
 
 

 
 
Zero Carbon Buildings 

Today and in the Future 2016 
 
 

PROCEEDINGS OF A CONFERENCE 
HELD AT BIRMINGHAM CITY UNIVERSITY 

8TH - 9TH SEPTEMBER 2016 
 
 

LJUBOMIR JANKOVIC (EDITOR) 
 
 
 
 
 

 
 
 
 
 

PUBLISHED BY 
BIRMINGHAM CITY UNIVERSITY 

  



First published 2016  
by Birmingham City University 
 
 
 
 
 
 
 
 
 
 
Copyright: This volume is Copyright © Birmingham City University, 2016. Permission to make digital or hand copies of this 
volume for personal or research and teaching use is granted provided that the copies are labelled: Copyright © Birmingham City 
University, 2016. Abstracting with credit is permitted. Authors retain Copyright to their respective papers. Photographs in 
individual papers are Copyright as stated in the Acknowledgements sections of the corresponding papers. 
 
Liability: The publication of any paper by Birmingham City University does not imply that Birmingham City University endorses 
or agrees with the views presented in the paper. Under no circumstances shall Birmingham City University be liable for any 
damages resulting from the use of information included in any of the papers in this publication. 
 
Typesetting: All papers were provided camera-ready by the authors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Citation: Jankovic, Ljubomir, Ed. (2016) Zero Carbon Buildings Today and in the Future 2016. Proceedings of a conference held 
at Birmingham City University, 8-9 September 2016. Birmingham City University, Birmingham, UK. 
 

ISBN 978-1-904839-88-0 
  



 
 

Organising and hosting institution 
 

 
Zero Carbon Lab, BCU 

 
Zero Carbon Lab is a unique multidisciplinary research 

group at Birmingham City University where design 
thinking and advanced computer modelling methods are 
brought together to seek solutions to the toughest open 

problems in the built environment. 

Conference Chair 
 

Professor Ljubomir Jankovic 
 

Director, Zero Carbon Lab 
Birmingham City University 

 
Conference Secretary 

 
Rabia Bagurai 

 
Institute of Sustainable Futures 
Birmingham City University 

 

 
 

Scientific Committee 
 

Basurra, Dr. Shadi Saleh Birmingham City University, UK 
Brittle, John Paul Loughborough University, UK 

Dabaieh, Dr. Marwa Lund University, Sweden 

Eikemeier, Sören GrAT - Center for Appropriate 
Technology/TU Vienna, Austria 

Flett, Graeme Hamilton University of Strathclyde, UK 
Giesekam, Jannik University of Leeds, UK 

Holopainen, Dr. Riikka Johanna VTT, Finland 
Jankovic, Prof. Ljubomir Birmingham City University, UK 

Lucas, Dr. Sandra University of Greenwich, UK 
Zhang, Dr. Yi Energy Simulation Solutions Ltd, UK 

 
 

Conference sponsors 
 

 
 

 
 

  
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page has been intentionally left blank 



TABLE OF CONTENTS 

	
EDITORIAL 1 
OPENING KEYNOTE 3 

A Systems Approach to Energy Positive Buildings 5 
DESIGN METHODS AND DESIGN TOOLS 11 

New methodology and tools for retrofit design towards energy efficient and sustainable 
buildings and districts 13 
Mixed mode ventilation & cooling in commercial buildings: concept for passive systems 
integration 21 
Performance of the ZCR passive cooling design - thermal comfort in the Philippines 29 
New easy to install and manufacture pre-fabricated modules supported by a BIM based 
integrated design process 37 
Taking a Passivhaus certified retrofit system onto scaled-up zero carbon trajectory 45 
Fast response building energy simulation in support to low carbon design and retrofit 53 
KNN & sensitivity analysis as an integrated approach for calibration of building energy 
models for retrofit 61 

ZERO CARBON PROJECTS AND CLIMATE CHANGE 69 
Minus carbon and plus energy refugee shelter 71 
Creating a zero carbon building under budget and ahead of schedule: integrated project 
delivery makes it possible 77 
Life cycle assessment of a wooden-frame low-energy detached house in Finland 85 

CASE STUDIES 93 
Live garden house nearly zero energy under a rolling hill 95 
The energy showcase: a pioneering solar house for Zero Carbon Buildings Today and in the 
Future 2016 103 
Case study on affordable low energy community houses using strawbale self-build 111 

ADVANCES IN NEW MATERIALS AND SYSTEMS 117 
The new building process with digitization and the Internet of things 119 
New construction materials combining self-cleaning and heat storage properties 125 
Fuel cell micro combined heat and power (CHP) for domestic buildings 131 

POST-OCCUPANCY MONITORING 137 
The investigation and analysis of indoor air quality and energy consumption of air purification 
in Beijing 139 
Defining context for home electricity feedback systems 147 

ZERO CARBON CITIES, STRATEGY, AND ECONOMICS 153 
Nearly zero-energy building renovation action plans for cities 155 
Building on the Paris agreement: making the case for embodied carbon intensity targets in 
construction 161 
Creating zero carbon supply chain independence from the global money system using unit of 
energy as currency 171 

CLOSING KEYNOTE 179 
Birmingham Zero Carbon House – retrofit beyond Passivhaus standard 181 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page has been intentionally left blank 
 



	

 
EDITORIAL

This volume contains papers from our second 
international conference on Zero Carbon 
Buildings Today and in the Future, held in 
September 2016. When closing the 2014 
conference, there was a collective feeling in the 
audience that we were onto something. That was 
the rationale for organising this follow-up 
conference, a rationale that was strengthened by 
the outcomes of the 2015 Paris Climate 
Conference (COP21). 
 
One of the outcomes of the COP21 conference 
is that a global agreement on achieving zero 
emissions needs to be made as 'soon as possible' 
and that the need to have 'net zero emissions' 
during the second half of the century is essential.   
 
However, there is no global plan about how this 
will actually be achieved, and national policies, 
including that of the UK, are still to be aligned 
with these challenging objectives. 
 
In the absence of a global plan, this conference 
series address the 'how' question and thus it 
makes a small but important step towards a 
global change in the right direction. 

This conference series 
provides a forum for 
exchange of knowledge, 
and for establishing 
collaboration networks and 
partnerships in this rapidly 
developing field.  
 
All papers submitted for 
the conference were peer-
reviewed and accepted papers are published in 
this volume. 
  
The COP21 final agreement demonstrates the 
scale of the problem that we are facing. It 
indirectly confirms that with our second 
conference in 2016 we are onto one of the most 
important solutions for humanity.  It makes it 
clear that we can no longer afford to resist 
change but that we need to embrace it. 
 

Ljubomir Jankovic 
Professor of Zero Carbon Design 

Birmingham City University 
September 2016  
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A SYSTEMS APPROACH TO ENERGY POSITIVE BUILDINGS 
 
 

Phillip Jones, Ester Coma, Xiaojun Li and Jo Patterson  
Welsh School of Architecture, Cardiff University 

 
 
 
 
 
 

ABSTRACT 
This paper discusses a systems approach for 
achieving an energy positive building. An energy 
positive building is defined as a building that 
annually generates more energy than is consumes. 
The systems approach adopted integrates reduced 
energy demand, renewable energy supply and energy 
storage. The integration is in two stages: firstly, the 
technologies for heating and electrical power are 
combined, and secondly, these technologies are 
incorporated as design elements into the architectural 
language of the building. The paper uses the ‘energy 
positive’ SOLCER house to demonstrate this 
approach. 
 

INTRODUCTION 
The UK has set a target of nearly zero carbon 
buildings in compliance with the EU directive 
(European Union, 2010). This will be implemented 
for public buildings from 2018 and for the private 
sector by 2020. The definition of nearly zero carbon 
is not yet set and will be reviewed in line with the 
Cost Optimisation Assessment that is carried out as 
part of Building Regulation changes. 
 
Approaching zero carbon performance generally 
involves a combination of reduced energy demand 
and renewable energy supply. This often uses the 
electricity grid to import and export energy to and 
from the building; when there is excessive renewable 
energy being generated this is fed to the grid, and 
when there is insufficient renewable energy to satisfy 
the building’s demand, energy is imported from the 
grid. Buildings of this type are often referred to a 
carbon neutral. A building can achieve a degree of 
autonomy in energy use if it can store the renewable 
energy from when it is generated to when it is 
needed. Thermal and electricity storage technologies 
are now available. The level of autonomy is a 
function of the size of the renewable energy systems 
and the storage capacity, in relation to the energy 
demand for both heat and electrical power. Total 
autonomy is not really necessary, unless there is 
limited energy supply or the building is off-grid, as 
the combination or renewable energy supply and 

storage to provide autonomy would in general be 
relatively expensive. The grid is there, so it can be 
used; and in future the grid will have an increasingly 
higher proportion of low carbon energy, and an 
increasing contribution from localised distributed 
zero carbon energy supply systems. 
 
An energy positive building may be defined as a 
building that annually generates more energy than it 
consumes. For the SOLVER House case study 
described in this paper the solution is all-electric, that 
is, for heat and power. The excess electricity may 
then be sold to the grid. In future, ‘smart’ controls 
combined with energy storage will enable this to 
occur when the grid needs it, and similarly energy 
can be imported from the grid when it is most 
available.  
 

	
Figure 1  Gateway factory, Baglan; SBEC, Shotton 

 
The systems approach integrates reduced energy 
demand, renewable energy supply and energy 
storage. The integration is in two stages: firstly, the 
technologies for heating and electrical power are 
combined, and secondly, these technologies are 
incorporated as design elements into the architectural 
language of the building. For example the Solar PV 
system can be the roof, the solar air collector can be 
an external wall panel. These ideas have been 
developed over a number of years on design and 
research projects (figure 1), for example, the design 
of the Gateway Building on the Baglan Energy Park, 
South Wales, used integrated solar PV as shading to 
south facing offices (Foster W and Jones P, 2000). 
Another example was the use of integrated solar air 
collectors on the south-facing façade of the SBEC 
(Sustainable Building Envelope Centre) building in 
Shotton, North Wales (Jones P. et al. 2015).   
 
This integrative approach allows a change in thinking 
about how a building may be heated and ventilated 
(and possibly cooled), for example, heating via the 
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ventilation system can reduce costs and increase 
space use by avoiding a ‘wet’ heating system and 
radiators. 
 
In order to achieve an energy positive performance 
for a specific building, the energy demand should be 
reduced and an optimized combination of renewable 
energy supply and energy storage determined. The 
‘fabric first’ approach is generally used as the basis 
for the architectural solution. However, the real 
challenge for such buildings is the engineering 
solution to respond to the reduced energy demand. 
This paper focusses in particular on this topic. 
 
