding accurately to the air supply or to the 

return air temperature. Also, the 3-way valves of the 

FCUs were not functioning properly as theymay be 

leaking. This is revealed by indoor temperatures of 

the workshops (most uncomfortable areas as stated 

by the users) that is usually lower than the set points 

causing continuous overcooling. Based on the above 

observations, it became an evident that the indoor 

environment was not accurately controlled and the 

number of enganged chillers was directly linked to 

the occupant complaints and the operators’ judgment.  

It is clear from the above discussion that the manual 

operation of the chillers does not provide accurate 

control of the building environment. Thus, 

incorporation of direct digital control (DDC) to the 

building will enhances building operation and saves 

considerable amount of energy. After verifing a 

simulated building against the actual building energy 

consumtion; the annual building energy consumption 

can be saved by 46.2% if the proposed measures are 

implemented, see Table 2. An energy saving of 

23.4% can be achieved if the indoor air temperature 

is maintained at 24 ºC (comfortable dry-bulb 

temperature) during working hours. An additional 

energy saving of 5.6% can be achieved if the 

temperature is set to 28 ºC after working hours. 

Additional, 13.3% and 1.3% of the building’s energy 

consumption can be saved if the HVAC system is 

switched off during weekends and proper operation 

and maintenance are exercised, respectively. As the 

lighting is considered the second largest item that 

consumes energy in the building, more efficient 

lighting or better operation yields a saving of 2.3% of 

the total energy consumption. Ultimately, by 

increasing the roof insulation, a saving of 0.3 % can 

be obtained. 

Chillers Operation Strategies 

Designers and practitioners used to oversize the 

chillers system by certain value which is sometimes 

overestimated. This makes the chillers system 

running at partial load most of the time. In such 

circumstances, the search for the appropriate 

operation strategies for different building use and 

conditions is essential in order to achieve acceptable 

energy consumption of the oversized chilled water 

plant. These strategies may be used to program the 

controlled-operated chillers or even used directly for 

those chillers operated manually. These appropriate 

operation strategies can lead to considerable energy 

saving of the existed chillers particularly for 

oversized systems. Many operation scenarios of the 

chillers were tested and found that the best scenario 

saves about 20% of the energy consumed by the 

worst scenario (Abou-Ziyan, H., Alajmi, A., 2014). 

In addition, the best scenario involves in this building 

use of only two chillers instead of three which results 

in longer life time of the chillers system as half the 

available chillers are used alternatively. 

The chillers operate at low performance when 

working at partial load outside the working hours. 

The coefficient of performance of the chillers during 

off-working hours dropped to 1/6 of the value during 

the working hours. For this reason, it is 

recommended to use the chillers when working 

efficiently and to avoid using them when working 

inefficiently as this will considerably contribute to 

energy saving. Therfore, a new shcedule is proposed 

to switch off the chillers at the start of the non-

occupied period and to start them again in the early 

morning to cover the heat stored in the building at 

night. Thus, the stored heat will be removed at the 

start of the working day when the chillers are running 

at full load and have up to six times better 

performance, i.e. the stored heat will be removed 

with less amount of energy.This operation strategy 

saved about 13.2% of the chiller consumption during 

any period of application. 

Efficient operation of the chillers system during the 

summer vacation is also considered. The actual 

reduction, in the building load during summer 

vacation, is caused by switching off the building’s 

lighting and equipment, by setting-back indoor 

temperature to 28°C and finally omitting the people 

load, infiltration and ventilation. Therefore, a plan for 

the operation during summer vacation is to reduce 

the chillers consumption by half during the day and 

switch them off at night. This plan should save up to 

50% of energy consumption during summer vacation, 

i.e. 53.7 MWh a year that represents about 2.8% of 

the total energy consumed by the chillers. 

Accordingly, as the required chillers capacity is half 

the available capacity, the water flow rate can be 

reduced by half without affecting the HVAC system 

performance. In order to achieve this, a modification 

of the existing water distribution system is proposed. 

In the new arrangement of the water distribution 

system, the water flow diagram is split into 2 circuits 

where two pumps and two chillers are existed in each 

circuit. Therefore, only two pumps will be working 

alternatively. The reduction of the number of running 

pumps from four to two would save 50% of the 

annual pump consumption (19.8 MWh) which 
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represents about 3% of the annual HVAC energy 

consumption.  

Table 3 summaries the expected energy saving of the 

chillers consumption by implementing the above 

discussed operation strategies and measures.Total 

energy saving of 408 MWh of the annual building 

consumption which represent 9.2%.  

Cost Analysis and Payback Period for the 

Different Measures of Energy Saving 

Implementation of energy conservation measures 

with and without cost yield to considerable energy 

savings as it reduces the annual energy consumption 

of the building from about 4.44 GWh to 1.65 GWh in 

2013. Figure 1 shows the effect of implementing the 

energy conservation measures through the period 

from 2010 to 2013. To evaluate the feasibility of 

implementing different approaches to reduce existing 

building energy consumption, the auditor has to 

calculate the payback period. Most calculations can 

be performed using the simple payback approach by 

dividing the capital cost of the measure by the cost of 

the anticipated annual energy savings to obtain the 

payback period in years. The amount of money saved 

annually is calculated by multiplying the actual tariff 

of Kuwait, which is equal to 0.15 USD/kWh, by the 

anticipated energy savings. 