Energy supply companies are interested in energy 
storage, generally combined with renewable energy 
generation, to displace peak loads for a more efficient 
energy supply, and to take pressures of supply grids. 
This is especially the case for electricity, where peak 
loads can cost three times as much as non-peak loads 
(BRE, 2014). However, from a user’s point of view, 
there are cost advantages from being as near energy 
autonomous as possible.  
 
This paper describes how the design and construction 
process has been carried out for the SOLCER House, 
using a ‘smart’ systems based approach, the term 
‘smart’ used to describe the integrative nature of the 
design, rather than a preponderance of ICT. The aim 
was to achieve performance within cost and 
replicability criteria. 
 

BACKGROUND 
The SOLCER house (figure 2) was constructed as 
part of the Wales Low Carbon Research Institute’s 
(LCRI) SOLCER project, which was completed in 
March 2015 (Jones P et al 2015). 
 

 
Figure 2 The SOLCER House situated in 
Stormydown, South Wales. 

 

It is a three-bedroom, four- person unit, designed in 
accordance with affordable housing requirements. 
It’s 100 m2 of habitable space is slightly more 
generous than affordable housing standards, which 
would be around 90 m2 (Welsh Government 2005), 
with the layout and specifications of a typical UK 
dwelling. The building is modular in its design, on a 
0.6m by 0.6m dimension grid. It has been designed 
with the potential to be constructed in a terrace, as a 
semi-detached, or detached dwelling.  
 
The construction of the house lasted sixteen weeks 
and involved local contractors and manufacturers 
wherever practically feasible. It is estimated that the 
design time can be significantly reduced with the 
experience gained. The components of the SOLCER 
House have been sourced as far as possible from 
Welsh manufacturers and installers, and the house 
will be used as a demonstration of advanced Welsh 
construction technologies. Twenty companies were 
involved in the manufacture and supply of products 
for the SOLCER house, sixteen of which were Small 
to Medium Enterprises (SMEs).  
 
The main elements of the fabric design showing the 
integration of the SIPS (structural insulated panel 
system) construction, with the renewable energy 
features of the solar PV roof and TSC wall, are 
illustrated in Figure 3. The main technical features 
are presented in figure 4, including the battery 
storage, the Solar PV roof space and the GENVEX 
heating and ventilating system. 
 

	
Figure 3  Main elements of the SOLCER House 
construction. 
 

	
 
 
BUILDING DESIGN FOR REDUCED 
ENERGY DEMAND 
The south facing elevation of the house is shown in 
figure 1. The energy demand of the house was 

Figure 4  SOLCER house: battery, solar roof space, 
GENVEX heating and ventilation system. 
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reduced to a near ‘passivehaus’ level (Feist et al., 
2005). However, the design did not follow the 
passivehaus standard rigorously, in that accreditation 
was not sought, which allowed greater freedom to 
use appropriate technologies and local suppliers. The 
house was designed to have high levels of thermal 
insulation and low air leakage. The house used a 
SIPS method of construction with Climate EPS 
insulation contained between two layers of oriented 
strand board (OSB). Double-glazed timber frame 
windows and doors were used with aluminium clad 
timber frames incorporating Pilkington energiKare 
TM glazing. 
 
The thermal insulation levels for the main design 
elements are given in table 1. The south-facing roof 
is a large solar PV panel, which is fully integrated 
into the design of the building, with the south roof 
space naturally lit (figure 4). This reduces costs 
compared to a solar PV system bolted on to a 
standard roof. The north-facing roof is constructed 
from a standing seam metal cladding system. 
 
Table 1: Thermal insulation and air tightness  
Wall u-value 0.12 W/oC/m2 
Roof u-value 0.12 W/oC/m2 
Floor u-value 0.10 W/oC/m2 
Window u-value 1.20 W/oC/m2 
Air tightness at 50 Pa 2.91 m 3 h-1 per m2 env. 
 
The south elevation of the house incorporates a 
Transpired Solar Collector (TSC), which is used to 
collect solar thermal heat, warming the incoming 
ventilation air to the building, which is used for space 
heating. The building has a very low heat loss and is 
heated through the ventilation system. This means 
that there is no need for a wet heating system, which 
reduces costs, provides more efficient space use due 
to no radiators in rooms. It also provides good air 
quality and reduced condensation risk, through 
controlled and distributed ventilation. 
 
 
THE DESIGN OF THE ENERGY 
SYSTEMS 
The energy system includes space and domestic hot 
water heating, and electrical power. The electrical 
power system includes a large 4.35 kWp solar PV 
array of 34m2, combined with a 6.9 kWh Victron 
lithium ion battery storage, attached to the internal 
wall within the north roof space. The battery and PV 
array are connected using dc circuitry, which 
connects to an inverter to provide ac power to the 
house. The distance between the PV roof and the 
battery system is as short as possible to minimise 
losses. The backup grid supply connects into the ac 
circuit. Figure 5 presents a schematic of the SOLCER 
House electrical and thermal system. 
 

The PV / battery system provides power to the house, 
including the ring main, LED lights, Heat pump, and 
any excess is ‘dumped ‘ in the thermal store. The 
system draws from the grid when there is no PV 
power and the battery is empty.  
 
The thermal system includes the TSC, mechanical 
ventilation heat recovery (MVHR) system, an 
exhaust air heat pump, and a thermal store. The 
specification for this equipment is given in table 2. 
This system provides ventilation and space heating, 
heated air (in winter) being supplied mechanically to 
the living spaces and exhausted through the kitchen, 
WC and bathroom. The TSC makes up the upper 
level of the south facing elevation. It consists of a 17 
m2 metal cladding layer with small perforations that 
allow the air to pass through. During heating mode 
external air enters the TSC and is preheated from the 
incident solar radiation. The air then passes through 
the MVHR and is then topped up as required from 
the thermal store. Exhaust air leaves through the 
MVHR, and then via the exhaust air heat pump, 
which heats the thermal store. The air is then 
exhausted to outside. When space heating is not 
required during warmer weather, the TSC is 
bypassed, and the MVHR will act as a normal 
mechanical ventilation system. The heat pump is 
powered from the solar PV / battery system, or 
directly from the grid if needed. The MVHR, heat 
pump, top up and thermal store are all contained 
within the single Genvex Combi 185LS EC unit. 
 

	
Figure 5  SOLCER house electrical and thermal 
system schematic. 
 
Table 2: Specification of thermal system 
TSC Area            17.2 m2 

MVHR Flow rate    150 m3/h 
Heat Pump Capacity     585W 

COP           3.21 
Thermal store Volume      185L 
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PERFORMANCE 
Computer simulation was carried out on the 
SOLCER House design to predict its energy 
performance. Annual performance data is presented 
in table 3. The seasonal energy performance is 
presented in figure 6, indicating the proportion of 
energy used from the PV directly and via the battery 
storage. It also indicates the periods of import and 
expert of energy from the grid. Modelling the energy 
behaviour of the system has estimated that the house 
could be around 70 % autonomous, when energy is 
used either directly from the renewable supply or 
from the battery storage. In winter, there will be 
times when the supply from the PV and the storage 
will not be sufficient, and therefore the house will 
use electricity from the grid. However, over the 
course of a year the house energy export-to-import 
ratio is estimated to be around 1.75, so for every 
kWh the house imports from the grid it exports 1.75 
kWh to the grid.  
 
Table 3: Annual energy performance data   
CO2 emissions 437.3 kg CO2/year  
Specific heating energy 
demand for space 
heating 

6.2 KWh/m2/year 

Specific primary energy 
demand 

106.3 KWh/m2/year 

 
 

	

Figure 7 compares the costs for building components 
for the SOLCER house with those for a typical UK 
housing unit (conventional dwelling costs from 
Holmes 2011). Costs for structural works and 
systems in the SOLCER House are higher than a 
typical unit explained by structural function of the 
SIPS and the larger quantity of ‘technology’ installed 
in the SOLCER house in comparison to conventional 
heating and electrical systems. However, external 
and internal works are less due to the role of the SIPS 
panels.  

Overall costs are estimated to be just under 
£1,200/m2. Further cost savings could be achieved 

such as future reductions in battery prices as a result 
of market developments and faster installation times 
as contractors become more familiar with 
technological components.  
 
An estimation of embodied carbon has been carried 
out for the house materials and products. The results 
are presented in Figure 8. Of particular note is the 
cement used which is produced by Cenin and can 
achieve up to 95% reduction in the embodied carbon 
of the product (CenEcoCrete 43 kg CO2 per ton) in 
comparison with a conventional Portland cement 
(Portland 900 kg CO2 per ton) (Cenin).  
 
 

	
Figure 7 Comparison of coat analysis of the  
SOLCER House compared to a standard house type. 
 
 

	
 
The estimated result is 340 kgCO2/m2. Considering 
that energy systems are included in the estimate, this 
figure compares quite well with benchmarks that can 
be found in embodied carbon studies for UK 
buildings. For example, the BedZed housing project 
was estimated to have 675 kgCO2/m2 within a 
cradle-to-site boundary (Lazarus, 2003). Others 
calculated 403 kgCO2/m2 within a cradle-to-gate 
boundary (Hammond and Jones, 2008) and the range 

Figure 6  Energy performance indicating when energy 
is imported from the grid (grey), when it is exported to 
the grid (green) and the amount of renewable energy 
used in the house (blue). 

Figure 8  Embodied carbon estimation. 
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of 92 – 569 kgCO2/m2 within a cradle-to-site 
boundary (Hacker et al. 2008).  
 
CONCLUSIONS 
Building an energy positive dwelling has generally 
been perceived to be costly and technically difficult. 
However, the SOLCER house has been built to 
achieve an energy positive performance with 
available ‘off the shelf’ technologies that are 
affordable and buildable. This offers considerable 
benefits for householders through lower energy bills 
at a price that house builders can afford. 

The energy positive performance been achieved 
through an innovative systems approach integrating 
across low carbon technologies for heating and 
electrical power, and architectural design. It has used 
renewable energy generation systems as elements of 
the building construction. In this way, costs have 
been reduced and avoiding the often used ‘bolt on 
approach’ with its aesthetic awkwardness. In fact it 
has an identifiable aesthetic, which has proven 
popular with the many visitors the house has hosted 
since its official opening in June 2015. 

The SOLCER House also has the potential to provide 
a good quality indoor environment through the 
combined heating and ventilation system providing 
distributed controlled ventilation, whilst also 
reducing condensation risk.  

The project has been a learning opportunity for all 
stakeholders involved. For some of the installers it 
was the first time experience of the components, so a 
significant learning experience was gained from the 
project. They are already applying the systems based 
approach into other buildings as a result of working 
on the project. 

The SOLCER project has demonstrated successful 
collaboration between academia, industry 
and government, which has taken place as a result of 
the LCRI’s WEFO Convergence Programmes (2008 
to 2015). It is evidence that energy positive design 
can be achieved in the volume house market. It has 
been referenced in Welsh Government Reports as a 
potential future standard for all new housing.  