The average payback period of most of those 

measures are less than six months. 

STAGE-2: BUILDING INTEGRATED 
SOLAR ENERGY (BISE) 

Various scenarios of using solar energy in the 

building, including the use of photovoltaic and solar 

absorption cooling, are proposed and simulated to 

reduce the conventional energy demand and also CO2 

emission. 

Scenario I: Building Integrated Photovoltaic 

This scenario is concerned with integrating the 

building with photovoltaic modules to provide clean 

energy to the building in an attempt to convert it into 

a near Net Zero Energy Building (nNZEB).  

The weather data used in this study have been 

measured and collected for over two years on site of 

the studied building. The weather data used are 

hourly values of daily radiation on horizontal surface 

and ambient temperature.The daily total solar 

radiation on a fixed tilted surface facing south is 

calculated using the available radiation on horizontal 

surface.  

Building Integrated Photovoltaic System 

Stand-alone PV systems are designed to operate 

independent of the electric utility grid whereas hybrid 

PV systems are integrated with the grid. A hybrid 

photovoltaic system is proposed for the present work. 

This may be an economical alternative to a large 

standalone PV system, because the PV array does not 

have to be sized large enough for worst weather 

conditions.  

The system includes a DC to AC inverter to convert 

the direct current (DC) produced by the PV array to 

alternating current (AC) which is required by most 

household appliances. Disconnect switches are 

needed for system servicing and personnel safety. 
They are typically installed on the inverter's input 

and output, at the array output, and on the battery 

bank's output. Most disconnect switches also include 

over-current protection, either as fuses or circuit 

breakers. The system usually requires a maximum 

power point tracker that monitors PV outputs such 

that the PV always operates near its point of 

maximum power along the IV curve. 

Performance Characteristics of the PV system 

The data presented in this section are for 

monocrestaline, polycrystalline silicon and amorphus 

modules. These three types were chosen as they are 

the most widely used for PV systems. Assumptions 

of angle of orientation, local temperature and 

radiation levels, inverter efficiency and module 

efficiency are the most important factors that 

determine the output of the PV system. Each 

simulation has a length of one year period and 

employing different PV modules technology. 

Characteristic data of these modules are obtained 

from manufacturer’s catalogues. The array size of 

different modules is justified to cover a reasonable 

fraction of the total available roof area. 

Consequently, the entire PV array area is estimated to 

be about 1287 m2. The available roof area of the 

building adapted is more than 1440 m2 which is large 

enough so that the rows may be spaced widely to 

minimize shading losses. The inverter is considered 

to have a constant efficiency of 92% in the present 

calculations. The subroutine of the five parameter 

model is implemented into TRNSYS to determine the 

PV output. Each simulation evaluates the energy 

generated from different PV modules technology  

placed on the building roof. The data used are 

weather data, building load, utility rate schedules and 

total utility demand. 

The weather data used are hourly global solar 

radiation on horizontal surface, and hourly ambient 

temperature. It is worth to mention that the total 

building load in each month is also calculated.  

Figure 2  presents the variation of the annual energy 

production for various PV types and orientations. 

The slope of the PV array is changed from 0 to 

60(i.e. latitude  30) for azimuth angleof 0 (due 

south). As seen from the figure, the energy 

production changes with array orientation. The 

maximum energy generation from the PV arrays 

corresponds to array slope equal to 35 (i.e. latitude 

+5). The annual PV generation in this case is about 

391, 337 and 209 MWh for monocrystaline, 
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polycrystaline and amorphous PV systems, 

respectively. These values represent 24, 20 and 13% 

of the new annual building energy consumption. 

Thus, the energy production from monocrystaline PV 

array satisfies a reasonable fraction of the total load 

of the studied building (about 24%). It should be 

noted that the maximum monocrystalline PV 

capacity which can be adapted for the building under 

study is about 210 kWp according to available roof 

space. However, if a flat rate per unit kWh is 

assumed, the optimal array orientation for energy 

production should also maximize solar savings. 

Comparison between PV systems 

The overall benefit of PV systems over conventional 

electricity sources can be demonstrated by 

calculating energy returns on investment, energy 

payback times (EPT), Levelized Cost of Energy 

(LCOE) and net energy balances. The Energy 

Payback Time of a PV system is the time (in years) 

in which the energy input during the module life 

cycle is compensated by the electricity generated 

with the PV module. The energy payback time 

depends on several factors including cell technology, 

PV system application and irradiation. Also, the 

LCOE is the total cost of installing and operating a 

project expressed in dollars per kilowatt-hour of 

electricity generated by the system over its life. It 

considers costs for installation, financing, taxes, 

operation and maintenance and the quantity of 

electricity the system generates over its life.  

Table 4 lists the above items for comparison between 

the considered types of PV systems at the optimum 

tilt angle of 35. Clearly, the energy produced by 

amorphous PV and consequently the avoided 

emission of CO2 are the lowest among all the types. 

The other two types of PV showed comparable EPT 

and LCOE with 16% higher energy and avoided CO2 

emission attained by monocrystalline PVs. If the cost 

of roof is considered, monocrystalline PVs will be 

the dominant PV technology regarding its lowest 

LCOE. Thus, due to the limited available roof area, 

the monocrystalline PV, with EPT of 14.6 years and 

LCOE of 8.1 cent/kWh is the optimum choice. These 

results indicate that the PV system can produce net or 

free power after about 15 years of its operation while 

the cost of kWh generation is 8.1 cent that is lower 

than the conventional energy cost which is about 15   

cent per kWh.  

The monthly produced energy and avoided CO2 of 

monocrystalline PV system is shown in Fig. 3 with 

the monthly lighting and equipment consumption of 

the considered building. Clearly, the produced energy 

using PV system exceeds the building lighting and 

equipment consumption in all months. An annual 

excess energy of about 90 MWh which represenmt 

about 24% of the annual building consumption of 

lighting and equipment can be sold back to the utility 

grid or used for other consumptions of the building. 

Also, an annual avoided CO2 emission of about 104 

ton is achieved during the various months. 

The accurate analysis of the total avoided emissions 

for PV systems, should take into account the 

emission generated in the fabrication phase of the PV 

system components. The information about 

contaminating emissions in the production and 

installation stages of PV systems is practically not 

available since these systems are not currently 

manufactured in Kuwait. However, CO2 emission 

rate from PV systems is much lower than the CO2 

emission rate from conventional utility and can be 

neglected. The annual avoided CO2 emission is listed 

in Table 4. The avoided CO2 emission is found to be 

about 104 tone/year for monocrystaline PV system.  

In addition, the costs due to the application of Kyoto 

Protocol, which penalizes the emissions of green 

house effect gases, fundamentally CO2, should be 

added to the costs of conventional energy resources. 

In spite of the fact that Kyoto Protocol is not 

currently applied in Kuwait, however considering 

application of this protocol will enhance the 

economical and environmental aspects of PV systems 

much more. Application of Kyoto Protocol will force 

various productive sectors specially electrical and 

industrial sectors to pay for CO2 emissions making 

BIPV systems more feasible in Kuwait climate. 

Scenario 2: Solar Cooling Absorption Chillers 

(SCAC) 

This scenario is an alternative to PV technology and  

uses the same available roof area for solar cooling 

facilities instead of photovoltaic modules. The aim is 

to compare the contribution of both scenarios in 

providing clean energy to the building. 

The size of solar absorption cooling system is limited 

by the available and usable roof area for the solar 

thermal system which is about 1440 m2. Single effect 

absorption chillers combined with effective solar 

evacuated tube collectors, with optical efficiency of 

0.68, linear heat transfer coefficient of 1.21 W/m2K 

and a temperature dependent quadratic heat transfer 

coefficient of 0.02 W/m2K2, is used. The actual 

collector aperture area is 1264 m2 (close to that used 

for PV, 1287 m2) which is equal to projection area of 

1035m2 allowing enough space to avoid shading 

effect and to perform operation and maintenance 

work.  

TRANSYS program is used to simulate the 

absorption chiller cooling system under the local 

weather conditions as for PV systems. The available 

collector area is found adequate for absorption 

cooling system of 160 TR (560kW) with COP of 

about 0.7 for hot water storage of 20 m
3
 and chilled 

water storage of 15 m3. Solar evacuated tube 
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collectors supplied the system with hot water of up to 

95C whereas the chilled water are set to 7 and 

12.5C for supply and return temperatures. The wet 

cooling tower inlet and outlet temperature are 30 and 

35C, respectively. 

Figure 4 shows the monthly cooling produced by the 

solar absorption system along with the cooling 

demand of the building. Also, the amount of avoided 

emission of CO2 due to the use of solar cooling is 

shown in the figure. Clearly, solar cooling exceeds 

the demand in March and November only and  

achieves 54% to 84% of the cooling required for the 

other months.  

The annual cooling achieved by the solar system is 

about 1450 MWh which represent about 62% of the 

annual cooling demand of the building (2326 MWh). 

Thus, additional efficient conventional air 

conditioning system is required to compensate for 

shortage in annual cooling demand of about 876 

MWh. Maximum monthly cooling shortage of about 

178MWh (Fig. 4) occurs during July.This requires a 

system of about 250 kW (71 TR) capacity that 

consumes 350.4 MWh annualy (based on a COP of 

2.5 for air-cooled reciprocating chiller). 

Total electric energy of about 580 MWh can be saved 

and CO2 emission of about 154.3 ton can be avoided 

annually using the proposed thermal cooling system 

for the same roof area that used for monocrystalline 

PV system. Thus, 48% more energy and 48% less 

emission of CO2 can be achieved using the thermal 

solar cooling system instead of the PV system. 