Now that the SOLCER house has been built the key 
task is to ensure that all of the installed technologies 
are monitored to assess the operation and measure 
the actual energy use of the building. In addition an 
analysis of peoples response to the SOLCER house is 
currently being analysed. This information will be 
used to inform future projects and industry partners 
to ensure that Wales remains at the heart of the 
development of a zero carbon housing future.  
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3 CPPU, School of Engineering, University College Cork, Ireland 
 
 

ABSTRACT 
The existing built environment is responsible for 40% 
of total energy consumption in Europe. However, the 
replacement rate of the existing building stock remains 
at only 2% per year. As it stands in fact, the design and 
construction process is inefficient and effective 
communication does not always occur among 
stakeholders in the process. The problem grows 
exponentially for renovation projects, as the project 
increases in complexity due to the additional 
constraints related to existing structures and 
occupants. Within NewTREND project, a new 
approach for an effective collaboration within 
refurbishment projects is proposed. The new retrofit 
design methodology takes into account the best 
practices of existing methodologies but includes the 
adoption of simulation tools at early design stage, 
ensuring energy efficiency is included as a key 
criteria.  The methodology sets recommendations for 
the data collection, enabling a range of analysis, 
including energy modelling, to be conducted more 
easily and from the very beginning of the design 
process.  All the phases of refurbishment, from data 
collection to concept creation to operation, through 
detailed design and construction are addressed and 
energy and performance is considered as a priority for 
the design. The intensive participation of building 
occupants into the retrofit design is foreseen. 

INTRODUCTION 
The traditional design process in retrofitting projects 
often does not include energy related aspects in the 
early design phase of the project, which in turn leads 
to unexpected delays in the project delivery date, 
budget overruns and sub optimal performance of the 
commissioned building. Therefore, the early design 
phase of retrofitting projects is the most critical 
planning phase in the project, as in this stage the 
potential for optimisation of energy related building 
aspects offers the maximum suggestibility on the 
different work sections with relative low cost. In later 
design phases or during implementation phase the 
suggestibility on energy related aspects such as 
envelop improvements, HVAC systems or the 
inclusion of renewable energy systems decreases 
significantly and come at high cost.  

Furthermore, energy related aspects are 
multidisciplinary in nature and require a clear 
communication between the architects, engineers, 
facility manager as well as the end user from the 
beginning of the project to ensure that the project 
objectives can be meet within the planed time frame 
and budget. Therefore advanced, comprehensive and 
easy to use planning tools are required to facilitate the 
communication between the project stakeholders. 
Also, the tools need to allow the project planner to 
assess energy performance of the developed concepts 
as well as its interaction with other aspects of the 
building in an early design stage. This can be achieved 
by providing the planners with the possibility to 
compare the developed concept variants against a set 
of clear key performance indicators. 

 
Figure 1: Impact of inclusion of energy aspect on the 
project development, adopted from (Cheali, 2015) 

The existing planning tools are not well adapted to 
being used in the early stage of retrofitting projects 
due to the high amount data required to conduct the 
calculations. In contrast to planning new building 
projects, retrofitting existing buildings and 
neighbourhoods pose a far greater challenge in terms 
of data acquisition, the extent of the acquired data and 
its accuracy, thus its reliability and applicability. In 
retrofitting projects, it is often the case that most of the 
required data are confined within the built structure or 
that available records do not accurately reflect the 
current state of the building due to the numerous 
changes that took place along the buildings years of 
operation.  
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When scaling up to a neighbourhood level, the 
surrounding buildings also need to be considered in 
the early design phase, especially when  interventions 
like local heat networks, storage systems or the shared 
use of renewable energy sources are planned. 
However, obtaining the required information to carry 
out a district simulations from neighbouring buildings 
is often very complicated and the not always fruitful.  
Furthermore, the existing planning tools are very 
complex to be used in the early stage by the planning 
team as they usually require a dedicated professional 
to operate the tools correctly, thus, rendering them 
unsuitable in the early design stage.  
NewTREND aims to change this and will introduce 
simulation and optimisation of the building energy 
performance early in the design process. The software 
will address all phases of the refurbishment process 
from early stage concept design to operation and 
validation, fostering collaboration among 
stakeholders and involving building inhabitants and 
users. NewTREND toolset will guide the decision 
makers in the selection of the best energy retrofitting 
strategy for the building in the context of the district, 
not looking at isolated buildings, but integrating 
neighbourhood energy systems with the proposed new 
or retrofit design for the building in focus.  
The NewTREND methodology and tools will be 
validated in three real refurbishment projects in 
Hungary, Finland and Spain where the involvement of 
all the stakeholders in the design process will be 
evaluated and specific activities will be dedicated to 
inhabitants and users. This paper presents the 
innovative components of the NewTREND concept, 
i.e. the new design methodology, the participatory 
approach and the related software tools. 

NEW METHODOLOGICAL APROACH 
TO RETROFIT DESIGN 
A key part of the NewTREND approach to retrofit is 
the new design methodology, that allows considering 
energy related aspects during the whole design process 
using different accuracy modes in each phase of 
retrofitting project by using three different modes of 
operation namely; Basic, Advanced and Premium. 
These modes offer the user different outputs options 
as per extent and accuracy of the provided data for the 
project in question.  
All three modes require a geometric model of the 
building and/or the neighbourhood that is later on 
enriched with semantic data as a starting point. 
However, the main difference between the three 
modes lies in the accuracy of the geometric model and 
the amount of semantic data of the 
building/neighbourhood associated with it. This in 
turn have a direct impact on the number of outputs 
NewTREND will be able to offer to its users in each 
mode. Thus, the NewTREND methodology sets 
minimum requirements on data availability in each 
mode in order to operate the simulation models 
correctly.  

At the briefing or concept development stage, the 
NewTREND user can opt to use NewTREND in Basic 
mode.  This mode uses simplified building models 
with a lower level of detail in order to perform quick 
energy simulations that allow planning fast energy 
variants. The Basic mode is the mode of NewTREND 
with the lowest data requirements and is introduced as 
a way to bridge the gap between a full BIM/DIM 
model and basic 2D drawing of a building. 
The Basic mode takes advantage of building 
geometries that can be obtained from GIS data, or 
airborne-laser scanning to construct the building 3D 
geometry. The thermal as well as physical 
characteristics of the building envelope materials and 
building systems are introduced to the model using a 
number of default datasets that allow mapping 
different thermal and physical building properties 
according to a minimum number of user entered 
characteristics such as building type, year of 
construction, percentage of windows.  
Hence, the accuracy of the simulations is sufficient for 
the requirements in the early design phase in which the 
impacts of different retrofitting variants on the total 
result are more important than the absolute values of 
the simulation results. By using this method planners 
can consider energy-related aspects for their building 
and neighbourhood retrofitting projects from the early 
design phase without depending on already existing 
detailed building models and comprehensive building 
data. For the later more detailed planning phases, 
NewTREND offers the possibility to overtake the 
results obtained from the early design phase in the 
Basic mode and to update them when more accurate 
building models and more comprehensive information 
for the buildings are available to operate NewTREND 
in Advanced mode. 
Therefore the NewTREND user has the possibility to 
change the used building parameters in a progressive 
manner as the accuracy of the data keeps improving 
along the project life. Operating the NewTREND in 
Advanced mode, allows the user to investigate  more 
detailed aspects of the building such as specific 
thermal behaviour of some rooms of the building or 
user visual and thermal comfort aspects, Moreover it 
is possible to verify and update the existing results 
obtained from the basic mode.  
Finally, the user can operate NewTREND platform in 
Premium mode. This mode is introduced in order to 
reflect the post-retrofitting controlling of the 
implemented retrofitting variants by using real time 
metered and measured building data instead of 
calculated and designed data. Therefore it is possible 
to compare the real values against the simulated 
results from the different design phases of the 
retrofitting process and updating. A calibration 
process of the simulation model would also be a 
beneficial to be included in the Premium mode and 
will be considered for future developments after the 
NewTREND project completion. 
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Figure 2: NewTREND modes interaction with project development and information quality  

Using simplified building models in the early design 
phase increases the risk of uncertainties in the results. 
Hence, planners may take far-reaching decisions on 
potentially less accurate results. Nevertheless, the 
limitations in resources for the data collection in the 
early planning phase require following a sensible 
trade-off between the accuracy of the results and the 
needed time and cost for gathering the data.  
As the NewTREND methodology takes advantage of 
the Pareto Principle, sufficient accurate results can be 
obtained with acceptable effort and in short time. 
The Data manager will be a tool to assist the actors 
involved in the refurbishment design process in the 
data collection process. It will be accessible from 
mobile devices, so that the project team can use it 
flexibly, e.g. during on-site inspections or meetings. 
The final goal of the Data manager is thus to help 
designers in data collection phase for the construction 
of the DIM model, this being often a complex task for 
retrofit projects where information and drawings are 
scattered or even not available. It will guide team 
members on what data needs to be collected and when: 
providing a checklist of items to allow for a minimum 
quality model to be created and for an energy efficient 
retrofit design to be carried out. In this way, data 
collection process becomes more efficient and 
duplication / collection of unnecessary information 
avoided. The Data Manager will also support data 
collection through online questionnaires and surveys 
to be carried out among the different actors engaged 
in the existing building/neighbourhood activities 
(inhabitants, users, owners, tenants, etc), as further 
detailed in the next sectionearly design phase. The 
time effort for the data collection can be reduced by 
up to 80 % compared to a detailed data collection in 

later design phases. Therefore the Pareto principle 
states that, for many events, roughly 80% of the effects 
come from 20% of the causes. If the Pareto Principle 
is applied to the data collection process for buildings 
and districts 80% of the accuracy can be reached with 
20% of the time and cost effort which is very useful 
for early design variants. If planners want to have up 
to 100% accuracy the time effort for the data 
collection will be increased by further 80 % which 
would limit the applicability of energy simulation 
from the very beginning of retrofitting projects. The 
NewTREND methodology therefore is created as a 
highly flexible tool which can be used during the 
whole design process using different data sources and 
data entry methods in different design phases. 
Moreover, as the NewTREND methodology allows 
verifying the results in the later design stages using 
more detailed data (advanced and premium mode) 
planners have the possibility to identify bad decisions 
at an early stage.   

PARTICIPATORY DESIGN AND 
OCCUPANT INVOLVEMENT 
Background  
In conventional retrofit projects, building occupants 
are typically not involved in the design process to any 
great extent. Where occupants are acknowledged, they 
are often seen as simply another variable to take into 
account or as potentially posing problems for the post-
occupancy optimisation of retrofit solutions. As a 
result, the interventions selected can be either 
unsuitable for occupants or end up being incorrectly 
used by them, thus increasing the gap between the 
energy performance of the building as designed and 
that actually realised. 
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NewTREND intends to address this problem by 
including building occupants (and users) throughout 
the course of the design process. The project will 
develop and validate a suite of novel approaches to 
foster their involvement. These will include both face-
to-face engagements and the integration of the 
NewTREND collaborative design platform into a 
participatory design process.   
The benefits of occupant involvement 
Increasingly there is recognition of the benefits of 
inclusive, collaborative approaches to building design. 
The involvement of occupants and other end-users in 
the design process has important advantages for 
building energy retrofit projects.  
Firstly, the occupants are by definition the experts on 
their own lives and by actively involving building 
users, the design process benefits from a uniquely 
informed perspective on their needs and requirements. 
This provides for a better design fit and retrofit 
solutions that are more appropriate for the occupants’ 

needs. Secondly, occupants have a key influence on 
the successful operation of the selected retrofit 
solutions. Crosbie & Baker (2010) observe that 
technological improvements cannot be effective 
without the cooperation of building occupants. If 
occupants are not willing or able to engage with the 
installation and utilisation of energy efficient retrofit 
solutions effectively, then the expected efficiencies 
cannot be achieved, regardless of how much energy 
these measures could hypothetically save.Third, early 
engagement with building occupants which 
incorporates their needs and desires in the design 
process is the most effective way of avoiding conflict 
– and the delays, cost-overruns and planning 
difficulties which often accompany it.   
In conclusion, the benefits of participatory processes 
are not confined to user behaviour considerations, but 
include better functionality, improved design, greater 
occupant and user satisfaction, and the minimisation 
of conflict. 
Participatory design 
Participatory design (also referred to as co-design) 
promotes the active involvement of stakeholders (e.g., 
citizens, employees, customers and end users) in the 
design process (Cross, 1993). In essence, designers 
seek to understand how a building works from the 
users’ perspectives, while users attempt to give 
expression to their desired outcomes. 
Such collaborative processes can be seen as a means 
of ‘empowering’ users to move from passive 
consumers of technologies, products and services to 
active participants in their shaping. However, while 
such inclusivity is acknowledged as a key component 
of new approaches to building design such as 
integrated design process, there is still no consensus 
on how to achieve it.  
Working with a number of case studies in different 
parts of Europe, the NewTREND project aims to 

devise and trial participatory design mechanisms 
which will include stakeholders (including occupants) 
in the design process and thereby achieve improved 
outcomes, increased acceptance of the refurbishment 
solutions and optimised use of the novel retrofitted 
energy efficiency technologies.  
Depth of participation? 
A central issue with stakeholder involvement in 
building design is the depth of participation, which 
must be matched to the nature of the project, the needs 
of the stakeholders, and the goals of the project itself.  
Arnstein (1969) forwarded an useful taxonomy of 
citizen participation, which she divided into three 
broad categories, viz.  non- participation, tokenism and 
citizen power. She further divided these into 
subcategories which she presented as rungs on a 
ladder, intended to differentiate between ‘empty 
rituals of participation’ at the bottom of the ladder and 
‘real power to affect the outcome of the process’ 

towards the top. Figure 1 below presents an adapted 
version of Arnstein’s ‘ladder of participation’ 

illustrating the spectrum of possible occupant 
involvement in a design process. 

Figure 3: Ladder of participation, adapted from 
Arnstein (1969) 

Where the aim is merely to meet legal requirements or 
communicate some information to the public, this may 
be achieved by a relatively shallow consultation 
process, involving traditional public notices and 
meetings (Bryson, Quick, Slotterback, & Crosby, 
2013). However, the participatory design process 
requires far deeper engagement, moving beyond 
tokenism to afford occupants a degree of actual power 
as shown in the rungs towards the top of figure 1 
above. Such an engagement would involve the use of 
deliberative approaches and small-group formats to:  

 enhance understanding of the occupants’ 

perspectives and needs;  
 build trust and resolve potential problems as 

they arise;  
 explore how occupants currently use energy 

and how they might be willing to change 
these practices;  
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 generate potential design solutions and ideas; 
and increase quality of outcome by taking 
advantage of the stakeholders’ relevant 

knowledge and experience (Quick & 
Feldman, 2011). 

Inclusivity in participatory design 
The kind of processes used in participatory design can 
vary widely in the number and range of stakeholders 
who are involved and the methods of engagement 
used. Where inclusivity is important, care needs to be 
taken in designing the process to facilitate this.  
Consequently, the demographics and social 
composition of a building’s occupants and users, 
including factors like gender, income and education 
levels and the level of social investment they have in 
the building or neighbourhood, need to be taken into 
account is designing a participatory design process. 
These factors will not only influence the quality of the 
deliberation, but have a significant impact on the 
willingness or ability of occupants to participate. 
Emphasis should be placed on increasing the 
accessibility of the process to ensure a more diverse 
input. This might include: ensuring it is advertised 
widely, and through a variety of media; offering child 
care and transportation assistance; providing 
translation facilities for those who need them; and 
ensuring convenient meeting times and accessible 
meting locations (Bryson, 2013) 
Developing a shared understanding amongst 
stakeholders of the nature and objectives of the 
participatory design process is a crucial initial step in 
establishing its legitimacy. Furthermore, the nature of 
the engagement and the tools and techniques chosen 
need to match the objectives. This should act to 
prevent conflicts arising about the authenticity and 
legitimacy of the participation, which may otherwise 
result from differing expectations of what the process 
is about. In short, legitimacy can be established by 
letting stakeholders know from the outset what is the 
purpose of the process, how it will be conducted and 
how their participation will influence outcome ( 
(Bryson, 2013). Of course inclusivity also means 
managing the power dynamics within the process to 
ensure that everyone gets the chance of meaningful 
participation, can exchange ideas, and influence the 
outcomes of the process. For example, one way to 
share power more evenly among participants is to 
engage them in co-producing the agenda and in 
agreeing the criteria for making decisions. 
Occupant involvement in NewTREND  
While the idea of user involvement remains vague and 
its practice highly varied (Winschiers-Theophilus, 
Bidwell, & Blake, 2012), genuine participation is 
central to the concept of participatory design, where 
users move from being passive informants to having 
an active design role that is acknowledged by other 
stakeholders as both legitimate and valuable 
(Robertson & Simonsen, 2013).  

NewTREND will actively involve occupants in the 
development and demonstration of an inclusive deep 
participatory design methodology focussed on an 
extended ‘community charrette’ process. Design 
charrettes are a workshop-based framework used to 
gather a range of project stakeholders to set goals and 
identify strategies for achieving desired outcomes. To 
date they have largely remained aligned with the 
traditional building design process, with the 
participants typically drawn from the professionals 
working on the project (Smith, 2012). While such a 
process can in theory result in ‘co-creation’, this is not 

always the case nor is it always the objective.  
The extended ‘community charrette’ process 

developed by NewTREND will comprise engagement 
with the occupants of buildings before, during and 
after the design and implementation of energy 
efficiency renovation measures. This engagement will 
utilise the NewTREND collaborative design platform 
in addition to face-to-face techniques. Participation 
will be facilitated across the life cycle of the retrofit, 
through: 
1. Pre-design scoping sessions, which aim to 

establish the needs and wishes of the occupants, 
and contribute to setting the objectives of the 
renovation project; 

2. Co-design workshops, using interactive design to 
jointly create designs which meet the objectives 
of the renovation project. The initial engagement 
will result in a shared vision which, over a period 
of time, and through continued engagement, will 
lead to a completed design; 

3. Continued two-way dialogue during the 
construction stage, so inhabitants and users are 
kept informed as to the progress of the build and 
the project team are notified of occupant 
concerns; 

4. Collaborative post-occupancy evaluation which 
feeds back into the design process, to improve 
commissioning and assist occupants acclimatise 
to the ‘new’ features of the building. 

The participatory design process will be an iterative 
one, with the repeated testing of various concepts and 
prototypes during the ‘journey’ to the final design. In 

contrast to techno-centric, rationalist design models, 
understanding the everyday practices of occupants –
the routine ways in which they interact with 
technologies and use energy, and how these are shaped 
by the socio-technical systems in which occupants are 
embedded – will play a key role. Thus, the 
participatory design process may be said to be a means 
for mutual learning and co-creation of solutions. 
Designers get to learn about the context and practices 
of those who will be using their designs, while end-
users and other stakeholders are afforded the 
opportunity to learn about possible design solutions. 
Significantly, participatory design is seen as a social 
activity, with the community of end-users 
substantially defining the work to be done and the 
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metrics by which success will be measured (Robertson 
& Simonsen, 2012). 
Innovative aspects 
The NewTREND design methodology will be 
focussed on an extended ‘community charrette’ 

process comprising in-depth engagement with the 
occupants and users of buildings before, during and 
after the design and implementation of energy 
efficiency renovation measures. Innovative features 
will include:  
• A collaborative approach with building occupants 

and users, where these act as co-producers of 
knowledge and have a significant impact on the 
design of the energy retrofit; 

• Inclusivity in terms both of the range of 
stakeholders involved and the number of 
individual stakeholders (building occupants and 
users) engaged. The methodology will be capable 
of adaption to buildings and neighbourhoods 
characterised by a range of socio-demographic 
profiles and uses; 

• A high level of legitimacy and a strong 
confidence on the part of participants in their 
ability to shape project outcomes; 

• Incorporation of stakeholder participation in the 
actual design drafting process to shift it from 
communication to co-design; 

• A practice-led approach, which takes account of 
the ways in which everyday social practices shape 
occupants’ levels of energy use and their 
interactions with retrofit technologies; 

• Incorporation of ICT, in the form of the 
collaborative design platform, into the 
participatory design process in addition to 
traditional face-to-face methods of engagement. 
This has potential to enhance the inclusivity and 
depth of participation, and thereby the legitimacy 
of the process.  

These innovations will maximise the benefits of the 
participatory design process developed by 
NewTREND in terms of energy savings and the 
efficient implementation of retrofit measures, 
ensuring its viability in a wide range of commercial 
and public projects. 

DATA COLLECTION AND TOOLS FOR 
ENERGY EFFICIENT DESIGN 
To support the retrofit project team with the execution 
of the new methodology, NewTREND will develop a 
software toolkit for Building Information Modelling 
(BIM) supported energy retrofit.  
Currently, BIM is predominantly used for 
architectural purposes and often building energy 
performance aspects are only included near the end of 
the process when major choices, e.g. of retrofit 
solution to be chosen, have already been made. 
NewTREND aims to change this and will introduce 
cloud-based collaboration and energy modelling tools 

which can already be used during early design stages, 
and will even support the project team during post-
retrofit operation and validation. 
An overview of the NewTREND software system is 
shown in Figure 4. 
 