Cost Analysis for Solar Cooling System 

The cost of solar cooling system includes the cost for 

chiller, collector, storage tanks, auxiliary heating, 

piping as well as the costs for system installation and 

commissioning. Present system cost study is carried 

out based on costs of evacuated tube collectors 

according to manufacturer’s data. Results indicate 

that the LCOE is approximately $ 0.25 / kWh, which 

is much higher than the corresponding LCOE of PV 

technology.  

DISCUSSION 

Implementation of the first stage measures yields 

considerable energy savings as it reduces the annual 

building energy consumption from an average of 

4.44 GWh (between 2005 and 2009) to about 1.65 

GWh in 2010 to 2013 as recorded by the building 

meter. This reduces the EUI from about 630 to 235 

KWh/m2 which lies within the lower range of the 

international standard (254 to 352 KWh/m2; Energy 

Information Administration, 2003) and lower than 

the local practical limits of some office buildings 

(315 to 410KWh/m2).  

The recommended lighting improvement and the 

operation strategies of the chillers are not applied yet. 

Annual savings due to these two measures is 

predicted to be about 0.360 GWh which reduces the 

annual energy consumption to about 1.29 GWh 

(equivalent EUI of about 184 KWh/m2). This further 

improves the energy consumption of the building to 

acceptable low value and concludes the energy 

conservation phases. There are others meaures that 

can help to reduces the EUI further such as 

improving the windows performancea and 

implementing external shading in particular at the 

longest sides (east and west), however, such 

measures were not included in this study. 

In order to move forward towards a NZEB, more 

efficient equipment for HVAC needs to be 

considered. For instance centrifugal chillers have 

explicit advantages over reciprocating chillers as they 

have almost double the average COP and much 

higher COP at partial loads. Replacement of the 

existed chillers will lead to increase the average COP 

from about 2 to more than 5 (ASHRAE Standard 

90.1; 2010) which is reflected on an energy saving of 

more than half the current chillers consumption, i.e. 

0.465 GWh. In addition, improving the HVAC 

auxiliaries may lead to a considerable energy saving 

of about 0.1 GWh. This will lower the annual 

consumption of the building to only 0.725 GWh in 

comparison with 4.44 GWh in the years of 2005 to 

2009. 

PV and solar cooling systems are simulated and 

integrated in the building. Although, using all 

available roof area for solar cooling system saves 

more energy and emission, the capital cost of solar 

absorption chillers far exceeds that of PV system and 

the required makeup water for cooling tower is 

another important issue that should be taken into 

consideration. While the solar cooling saves about 

48% more energy and emission, the cost of unit kWh 

is three times higher than that for PV.  

Another alternative to the use of solar absorption 

cooling is the use of an efficient conventional system 

that powered by the PV system. The annual cooling 

demand of the building (2326 MWh) can be covered 

by the annual production of the PV system (391.3 

MWh) if chillers with COP of about 6 is used. This 

COP is within the practical values reported by ARI 

(ASHRAE Standard 90.1; 2013) 

Integration of the PV modules in buildings results in 

energy generation of about 0.273 GWh annually. 

This left an annual energy required of about 0.519 

GWh which should be supplied using conventional 

sources. 

The ongoing research on solar cells claims fast 

developing with respect to higher efficiency and 

lower cost. Nowadays, the laboratory scale solar cells 

reach efficiency up to 40% (Atwater, 2008). The 

higher efficiency along with the lower cost will 

enhance the power generated by the PV modules and 
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make the use of PV more feasible in the near-term 

future. Alternatively, with the current used PV 

efficiency, the area required to balance the power 

should be increased. In this case, the façade area of 

the building can be utilized. Moreover, other sources 

of renewable energy may be adapted depending on 

the building circumstances. 

In conclusion, the forgoing discussion indicates that 

the mid-size existing buildings can be converted into 

NZEBs or nNZEB and the decision may depend on 

the investment required for the conversion. 

CONCLUSIONS 

This work evaluates the outcomes of energy auditing, 

energy conservation and energy generation, using 

photovoltaic modules, on an existing institutional 

building in a trial to convert it into a net zero energy 

building (NZEB) or near net zero energy building 

(nNZEB). The performance and environmental 

aspects of the building energy conservation and the 

building integrated photovoltaic system in Kuwait 

are investigated. Based on the actual meter readings 

of the building consumption and the simulation 

results reported in the present study, the following 

conclusions can be drawn: 

 Preliminary energy audit of the building results 

in an annual energy saving of about 290 MWh, 

which is equivalent to 6.5% of the building 

consumption without the need to any 

retrofitting or investments. 

 Efficient operation strategies can reduce the 

energy consumption of the building about 

9.2%. 

 The detailed energy conservation with 

reasonable investments yields an annual energy 

savings of about 2.458 GWh, which is 
equivalent to about 55.4% of the annual 

building consumption. The majority of energy 

saving is due to better operation strategies and 

fine control of the HVAC system. 

 Efficient energy conservation can play an 

important role in converting the existing 

buildings into NZEBs as it saves annual energy 

consumption of the building that is twelve 

times the energy generated by the PV modules. 

 The integration of PV modules into the building 

produces 391.3 MWh (about 24% of the 
building energy consumption) and can cover 

the lighting and equipment load in the building. 

The use of PV can avoid CO2 emission of about 

104 tone/year. 

 Solar absorption cooling system of 160TR 

capacity saves about 580MWh and 154.3 ton of 

CO2 emission annually. However, the system is 

not economically feasible as the cost of kWh is 

three times the corresponding cost for PV 

system. 

 Costs of PV modules and related equipment are 

expected to decrease considerably in the near-

term future. Also, the efficiency of the PV 

modules is improving over the years. These 

factors will make PV systems cost-effective in 

the near future. 

 Nearly NZEB can be achieved in existing 

buildings by re-commissioning the building, 

installing better performance HVAC systems 

and other equipment and integrating efficient 

PV modules. 

 The occupants’ satisfaction has dramatically 

improved, this was clearly found on their 

responses to the questionnaire that distributed 

before and after the changings. 

 The results of the present work should 

encourage governments for wide installation of 

solar energy systems to keep our environment 

healthy and clean. 
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Figure 1: Building consumption before and after the 

energy conservation measures. 

 
Figure 2: Variation of annual PV energy production with 
tilt angle. 

 
Figure 3: Monthly PV production energy, lighting and 
equipment consumption and avoided emission. 

 

 
Figure 4: Monthly solar cooling, building cooling 
demand and avoided emission. 
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Table 1: Energy conservation with investment. 

 
Table 2: Energy conservation with investment. 

 

 
Table 4: Comparison between different PV modules 
at tilt angle of 35°. 

 

 

 
Table 3: Summary of chiller energy saving for different 
proposed strategies. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

No. 
Recommended 

Actions 

Energy 

saving 

GWh/year 

energy 

saving 

% 

1 Schedule lighting 

operation 
0.10 2.3 

2 Schedule office 

equipment 
0.01 0.2 

3 Reduce 

infiltration 
0.18 4. 1 

 Total 0.29 6.5 

No. Recommendations 

Energy 

saving 

GWh/ 

year 

energy 

saving 

%  

1 Control Indoor 

Temperature to 24 ºC 
1.040 23.4 

2 Set-back Temperature to 

28 ºC 
0.250 5.6 

3 Turn off HVAC during 

weekends 
0.590 13. 3 

4 Proper maintenance and 

operation  
0.056 1. 3 

5 Efficient lighting (T5) 0.100 2. 3 

6 Increase roof insulation 0.014 0.3 

 Total 2.050 46.2 

No. Parameter 
Mono-

crystalline 

Poly-

crystallin

e 

Amorpho

us 

1 PV Energy (MWh) 391.3 336.7 209.1 

2 Avoided CO2 (Ton) 104.1 89.6 55.6 

3 Payback (years) 14.6 12.3 8.1 

4 LCOE (Cent/kWh) 8.1 7.4 6.1 

No. Chillers Operation 

Energy 

Saving 

MWh/ye

ar 

Energy 

Saving 

% 

1 Select the best operation scenario 84.5 4.5 

2 Switch off chillers during non-

occupied period (overnight) 
250.1 13.2 

3 Reduce chillers capacity by half 

during vacation 
53.7 2.8 

4 Reduce pumps capacity by half 19.8 1.0 

 Total 

(% energy savings with 
respect to building 
consumption) 

408.1 9.2 
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ABSTRACT 
In 2010 the brief for this University sector building 
was that it should be the first zero carbon building in 
the city and a showcase for all future buildings on the 
campus. 
Subsequently the project brief was revised to address 
changing needs and the zero carbon aspirations were 
no longer deemed affordable based upon initial 
capital cost. The client remained committed to low 
energy design however and the project, which is 
currently on site, will be the largest Passivhaus 
building in the UK.  
This paper explains some of the challenges 
experienced in scaling up Passivhaus principles to 
larger commercial projects. 

INTRODUCTION 
The University of Leicester required a new building 
to bring the Colleges of Medicine, Biological 
Sciences and Psychology together under one roof to 
enable increased collaboration to benefit their 
teaching and research. 
The provision of a new building was part of a long 
term strategy to address the College of Medicine’s 
outdated existing building which will remain in use 
as it contains specialist facilities which will not be 
replicated. Once the new building is complete the 
existing building will eventually undergo 
refurbishment so that the overall offer of the College 
may be even further improved.  

The Client’s Carbon Reduction Strategy 
The context for the sustainability agenda for the new 
building and the subsequent upgrade of the existing 
building stock was the University’s ‘Environmental 
Sustainability Strategy to 2015’ which stated an 
ambition for the University to ‘be recognised for 
environmental and sustainability excellence’. 
The strategy document set carbon management aims 
to address the University’s carbon footprint through 
promoting green practice in the management of its 
estate.  