Data Manager Tool

DIM Server
District Information Model

Technologies Library

Simulation and 
Design Hub

Collaborative Design 
Platform

Retrofit Project Team
(Experts and Laypersons)  

Figure 4: NewTREND modes interaction with project 
development and information quality  

Data collection for refurbishment projects can be 
really challenging as information and drawings are 
usually not stored in a single place or even not 
available to the design team. In order to assist the 
actors involved in the refurbishment design process in 
the data collection process, NewTREND will develop 
a specific tool called Data Manager, accessible from 
mobile devices, so that the project team can use it 
flexibly, e.g. during on-site inspections or meetings. 
The final goal of the Data manager is to help designers 
in data collection phase for the construction of the 
BIM/DIM model, guiding the team members on what 
data need to be collected and when, providing a 
checklist of items to allow for a minimum quality 
model to be created and for an energy efficient retrofit 
design to be carried out. In this way, data collection 
process becomes more efficient and duplication / 
collection of unnecessary information avoided. The 
Data Manager will also support data collection 
through online questionnaires and surveys to be 
carried out among the different actors engaged in the 
existing building/neighbourhood activities 
(inhabitants, users, owners, tenants, etc), as further 
detailed in the next section.  
All data collected through the Data Manager will 
populate the District Information Model, the core data 
model for the project. The DIM will be hosted on an 
interoperable data exchange server (the DIM server) 
hosting all project model data shared by the project 
team for subsequent use during the whole 
refurbishment process. This way, unnecessary and 
expensive duplication of data collection can be 
avoided. Also the risk of model clashes and high costs 
for corrections at advanced project stages will be 
significantly reduced as different domain experts can 
refer to the same information source rather than 
maintaining and working on independent models. 
The second big piece of NewTREND backend 
intelligence will be the Simulation and Design Hub. 
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This cloud dynamic simulation engine will be based 
on the existing IESVE software suite of integrated 
analysis tools. For the different stages of a project, 
NewTREND software will advise on the appropriate 
level of detail required for analysis, making it easier to 
focus on outputs that can inform the design: too much 
detail at the early stages in fact could cloud the 
fundamental design decisions. During early project 
stages, the Hub will enable the retrofit team to 
simulate and compare different retrofit scenarios and 
will guide the decision makers in the selection of the 
best energy retrofitting strategy for the building. 
NewTREND metrics and Key Performance Indicators 
(KPIs) will support the project team to understand the 
impact of the different retrofit options and to identify 
the most suitable retrofit solutions. The ranking of 
different variants and options will be based on pre-
defined KPIs and a weighting system, which will take 
into account the preferences of all involved 
stakeholder groups. 
As the retrofit project progresses, the Simulation and 
Design Hub will allow for detailed simulation and 
evaluation of the retrofit solution chosen and will 
provide feedback to the design team on specific 
indicators, allowing them to take informed decisions 
and to evaluate the impact of their choices.  
For detailed analysis, NewTREND will embed user 
behaviour models and algorithms into the Hub. These 
will be able to simulate alternative management and 
control of building systems and occupants. Thus, the 
project team will be able to assess and predict how 
changes to the building, occupant behaviour, and 
operational policies would affect energy consumption 
and occupant comfort. During all stages of the project, 
the building of interest will not be treated in isolation, 
but will be considered as part of a neighbourhood to 
ensure that synergies are exploited as good as possible 
and global energy balance is maximised. 
Simulation functionality will be complemented by the 
NewTREND Technology library, a comprehensive 
library of retrofit options and business models for 
refurbishment. The Library will contain quantitative 
information and data on the technologies to be directly 
used in the Simulation and Design Hub as well as 
descriptive information to be used as an informative 
tool for occupants to showcase case studies where a 
technology was successfully applied, in order to 
engage them in the selection. Technologies will be 
characterised in terms of technical parameters, 
suitability for different building typologies and 
climatic conditions, ease of application, specific 
installation procedures and criteria for applicability. A 
continuous commissioning perspective will be also 
adopted, taking into account the whole building life 
cycle e.g., by the inclusion of details of how each 
retrofit option would affect operation and 
maintenance. 
Customised user interfaces will be created taking into 
account different users profiles, to involve not only the 
expert team but all stakeholders (including building 

users and inhabitants) into the decision making 
process and keep them informed, as described in detail 
in the next section.  
The collaborative design platform will be the main 
reference point for all stakeholders and support them 
with correct implementation and management of the 
NewTREND retrofit methodology. It will be a web-
tool and thus accessible by all stakeholders without the 
need of installing expert software and will provide 
access to all NewTREND tools: 
 Visualisation of District Information Model: 3D 

visualisation model of the building and achieved 
improvements. 

 Access to Simulation and Design Hub 
functionality, display various KPIs and allow user 
to compare different retrofit options / scenarios on 
both building and neighbourhood level. 

 Access to the Technology Library 
Furthermore, the Collaborative platform will provide 
project management infrastructure with interactive 
timeline highlighting important milestones, tasks for 
different actors involved in the project and their status, 
flagging overdue tasks. For retrofitting management, 
the platform will allow for moderation, mediation and 
conflict management by providing the necessary 
framework. 
All the above described tools are currently under 
development in parallel with the refinement of the 
methodology in the framework of the NewTREND 
project. 

CONCLUSIONS 
This paper described in detail the different 
components of the NewTREND innovative approach 
to retrofit design: the design methodology, the 
software tools supporting its application and the 
collaborative approach to design. The overall 
approach will be inclusive, strongly participatory and 
specifically tailored to the energy retrofit of individual 
buildings and districts. This will take into account 
existing best practice, but include the adoption of 
optimisation and simulation tools at the early design 
stage, ensuring energy efficiency is central to the 
design from the outset. Different software tools will 
support the design team in the application of the new 
retrofit design methodology, from data acquisition to 
early stage design to detailed design and building 
operation. These tools are currently under 
development, in parallel with the refinement of the 
methodology and will be tested and validated by 
design teams involved in three real retrofit projects in 
Spain, Hungary and Finland, and the results compared 
with traditional design practices. 
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ABSTRACT 
The works sets out basic design concepts to enable 

architects and building services engineers to 
incorporate passive ventilation and cooling systems 
into mixed mode operation building. These systems 
include solar chimneys, ventilated double facades, 
rain screen facades, PDEC and Earth Ducts. This 
paper includes a high level review of case studies, 
climate design strategy in order to make suitable 
passive system selection, building geometric 
integration strategy to offer basic concepts for all 
passive systems, control strategy via BEMS 
identifying relationship with HVAC operations. The 
discussion includes current difficulties in design and 
factors that influence passive system performance 
including feasible application and limiting factors. 
 

INTRODUCTION 
Mixed mode ventilation and cooling operation is an 

effective method of reducing mechanical ventilation 
and cooling energy (electrical). The main driver is to 
maintain internal thermal comfort conditions to 
parameters set out in CIBSE (2005) ensuring 
percentage of people dissatisfied (PPD) does not 
exceed 5%. Current design literature for natural 
ventilation and external solar shading available is as 
follows: 

 
 Applications Manual 13 Mixed Mode 

Ventilation (CIBSE, 2000) 
 Technical Memoranda 37 Designing for 

Improved Solar Shading (CIBSE, 2006) 
 
These documents provide detail strategies for 
application of natural ventilation and external solar 
shading into building, however, do not include 
integration with other passive type systems. With 
reference to additional passive ventilation and cooling 
methods i.e. solar chimney, rain screen façade and 
earth ducts, current design tools and techniques for 
passive system design is limited. Furthermore, current 
passive systems strategies are only completed for 
individual applications and do not accommodate 
multiple combined systems operation in terms of 
geometry, systems control and climate (Marinoscia et 
al (2011), Brittle et al (2013) and Sanusiet al (2012). 
Current passive system design processes, major 
considerations are detailed below, but not limited to: 
 
 Local Climate Conditions 
 Annual dry bulb temperatures 
 Average solar irradiation 

 Buildings thermal mass i.e. light, medium or 
heavyweight. 

 Glazing strategy 
 Ventilation and Cooling Strategy 

(mechanical/Natural) 
 Building configuration i.e. facilitate internal air 

flows through geometry 
 
These are primary considerations that need extensive 
design work in order to achieve a final building energy 
performance solution (kWh/Annum) and will include 
multiple iterations of Dynamic Thermal Modelling 
(DTM) and Computational Fluid Dynamics (CFD). 
Added complexity applies as passive systems are 
based upon natural thermal dynamics hence buildings 
has to be designed with low resistance air flow. Other 
factors such as constructed thermal mass and 
orientation to prevailing wind are important to the 
buildings energy performance.  

The aim of this work to provide a simplified 
revised approach for passive system design and 
integration concepts introducing new strategies in 
order to assist practicing architects and building 
services engineers for passive ventilation and cooling 
systems application. This aim is realised by the 
following four objectives: 

 
1. Review of existing case studies and literature 

on passive ventilation and cooling systems 
other than natural ventilation and external solar 
shading to identify how passive systems are 
used within existing buildings. 

2. Identify limitations and difficulties with design 
and application. 

3. Develop concept guidance strategies for 
climate, building geometry, integration and 
control strategy 

4. Develop a design strategy that incorporates all 
identified strategies. 

 
The benefit of this work will provide a simplified and 
concise method of understanding basic passive 
ventilation and cooling system design parameters for 
integrations within a mixed mode building. 

METHODOLOGY 
  Using existing literature and case studies as a basis, 
this work sets out a number of techniques to aid 
building designers to select and apply ideal passive 
ventilation and cooling systems based upon a building 
geometry, BEMS controls and climate. 
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As these systems are driven naturally, careful 
consideration is required for the implementation of the 
following: 

 
 Natural Ventilation 
 Solar Chimney (Thermal) 
 External Solar Shading 
 Ventilated Double Facades 
 Rain Screen Façade 
 Passive Downdraughts Evaporative Cooling  
 Earth Ducts 

 
Currently these systems are used in order to reduce 
energy consumption of HVAC systems. In mixed 
mode operation, the goal is to maximise their usage 
before switching to mechanical operation. The method 
of this work is detailed below in Figure 1: 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  
         
 
 
 
 
        Figure 1- Methodology Flow Diagram 
 

PASSIVE VENTILATION AND 
COOLING SYSTEMS OVERVIEW 
Basic passive system description are detailed below: 
 
 Natural Ventilation (NV) - Building ventilation 

using natural airflow movement through 
buildings. 

 Solar Chimney (Thermal) - Improves natural 
ventilation performance via stack effect by 
increasing solar gains to a chimney stack hence 

making air more buoyant hence increasing air 
velocity. 

 Solar Shading (SS) - Use of physical solar 
thermal barrier to reduce amount of solar gain 
through transparent building elements i.e. 
glazing (Brittle et al., 2013). 

 Ventilated Double Façade (VDF) - A 
ventilated façade made of two separated glazed 
panels with high/low level louvres on the 
external glazed surface. Air flows between 
cooling the inner surface by natural ventilation. 

 Rain Screen Façade (RSF) - Normally a 
weatherboard thermal barrier to prevent solar 
heat gains through the building fabric. 