Key Objectives of the Strategy 
Key objectives and targets were set to be delivered 
over a five year period: 

• An absolute reduction of 60% of the carbon 
emissions of the University by 2020 (based 
on 2004/5 baseline) 

• Develop and refurbish the estate so as to 
minimise additional carbon costs 

• Increased energy efficiency in operation 
• Improved communication with staff, 

students and stake holders about the 
importance and value of carbon and energy 
savings. 

Client Aspirations for the Building 
The original aspirations for a zero carbon building 
were deemed unaffordable following cost plan 
analysis of the Stage C Concept Design proposals, 
however, the University’s carbon reduction policy 
did inform the revised brief which was clarified 
during Stage D of the design process: 

• An EPC & DEC ‘A’ rated building 
• BREEAM rating of Excellent. 

In order to achieve the above criteria the design was 
developed in accordance with Passivhaus (PH) 
principles. 

The Design Team 
Associated Architects were architects and lead 
consultants, Ramboll carried out structural and civil 
engineering, Couch Perry Wilkes Partnership 
designed the M+E systems and produced the 
Passivhaus Planning Package (PHPP) model during 
the early design stages. Gleeds were quantity 
surveyors and project management was provided by 
DBK and Bidwells. 

DESIGN APPROACH 
There is, perhaps, a perception that the application of 
Passivhaus standards in the UK is better suited to 
small scale, bespoke projects. During the course of 
this project we have been exploring how Passivhaus 
can be applied to larger scale projects and finding out 
the challenges and opportunities that are involved in 
this shift in scale. 

Overview of the Project 
The Centre for Medicine building, accommodates 
approximately 13,000 sqm of teaching space, offices 
and research facilities.  The scheme is currently on 
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site and due for completion by September 2015.  The 
building employs a number of innovative 
technologies to achieve its aims. 

Design Concept 
The building is formed of three linked towers sitting 
on top of a two storey plinth (figure 1).  The lower 
floors are predominantly teaching spaces together 
with informal learning spaces to encourage 
collaboration.  These deep plan spaces are supplied 
with natural light via large rooflights which are 
located at second floor level between the wings of the 
towers above.  The upper floors provide a mixture of 
research and teaching spaces predominantly in the 
form of smaller cellular offices and ‘dry’ labs for 
experiments. 

Planning Constraints 
The site is just outside a ‘conservation area’ and is 
located in an area where key views towards 
significant local buildings had to be maintained.  
The original building concept featured 
acommodation blocks that were orientated in order to 
maximise benefit from environmental conditions. 
These were rejected by the local authority planners 
and the scheme was subsequently redesigned to 
provide orthogonal elevations that matched the local 
‘grain’ and street context. 
The local authority were very supportive of a low 
energy approach to the building design but it is 
notable that high profile building projects are 
frequently subject to townscape and planning 
constraints that can override the principles of optimal 
environmental design. 

Technical Requirements 
Working for a financially accountable organisation 
dictated that the technical requirements for achieving 
the Passivhaus standard must be economically 
achievable and the balance between capital cost 
versus life-cycle costs needed careful consideration.   
The university client understood the need for 
innovative technologies to achieve the requirements 
but there was an understandable healthy scepticism 
for products that did not have a demonstrable track 
record within the UK construction industry. 
During the stage D design we encountered challenges 
in sourcing insurable Passivhaus-certified 
components that were suitable for large-scale 
projects with a contemporary aesthetic.  

Soft Landings 
In addition to Passivhaus certification, the University 
of Leicester requires that the building achieves not 
only an EPC of ‘A’ but also a DEC of ‘A’. 
Large scale Passivhaus buildings are complex to 
operate and manage, and will require suitably trained 
facilities management teams to maximise the energy 
savings. For the university, there is the added 
challenge of communicating the benefits and 

constraints of a Passivhaus building to 400 staff and 
2000 students, all of whom have a part to play in the 
long term success of the project by reducing their 
energy demands.  
To achieve the pioneering project objectives of a 
‘DEC A’ the client, design team and contractor have 
jointly committed to a three year ‘soft landings’ 
period to fine tune the building systems and influence 
the behaviour of the occupants through education 
regarding their actual energy consumption. 

OVERVIEW OF THE CONSTRUCTION 
The fundamentals of the building’s construction are 
commonplace among projects of a similar size. The 
Passivhaus standard, however, requires greater 
attention to detail for the interfaces between materials 
in both design and construction than would be typical 
for a new build to meet building regulation minimum 
standards. 

Tender Process 
The project was tendered as a two-stage design and 
build contract and main contractors were at liberty to 
offer alternative construction methods to achieve the 
technical requirements provided that the visual 
appearance was maintained.  ‘Value Engineering’ 
(VE) options to generate savings for the client were 
also encouraged. 
During the tender process we discovered a 
widespread lack of Passivhaus knowledge and 
experience amongst main contractors and their sub-
contractors for projects of this scale.  Most 
contractors were keen to engage with the project as a 
learning process but there was a notable caution 
regarding committing to the contract requirements, in 
part due to concerns about the availability of suitably 
skilled trades and site supervision staff. 
The successful contractor put forward an alternative  
construction for the façade from that which had been 
developed by the design team during RIBA Stage E. 
A fundamental change to the materials for the two 
storey colonnade was also proposed as a VE change. 
The appointed contractor received technical advice 
during the tender period from their own in-house PH 
Certified Designer, a façade engineer and low energy 
building specialists WARM.  These specialists 
advised on the contractor’s alternative proposals to 
minimise risk to the contractor.  The proposals were 
also informed by the contractor’s own expertise 
regarding construction programming and buildability.  

Frame 
The project uses an in-situ post tensionned concrete 
frame sitting on piled foundations, post tensionning 
minimised the amount of concrete required.  The 
concrete frame is exposed internally to a significant 
degree to provide thermal mass as part of the 
environmental strategy.  The frame also incorporates 
TABS (Thermally Activated Building Structure) - 
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embedded cooling pipes within the slab close to the 
exposed soffit of high occupancy teaching spaces. 
The concrete frame required a high degree of 
supervision on site to maintain the desired visual 
appearance.  Considerable effort also went into 
coordinating slab penetrations, TABS and façade 
support brackets due to the inherent inflexibility of 
PT slabs which are difficult to modify once complete.  

External ‘Active’ Solar Shading 
Unlike a typical Passivhaus it was not possible to 
differentiate the facades by varying the amount of 
glazing based upon functional need and 
environmental conditions.  This was due to the 
University’s requirements for parity amongst the 
accommodation being offered to each department. 
Regardless of orientation each office therefore 
features a floor to ceiling fixed window with an 
adjacent opening panel for natural ventilation. 
Whilst heat losses through the glazing could be 
factored into the PHPP calculations and compensated 
for elsewhere, the requirement to provide external 
solar shading to east, south and west facing windows 
remained. Schuco CTB roller shutter blinds were 
selected as part of the curtain wall system, these are 
located on the outside of the building and the controls 
are linked back to the BMS (Building Management 
System). The blinds have been used extensively in 
mainland Europe but have never been used before 
within the UK.     

Façade – Lower Floors 
The lower two floors are traditional masonry wall 
construction with a 300mm fully filled cavity and 
low conductivity wall ties.  Two-storey PH certified 
curtain walling elements infill between the masonry 
piers – this is in line with the design team’s original 
proposals.  Air tightness is provided by a wet 
plastered finish to the internal blockwork which seals 
against the  curtain walling using specialist tapes and 
membranes. 

Façade – Lower Floor Colonnade 
Originally designed as GRC (Glass Reinforced 
Concrete) cladding, the contractor’s alternative 
proposal for the colonnade was insulated render. This 
dealt with concerns about thermal bridging due to the 
significant reduction of secondary support 
framework. 

Façade – Upper Floors 
The stage E facade design proposal for the upper 
floors consisted of precast concrete sandwich panels 
with a brick slip finish externally and wet plastered 
internal finish. Storey-height curtain wall windows 
infilled between precast panels and airtightness was 
achieved via a combination of EPDM perimeter seals 
and taped joints. 
The main contractor had concerns that the proposed 
design could be safely erected without full protection 

to the slab edges which would have impacted upon 
their construction programme. Allowances for 
construction tolerances and movement joints around 
the panels also raised concerns that Passivhaus levels 
of airtightess would be difficult to achieve.  
Accordingly the contractor elected to change the 
facade construction to a full curtain walling system 
with brick slip panels attached to insulated metal 
spandrel panels. To replicate the thermal mass of the 
precast system internal panels of precast concrete or 
masonry were proposed. 
The apparent benefit of the alternative approach from 
the contractor’s point of view was that it put 
responsibility for airtightness and thermal 
performance for the upper storeys within one 
subcontractor’s package. With offsite manufacture 
and repetitious detailing the quality control 
procedures for manufacture and installation ought to 
demonstrate similar benefits.  
Another simplification of the alternative proposal 
was that it allowed the CTB external shading to be 
housed within an insulated blind box running 
continuously around the entire building perimeter. 
Previously the blind box profile had been limited to 
small lengths between precast panels which 
presented problematic junctions to insulate and make 
airtight. 

Ground Air Heat Exchanger 
The building employs many low-energy and 
renewable technologies, such as PV panels and 
district heating, that have become commonplace on 
commercial projects over recent years.  The use of a 
ground air heat exchange (GAHE) system is not 
uncommon but typically these systems are installed 
beneath areas of landscaping adjacent to the building. 
This was not possible for the Centre for Medicine 
and the severely restricted site area dictated that the 
GAHE labyrinth was located beneath the building 
and coordinated around foundations and drainage. 

POST-NOVATION DESIGN 
DEVELOPMENT 
Willmott Dixon Construction Ltd were appointed as 
main contractor and Associated Architects and 
Ramboll were novated to deliver their proposals.  
Couch Perry Wilkes Partnership were retained by the 
University of Leicester as technical advisors.  The 
main contractor’s  M+E subcontractor developed and 
completed the design of the building systems. 