 Passive Downdraught Evaporative Cooling 
(PDEC)- Micronisation of water vapour to cool 
high temperature air causing a cooling 
downdraught of air 

 Earth Ducts (ED) – External air is cooled via 
heat exchange effect as air flows from outside, 
through buried earth ducts, to the internal 
space.  

 

CASE STUDIES FOR OTHER PASSIVE 
SYSTEMS 
1. Solar Chimney (Thermal) 

Solar chimneys are used globally and are shown below 
in Figure 2, a new French school in Damascus, Syria 
(Carboun, 2013) known as Lycée Charles de Gaulle. 
The school was designed by the French architects 
Ateliers Lion and Transsolar, a German environmental 
engineering firm (Carboun, 2013) and can 
accommodate 900 students ranging from kindergarten 
to high school. This figure shows a night view of the 
school’s central courtyard, there are solar chimneys 
for each room. 

 
Figure 2- Lycée Charles de Gaulle (Carboun, 2013) 

 
2. Ventilated Double Façade 

The Richard J Klarchek information commons and 
digital library at Loyola University Chicago, USA, 
located at Lake Shore Campus, incorporates double 
ventilated façade technology (Designbuild-network, 
2013). The building implements a number of natural 
and mechanical strategies in the building form and 
materials to reduce energy consumption by 
approximately 50 per cent. ‘Upon its completion 
towards the end of 2007, the building will achieve 
silver LEED certification’ (Designbuild-network, 
2013). The main energy-saving feature is the double 

Review Case Studies and literature 
to Identify where Existing Passive 

Systems are Effective 

Discuss Climate Design Strategies 
and parameters that effect building 

performance 

Identify Available Passive 
Ventilation & Cooling Systems  

Identify Ideal Geometric Forms for 
successful integration within Mixed 

Mode Operation 

Discuss basic concept for control 
methods required for mixed mode 

operation. 

Develop Passive Ventilation & 
Cooling Design Strategy that can 

be used by Architects and Building 
Services Engineers 
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skin façade, which allows passive management of heat 
flow and natural ventilation annually. Figures 3 show 
the front of the building and the large double 
ventilated façade. 

 
Figure 3- Richard J Klarchek Information Commons 

Elevations (Designbuild-network, 2016) 
 

3. Rain Screen Façade 
Rainscreen facades are available in many different 
styles to suit architects’ visions. As shown in the 
Figure 4 below, this system can be applied to any type 
of building. 
 

  
Figures 4- Typical Rainscreen Facade (Just Facades 

(2016) & Rockpanel (2016) 
 
A rain screen façade is a waterproof retrofitted outer 
layer that protects the outer building fabric from rain 
and solar heat gains.  
 
4. Passive Downdraught Evaporative 

Cooling (PDEC) 
The Torrent Research Centre is a pharmaceutical 
complex of research laboratories (19,700 sq.m) 
located on the outskirts of Ahmedabad, India. 
Sustainable Buildings (2016) states that the completed  
design maximises local natural materials and 
minimises artificial light. One of the main features is 
its minimal use of conventional air-conditioning due 
to the introduction of a PDEC system. Figure 5 below 
shows the laboratory building with PDEC towers on 
both elevations. 
 

 
Figure 5- Torrent Research Centre, Ahmedabad, 

1997 (Architecture Today, 2016) 

5. Earth Ducts 
Construction of earth duct networks can be considered 
a major task during the landscape phase of the 
construction. When installing earth ducts in landscape 
areas, it is important that sufficient depth be achieved 
to ensure ducts are not diurnally influenced by 
ambient air temperature otherwise there will be little 
to no heat transfer. The standard method is to excavate 
a large trench and place the earth duct in accordance 
with the engineers’ design and plan. As shown in 
Figure 6, BSRIA (2016) an earth duct system has been 
provided for Butterfield Business Park and 
(Sustainable Building Construction, 2016) below 
shows typical construction of this system. Earth ducts 
are buried in parallel with each other connecting to a 
large header, which connects into the building. 
 

    
Figures 6- Typical Examples of Earth Duct 

Installation/On-Site Construction 

DIFFICULTIES WITH PASSIVE SYSTEM 
DESIGN  
Problems and difficulties identified for these passive 
systems design are detailed below: 
 
 Engineers knowledge and skills are limited to 

mechanical systems design and basic natural 
ventilation 

 Understanding which passive systems are 
located globally. 

 Understanding of basic building integration 
within building geometry on an individual 
and multiple systems. 

 Basic control and how these will interface 
with a HVAC system. 

 
Simplified techniques have been developed to provide 
a clear approach aiding with passive ventilation and 
cooling system selection and design. This paper is 
intended to be a simplified and novel approach to 
design processes as an aid to an architect and building 
services engineer at early design stages (RIBA Plan of 
work 1, 2 & 3), which is fully accessible. It is 
identified that detailed design of these systems are 
very complex and earlier publications by the author 
Brittle, et al (2013) and Brittle, et al (2013) show 
percentage reductions available for each passive 
ventilation and cooling system.  
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PASSIVE SYSTEM DESIGN 
For additional passive building ventilation and 
cooling, designs become more complex, passive 
systems need to assist the natural ventilation strategy. 
Table 1 below identifies the feasible application and 
limitations associated with each passive system.  
 

Table 1- Passive System Feasible Application and 
Limitations 

 
To incorporate passive systems within a building, it is 
important to identify design application of each 
passive system type and correctly incorporate within a 
building structure based upon estimated anticipate 
building performance. The main passive system for 

mixed mode operation is natural ventilation. The 
advantage of supplying natural ventilation air into 
spaces has many energy saving advantages on 
reducing specific fan power, cooling/heating loads for 
supply air and providing 100% full fresh air into 
spaces. Limitations are ambient air temperature has a 
comfort range between 16-26oC. Building energy 
performance is mainly reliant upon external 
conditions and HVAC is design to deliver requisite 
design conditions, as and when required. In spaces that 
are not deemed as continually occupied such as 
entrance foyers, circulation spaces, passive systems 
can be incorporated and used depending on the 
architectural configuration. Entrance foyers can adopt 
ventilated double facades and atriums adopt PDEC 
(high level).  
To illustrate how all considerations can be combined 
into a single process, Figure 7 below shows the inter-
relationships: As shown in the figure below, the main 
parameters parameters include high wind effects, solar 
heat gains (irradiance), high average external air 
temperatures, ground temperatures and relative 
humidity. The ranges of these parameters is 
particularly important as this decides which passive 
system is ideally suited to a particular climate. 
Combining these systems together can be complex as 
architectural restrictions take precedence in terms of 
space planning and structural engineering limitations. 
Furthermore, aesthetic considerations are major 
driving factor.  
 

 
Figure 7- Inter-relationships of Passive Systems and External Conditions 

Passive System Feasible 
Application 

Limitations 

Natural Ventilation All Spaces Complex Geometry, 
Capital Cost Increase, air 
flow limited by wind 

Solar Chimney All Spaces 
provided with 
natural ventilation 

Complex Geometry and 
Structural 
Reinforcement 

Solar Shading External 
Windows 

Additional structural 
support; daylight 
reduction 

Rain Screen 
Facades 

All Exterior 
Facades 

Aesthetics and impact 
withstand limited 

Double Ventilated 
Facades 

Front Facades and 
Entrance Foyers 

Deep void space 
required in entrance 
foyers 

Passive 
Downdraught 
Evaporative 
Cooling (PDEC) 

High Level 
Atriums or PDEC 
Towers 

High internal humidity 
and risk of legionella’s 
disease. 

Earth Ducts Sub-Terrain 
Labyrinth 
Connections 

Air flow limited by 
wind 

24



As shown in Figure 7, the passive system effectiveness 
i.e. only of available cooling and mechanical energy 
reduction, is dependent on the following: 
 
 

 Low ground temperatures to ensure greater 
rate of heat exchange between earth duct and  

 solar chimney is directly linked to natural 
ventilation. 

 Low relative humidity is so PDEC system 
can introduce micronised water without 
increasing levels outs side range i.e. greater 
than 70 percent. 

 Ventilated facades should be on the South 
Façade of a building to ensure optimum solar 
heat gain capture. 

 External solar shading is suitable for East, 
South and West. 

 Rain screen facades can be applied to all 
elevations to prevent wall damage from rain, 
direct solar heat gains (East, South and West 
only) and high dry bulb temperatures. 

 Higher wind pressures are desirable for 
effective operation of natural ventilation 
systems and earth duct i.e. to overcome 
stack/duct pressure drops. 

 
For incorporation into a design process, Figure 8 
below, shows a design strategy that can be adopted for 
implementation at RIBA plan of work stages 2 or 3 
(RIBA, 2014) and Brittle., et al (2014). Upon initial 
design process, selection process of passive system 
can be completed, should these be desired and 
identifies considerations required at each stage of 
incorporation. 

 
  Figure 8- Application of Combining Passive 

Systems Methodology Flow Diagram 

CLIMATIC DESIGN STRATEGY 
The main considerations for design of these systems is 
external dry bulb temperature, external humidity and 
solar irradiance per annum. These parameters affect 
all calculations in DTM hence local Test Reference 
Year (TRY) or Design Summer Year (DSY) should be 
selected using appropriate software i.e. IES, Design 
Builder or EDSL. These conditions have a profound 
effect on how well each of these passive systems will 
perform as only narrow limits apply before 
mechanical ventilation and cooling are required. An 
example of this would be natural ventilation would be 
difficult to operate is hot arid climates as there is only 
small time frame in the morning and late afternoon 
where air temperatures are at thermal comfort levels.  
In order to provide guidance on which systems are 
suitable for a given location, Figure 9 below shows 
suitable locations for each passive ventilation and 
cooling system. This uses an outline world map from 
Clker (2015) in conjunction with Table 2 (below).  
 

 
Figure 9- Global Locations Using Clker (2015) 

World Map 
 

Table 2- Ideal Global Locations for Passive Systems 

 
Climates are identified as: BLUE spot means mild 
climate with average temperature band within human 
thermal comfort limits; RED spot means high average 
dry bulb temperatures with relative humidity 
averaging 50 percent; Orange spot mean high average 
dry bulb temperatures with high relative humidity 
greater than 50 percent and purple means extremely 
hot climate i.e. average air temperature exceeds 35oC.  
The colours indicate which passive systems are suited 
to that environment. The cross means that the passive 
system is not ideally suitable for the climate hence not 
recommended for use. The selection is based upon 
highest probable effectiveness. As an example, 
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external solar shading is suitable for all types of 
climate. In countries such as Brisbane, Australia, due 
to high relative humidity, PDEC would be unsuitable 
due to low levels of water moisture absorption into air. 
It is important to note that winter conditions have an 
adverse effect, for example, in United Kingdom; 
power-heating types would be required. 

 

BUILDING GEOMETRIC DESIGN 
STRATEGY 
For each passive system strategy, conditions and 
parameters must be determined such a buildings 
internal geometry, plant provision and space, 
occupancy and envelope thermal mass. To 
successfully integrate, airflows must be balanced and 
deliver identical air volumes in both operations. 
Impacts on building configurations are particularly 
important when incorporating any type of passive 
systems. The internal layouts need to be organised to 
ensure most efficient method of cooling by natural 
means. Potential configurations for natural ventilation 
are shown below in Figure 10; ventilation stack (S) 
and central atriums (CA). 
 

 
Figure 10- General Configuration for Building 

Incorporating Natural Ventilation- C shape, Square 
shape & H shape respectively 

 
Natural ventilation and mixed mode building studied 
by Krausse et al (2007) and Svensson (2011) 
identified that common configuration should in square 
shape building methodology provides an effective 
method of air distribution. This configuration can be 
implemented by the ability to connect spaces allowing 
low resistance passage of air, from sub-terrain level 
via a central atrium (air delivery plenum) to stack 
discharge outlets. This provides a platform for adding 
additional systems to minimise solar gains via the 
building fabric (admittance). A potential concept 
layout are shown below showing the relationship to 
the building envelope (Figure 11). In addition, a 
section the concept building section detailed below in 
Figure 12. 

 

 
Figure 11- Basic Theoretical Combined Passive 

System with Natural Ventilation 
Ground Floor Block Diagram (Plan View) 

 

 
Figure 12- Section A-A Building Block Diagram 

(Sectional View) 

PASSIVE SYSTEM INTERGRATION & 
CONTROL STRATEGY 
In typical mixed mode buildings, HVAC systems 
consist of centralised plant using variable air volume 
(VAV) or constant air volume (CAV) incorporation 
cooling coils from secondary cooling plant. In normal 
operation, this equipment remains on standby, as 
passive systems will be in operation, until internal 
environmental design parameters fail and mechanical 
ventilation and cooling is required. Figure 13 below 
show basic inter-relationship between Passive 
Systems & HVAC operation using 100% fresh air.  
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Figure 13- Mixed Mode Ventilation & Cooling Relationship with BEMS System 

 
In Figure 13, component parts are identified for the 
main air handling unit as pre-heat coil, cooling coil, 
terminal re-heat battery, spray humidifier, supply air 
fan and extract air fan. Under normal operation, air 
handling units will control occupied space 
environment. Incorporating passive systems into the 
HVAC strategy shows physically separate 
connections to the occupied space. These systems all 
have basic airflow control dampers controlled via 
BEMS system.  
The operation depends on the internal environment 
and these systems activation in stages as simultaneous 
operation may lower internal temperature outside 
comfort conditions. In the first instance, natural 
ventilation (stage 1 operation) will provide 100% fresh 
air to spaces assisted by solar chimneys (southern 
ventilation stacks). Stage 2 control temperature via 
double ventilated facades and stage 3 provide more 
cooling capacity where are can be supplied via earth 
ducts only. Stage 4 would be very high temperature 
(>30oC) using PDEC tower system to cool supply air 
to spaces, via natural ventilation system. Stage 5 is full 
HVAC operation deactivating all passive systems. The 
pre-programmed conditions identified, can also cause 
different passive systems to operate until the external 
air threshold exceeds passive system limits.     
In normal operation, natural ventilation and passive 
systems will ventilate the spaces based on mentioned 
parameters. Upon the requirement for change over i.e. 
stage 5 operations (HVAC), all dampers will actuate 
closed and mechanical system will take operation. 
Programming of the BEMS is crucial to determine 
system state and when stages should be switched in 
before full mechanical operation is required. 
Variations of this system can include re-circulating air 
for full mechanical operation and night-time air/heat 
purging. BEMS has overall control in these types of 
buildings and monitors internal air conditions 
including dry bulb temperature (oC), carbon dioxide  

 
levels (ppm) and air velocity (m/s). When the space is 
occupied, the control system will change over the 
HVAC operation when pre-programmed thermal 
comfort limits are exceeded. 

CONCLUSION 
The aim of this work is to develop basic design 
strategies and provides a design guide that can be used 
by modern day architects and engineers in order to 
facilitate design integration of existing passive 
ventilation and cooling systems with a mixed mode 
strategy. The main findings from this work are as 
follows: 
 
 Natural ventilation and solar chimney strategy is 

directly linked i.e. enhances air flow and 
complements performance 

 Building location for selections can be made 
using world location plan and colour coding 
methodology. 

 Passive systems such are external solar shading 
can work effectively in all building 
configurations and climates. 

 Buildings are not limited by their design hence 
retro-fit passive system can be added i.e. rain 
screen facades and external solar shading. 

 Passive systems that have the most geometric 
impact are natural ventilation, solar chimneys, 
earth ducts, ventilated double facades and PDEC. 

 
All concepts can be applied however, significant DTM 
and CFD needs to be completed to ensure system are 
performance effectively in order to minimise HVAC 
operation. 
 

FURTHER WORKS 
Possible future research can be implemented for the 
following: 
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 Develop a passive system energy assessment tool 
to calculate passive system performance and 
combinations thereof. 

 Develop new software code as part of existing 
DTM software to enable passive system to be 
incorporated as part of the Building Regulations 
Part L compliance (HM Government, 2013). 
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NOMENCLATURE 
  
DTM Dynamic Thermal Modelling 
HVAC Heating, Ventilation & Air 

Conditioning 
BEMS Building Energy Management System 
SC Solar Chimney 
SS   Solar Shading 
CAV Constant Air Volume 
VAV Variable Air Volume 
DX Direct Expanding 
VRV Variable Refrigerant Volume 
T(x) Temperature at a given point (oC) 
CFD Computation Fluid Dynamics 
EA Extract Air 
SA Supply Air 
S1 External Dry Bulb Sensor 
S2 External Wet Bulb Sensor 
S3 External Wind Vane Anemometer 
PPD Percentage of Persons Dissatisfied 
PMV Predicted Mean Vote 
TRY Test Reference Year 
DSY Design Summer Year 
To External Dry Bulb Temperature (oC) 
ω Moisture Content (kg/kg) 
DVF Double Ventilated Façade 
RSF Rain Screen Facade 
ED Earth Ducts 
kW kilowatts 
kWh kilowatt-hours 
oC Temperature (Degrees Celsius) 
IES  Integrated Environmental Solutions  
EDSL  Environmental Design Solutions 
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ABSTRACT 
In accordance with the overall objective of the EU 
switchasia project Zero Carbon Resorts (ZCR), a 
radical new approach for sustainable architecture has 
been realised with a prototype building in the 
Philippines on Palawan near Puerto Princesa City, in 
order to meet modern comfort demands and high user 
expectations with the lowest possible environmental 
footprint. This prototype building combines 
vernacular architecture elements and indigenous 
materials with a contemporary design and up-to-date 
technologies for zero energy buildings. A 
comprehensive monitoring of the building has been 
carried out so as to verify that thermal comfort in 
tropical climates can be achieved by design features 
only and without HVAC. 

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 standard. 
While extensive research has been carried out in 
recent years about passive house design in cold 
climates, and the heating demand can now be 
reduced strikingly, far less was done or is 
documented and available for tropical climates. To 
the contrary, building models of developed countries 
are being widely adopted because they represent 
status symbols, but with little regard to tropical 
climate. The results are predictable: enclosed 
buildings with glass windows, which results in very 
high indoor temperatures in summer (Mahdavi et al., 
1996). To counteract this, air-conditioning units are 
required to make these glass boxes comfortable, 
which then again dramatically increases energy 
consumption. 
New appropriate design concepts for tropical 
climates are therefore required and have to be proven 
functional in order to decrease energy demand for 
cooling in the long view.  

Within the ZCR project, under the lead of the Center 
for Appropriate Technology (GrAT) at the Vienna 
University of Technology, small and medium size 
enterprises (SMEs) in the Philippine tourism sector 
such as hotels, resorts and related businesses are 
supported to address their growing demand for 
energy, water and other resources in a smart and 
environmentally conscious way by using a unique 3R 
method. 
The 3R method starts with the ‘Reduce’ stage. In this 
phase low or no-cost measures are promoted that are 
easy to implement but remarkably improve resource 
efficiency. The second stage ‘Replace’ takes the 
previous stage’s savings as an investment for 
substituting outdated and inefficient technologies 
with more efficient technologies that have a smaller 
or no carbon footprint. The third stage ‘Redesign’ 
aims to encourage expanding hotels and new resorts 
to develop energy and water autonomous 
establishments. To this end, the ZCR demonstration 
cottage was realised to function as a showcase model 
for the resorts (Wimmer, 2016). 
The Zero Carbon Resort Cottage is located in Irawan, 
an outer district of Puerto Princesa on Palawan, in the 
southwest of the Philippines. The exact coordinates 
of the building are latitude at 9.787070°, longitude at 
118.678940° and an altitude of 26 m. With average 
monthly air temperatures between 27.2 and 28.8 °C 
and average monthly relative humidities between 77 
and 84 % Puerto Princesa has a tropical climate with 
a dry and a wet season (Meteonorm, 2015). 
According to the map of world climates by Rudloff 
(Rudloff, 1981), Palawan itself is categorised as Aw, 
which means tropical summer rain. The dry season in 
Puerto Princesa and Palawan starts in November and 
ends in June, while the wet season starts at the end of 
June and lasts until October. The precipitation can 
then easily differ from less than 50 mm on average to 
over 200 mm, but with the shift of the seasons also 
the wind direction changes from northeast in the dry 
season to southwest in the wet season. 

DESIGN STRATEGY 
The overall objective of this prototype building is to 
demonstrate an innovative building concept that 
significantly reduces CO2 emissions over the whole 
life cycle with a minimum of grey energy. 
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To achieve an optimal performance of the building, it 
was designed by combining vernacular building 
materials and skills with modern architecture based 
on an analysis of traditional buildings and a number 
of passive cooling principles. 
The cottage itself is a lightweight construction with a 
total functional area of 114.42 m², containing a main 
room (with a living and a dining area), a bedroom 
and a bathroom.  