TFA and the Thermal Envelope 
During further design development it was identified 
that the designation of the roof top plant rooms as 
being outside the Passivhaus thermal envelope was 
counter-productive.  Including these plant rooms 
within the overall Treated Floor Area (TFA) was 
beneficial to the PHPP calculations and achieved 
practical benefits by limiting thermal bridging and 
easing buildability. The layout of air handling units 
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(AHUs) within the plant rooms was also revised to 
minimise cold duct runs and to reroute all supply air 
distribution within the thermal envelope. 

Certifying the Efficiency of Building Systems 
The scale of the project required AHUs capable of 
delivering large volumes of air, these were not 
available as PH certified products and some difficulty 
was experienced in providing sufficient technical 
assurances regarding the efficiency of the products to 
satisfy the Passivhaus Institute (PHI).   
Similar difficulties were also experienced in 
verifying the energy-reduction benefit provided by 
the GAHE but again this issue was eventually 
resolved.  The practical obstacles of designing and 
installing the pipework labyrinth, however, had been 
underestimated and the process took longer than had 
been originally anticipated. 

Development of the Façade Proposals 
Detailed design of the curtain wall façade underwent 
protracted development whilst various permutations 
of insulation and backing panel make-up were 
trialled in the PHPP to balance performance with 
cost. 
The curtain walling is high performance in terms of 
air tightness but it is also required to provide low u-
values (0.13) for the brick-slip clad panels. The depth 
of the insulated panel that carries the brick slips was 
limited to match the thickness of the glazed units, 
additional internal insulation was therefore required 
on the warm side of the airtight layer. This increased 
the risk of interstitial condensation ocurring within 
the construction and additional internal seals and 
vapour control layers at window reveals and backing 
panels were provided to mitigate this. 
During detailed design the overall curtain walling 
façade depth grew significantly, this had knock-on 
effects on other elements of the façade such as the 
insulated render and aluminium copings with 
associated increased costs. 

SITE SUPERVISION AND 
COMMUNICATION 
The project is at an early stage of construction and 
hence it is not possible to comment upon how 
effective communication of the design requirements 
has been.  Similarly, despite the production of a large 
scale façade sample panel (figure 2) it is too early to 
confirm whether the proposed details are easily 
achievable and replicable on site. 
In order to achieve the Passivhaus standard a high 
degree of on-site supervision to maintain levels of 
workmanship will be required and the success of the 
project will hinge upon how well different trades 
integrate.  Respecting the completed work of other 
trades will be essential as will effective 
communication of design requirements to promote 
understanding of the potential impacts of seemingly 

innocuous acts such as making an unplanned service 
penetration through the envelope. 
On a smaller scale domestic Passivhaus project the 
designation of an ‘airtightness champion’ to spot 
defects is commonplace but no individual could fulfil 
a similar role on a project of this scale.  Each trade 
must therefore be responsible for their own work as 
well as looking for ways to better integrate with 
others. This process must include the design 
consultants who need to be responsive and ready to 
listen to alternative proposals from those charged 
with implementing their designs onsite.      

CONCLUSION 
The use of the Passivhaus brand and terminology can 
convey the low-energy nature of a development, but 
it can also increase cost expectations due to 
unfamiliarity with the process. There is an increased 
capital cost associated with Passivhaus criteria and 
this is typically figured as being in the range of 8-
15% depending upon a multitude of factors.  
However, as building regulations continue to tighten 
and energy costs rise the payback period is reducing 
and whole life costing analysis can demonstrate a 
benefit from increased initial outlay. Whilst 
Passivhaus on large scale projects remains 
uncommon in the UK we should take a lesson from 
our European neighbours, for instance all new public 
buildings in Brussels must achieve the Passivhaus 
standard from 2015. 
Central to developing a successful design and 
ensuring that it remains on track for Passivhaus 
certification is the PHPP - this is not a replacement 
for the dynamic thermal modelling required by 
building regulations but rather it is a spreadsheet into 
which information on u-values, thermal bridges and 
energy use is inputted.  During design development 
the PHPP proved a useful tool to test the effects of 
alternative envelope build-ups through the ability to 
trade-off enhanced performance in one area to offset 
another thus optimising performance and minimising 
construction costs.  In truth large scale project such 
as the Centre for Medicine offer more opportunities 
for these variations than a small single house where 
each individual element may have a more significant 
effect upon the overall outcome. 
It should be acknowledged that Passivhaus has 
detractors who point to the fact that its narrow focus 
makes no acknowledgement of embodied energy or 
other factors that go towards a building that can be 
deemed truly ‘sustainable’. Some Passivhaus sceptics 
also believe that the standard has too many inherent 
restrictions for anything other than niche projects in 
the university sector.  With the right design team and 
contractor on board this need not be the case and 
larger-scale Passivhaus projects can easily 
accommodate fluctuating occupancy patterns and the 
variety of room sizes and function typically expected 
within a modern university building. 
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Figure 1 CGI View of the University of Leicester’s new Centre for Medicine 

 
 

 
Figure 2 Inspection of the façade mock-up sample panel 
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