 
Figure 2 Floor plan 

As main construction material, locally available 
bamboo was used in different forms and applications, 
but also other traditional building materials were 
applied, such as rattan or anahaw leaves in 
combination with bamboo split shingles for the 
butterfly shaped roof.  
Several key innovations based on passive cooling 
principles were implemented in this concept. One 
passive cooling principle is of course the shading. As 
shown in Figure 1, the building was designed with an 
overhanging roof in all directions so as to prevent 

overheating by direct solar radiation through 
transparent surfaces. 
A second implemented principle is natural 
ventilation. Operable openings like windows, slats or 
doors were installed at several strategic positions on 
all sides of the building to control the air flow (see 
Figure 7). For this principle, the orientation of the 
building is equally important, not only because of the 
sun’s course, but also because of the changing wind 
directions in dry and wet season. Big building 
openings are needed at the east side in the dry season 
when the wind is coming from northeast, while in the 
wet season shutters are more appropriate at the 
southwest corner of the building. Another important 
design feature is that the cottage was constructed on 
stilts. With the entire building area raised from the 
ground, perfect conditions for natural ventilation are 
given. Point foundations, which are connected to the 
bamboo stilts of the supporting structure by special 
steel joints, made it possible to create a ventilated 
floor plate made of renewable resources. To 
maximise the effect, the floor plate was designed 
with several ventilation slots at selected positions 
along the centre wall and the exterior walls of the 
main room and the bedroom. An additional benefit of 
this foundation is that the amount of concrete was 
drastically minimised compared to a conventional 
base plate, as was the sealed surface of the building 
site, which is good for the microclimate. Another 
passive cooling principle used for the building design 
is the utilisation of thermal mass, in this case in the 
shape of a massive rammed earth wall in the centre 
of the building. Its properties allow it to control 
temperature, especially peak temperatures during the 
day. The ventilation slots situated in front of the 
centre wall help cool down the thermal mass at night. 
The wind direction was considered as well: newly 
installed breezeways with creeping plants should 
channel the cool air into the building and maximise 
the effect. These breezeways are located at the 
northeast and southwest corner according to the main 

Figure 1 Zero Carbon Resort Cottage 
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wind directions so as to have a cooling influence all 
year around. The last principle to mention is the 
design of the roof. It is a layered structure consisting 
of Anahaw leaves, which is a common round-leaf 
palm, a laminated aluminum foil for reflecting the 
solar radiation, and Tadtad split shingles on top. This 
combination minimises the surface temperature of 
the ceiling drastically and thus increases the thermal 
comfort inside the building. 
The only active cooling devices in the entire building 
are 2 low-wattage high-volume fans located under 
the ceiling of the main room and the bedroom, which 
only need a minimum of 5 W up to a maximum of 18 
W for operation during hot days. 

ENERGY CONCEPT 
The ZCR showcase cottage shows a minimum use of 
grey energy over the entire life cycle, from the 
production of materials to the use phase and the 
recycling possibilities, due to a maximum utilisation 
of regional renewable resources. It is also 100 % 
energy autonomous due to a demand-oriented energy 
system based on solar energy. This system is defined 
by careful consideration of the energy services 
needed in the building and a supply-demand 
matching. 
Solar PV panels together with an inverter and charge 
controller are the source of electric power for the 
entire cottage. This system provides a stable power 
output at 220 V and runs 24 h per day. It is 
independent from the electricity grid and not affected 
by the frequent brownouts in the area. For the system 
to be operated even during the rainy season in the 
Philippines, sufficient buffer storage was considered. 
The batteries are located underneath the floor at the 
coolest place in the building to ensure a long lifetime 
and efficient charging. 
For lighting purposes, tubular solar lighting devices 
are used. They capture the natural light from the sun 
through a dome and reflect it down a highly 
reflective tube to the ceiling where the light passes 
through a diffuser to be spread evenly in the room. 
This eliminates electricity costs for lighting during 
daytime even in usually darker areas like the 
bathroom. In addition, all light bulbs used in the ZCR 
cottage are highly efficient LED (Light Emitting 
Diode) lamps. 
For water heating a locally produced solar thermal 
collector with an attached storage tank is used instead 
of an electric instant water heater which is typically 
used in that area. However, solar thermal energy is 
not only used for heating water, but also for cooking. 
A specifically designed solar cooker converts the 
energy of direct sunlight into heat of up to 200 °C, 
which is stored in an additional storage system using 
thermal oil as heat transfer medium. This particular 
solar cooker can therefore cook food even at night 
and leads to a significant reduction of electricity or 
LPG consumption, respectively. 

In order to achieve autonomy of energy supply, the 
load demand of all utilities in the cottage was 
computed and compared to a business-as-usual 
scenario of a typical vacation house of the same size 
in that area offering the same energy services but 
using conventional technologies (Wimmer, 2014). 

Table 1 Electricity consumption 

 
A typical daily energy consumption profile for both 
scenarios was established. This profile was based on 
historical data gathered from ZCR members in the 
Philippines regarding the use of electricity. To be 
more precise this electricity demand was categorised 
into different end use areas and different use periods 
in a typical daily routine (Table 1). 
As expected the ZCR cottage shows a much lower 
electricity demand with approximately 528 kWh per 
year compared to approximately 19,262 kWh per 
year in a comparable conventional vacation house. 
This is a reduction of electric consumption by over 
95 %. With this minimised demand it becomes a lot 
more feasible and affordable to supply the remaining 
electricity demand with solar energy. 
Furthermore the cottage is designed to utilise 
rainwater for water supply. Only about 10 % of the 
annual rainfall hitting the roof are necessary to 
supply all water needs in the building. With the use 
of water-efficient technologies such as a low-
consumption water closet, low-flow shower heads 
and faucets, the water demand as well as the waste 
water volume is reduced. The inverted shape of the 
roof allows for rainwater collection of the entire roof 
area in a single downspout, and no gutters are 
required around the roof. A collection tank and 
cistern form the main storage for the collected 
rainwater. In order to collect only clean water, a so-
called leaf eater and a first flush diverter are used. 
The leaf eater removes larger particles like leaves 
and twigs while the first flush diverter allows for 
washing off dust and dirt from the roof before 
directing the flow to the storage system. A DIY 
filtration system is added to further purify the water 
before it goes to the cistern. 
The entire amount of waste water from the building 
is directly treated and reused on site. For this purpose 
a so-called ‘Watson wick’ was built. Watson wicks, 
also known as pumice wicks, are an inexpensive 

ZCR W h/day kwh/yr Coventional Cottage W h/day kwh/yr
Lighting 80 6 175 Lighting 300 11 1204

Air conditioner 2.5 
HP main room 1865 8 5445
Air conditioner 1.5 
HP bedroom 1119 12 4901

Laptop 40 4 58 Computer 40 4 58
Solar cooker 0 0 0 Cooking 1500 3 1642
High EEF 
refrigerator 45 12 197 Refrigerator 100 12 438
Solar water 
heater 0 0 0 Water heater 5000 3 5475
LED TV 25 2 18 TV 100 2 73
Auxilliaries 3 24 26 Auxiliaries 3 24 26
Total kwh/y Total kwh/y528 19262

Low energy 
ceiling fans 10 15 54
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alternative to septic systems; shallow, subsurface bio 
swales designed to reuse the nutrients and the water 
for irrigating and feeding plants. 
The ZCR showcase building is therefore completely 
off-grid regarding energy supply as well as water 
supply. 

METHOD 
To analyse the performance of the ZCR cottage in 
terms of thermal comfort, a comprehensive set of 
different sensor types is used, subdivided into a long-
term monitoring and a short-term monitoring. 
A first step to analyse the thermal comfort in the 
building is done with 11 permanently installed 
sensors that measure air temperature and relative 
humidity in the rooms as well as with a mobile 
device that measures the surface temperature of 
selected building elements including walls, floors and 
ceilings. By this, possible incidents of local 
discomfort should be detected, and a correlation 
between indoor and outdoor climate conditions can 
be found. For the local outdoor climate an Aeron 
weather station was set up on the roof for monitoring 
the parameters air temperature, relative humidity, 
wind speed and direction, the amount of rain as well 
as the solar radiation. 
In a second step, evaluation of the thermal comfort is 
done with a mobile measurement kit using an 
adapted PMV (Predicted Mean Vote) and PPD 
(Predicted Percent of Dissatisfied) method. 
The general monitoring period for the outdoor 
climate and the long-term monitoring of the indoor 
climate lasted from the beginning of April to mid-
June, while the short-term monitoring was conducted 
on selected days between mid-May and mid-June. 

AIR TEMPERATURE AND RELATIVE 
HUMIDITY 
The main two parameters for comparing the outdoor 
and indoor conditions are air temperature and relative 
humidity. A first evaluation approach investigates the 
correlation between the rooms and the local outdoor 
climate. The following illustrations for the selected 
days of the 19th and 29th of May are reflecting typical 
conditions of a rainy and of a sunny day. In general, 
temperatures are always decreasing during night until 
sunrise, while humidity is increasing exponentially. 
In the case of the 19th of May clouds were forming in 
the local area at forenoon and it also started to rain: a 
first shower of rain at around 10.50 a.m. and a 
prolonged period of heavy rain from midday until 
evening. Outdoor humidity was then already rising 
significantly above 90 % and indoor humidity above 
80 %. At the same time temperatures were dropping 
down. 

 
Figure 3 Outdoor/indoor comparison, rainy day 

In contrast to this, outdoor air temperature on 29th of 
May was reaching the maximum in the midday heat 
and then slowly decreasing, while indoor air 
temperature was increasing constantly during the day 
until the level of the already decreasing outdoor 
temperature was reached, and then starting to 
descend. Humidity is showing a mirror-inverted 
behaviour for this weather condition. 

 
Figure 4 Outdoor/indoor comparison, sunny day 

The most important results of the long-time 
monitoring regarding air temperature and relative 
humidity for the indoor and outdoor conditions and 
the differences of the rooms to each other are 
summarised in Table 2 and Table 3. 

Table 2 Outdoor/indoor temperature 

 
Table 3 Outdoor/indoor relative humidity 

 

Outdoor Bathroom Bedroom Main room
Mean 28.08 29.66 28.34 28.76
Min 20.66 25.87 24.95 23.46
Max 37.2 33.9 31.79 34.94
Mean difference to outdoor - 3.09 2.45 1.63
Max difference to outdoor - 5.92 6.57 4.67

Air temperature [°C]

Outdoor Bathroom Bedroom Main room
Mean 80.35 74.35 78.59 74.9
Min 34.1 48.52 62.06 40.12
Max 99.51 92.01 93.01 93.14
Mean difference to outdoor - 12.92 11.04 8.32
Max difference to outdoor - 26.59 26.61 23.37

Relative humidity [%]
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All three rooms are showing an obvious dependence 
on the local climate. Influenced by the south 
orientation, the highest number of operable building 
openings and the smallest amount of massive 
building elements, the main room shows the highest 
dependence and smallest difference compared with 
the outdoor climate at both parameters. The indoor 
conditions of the north oriented bedroom and of the 
northwest oriented bathroom, in contrast, have the 
same tendency regarding the difference from outdoor 
climate, but the temperature level in the bathroom is 
slightly higher because it contains the highest 
quantity of massive building elements and the 
smallest number of building openings. However, 
relative humidity is higher in the bedroom.  

SURFACE TEMPERATURES 
In addition to the long-time monitoring of air 
temperature and relative humidity, also the 
temperatures of selected surfaces in the building were 
measured with a mobile infrared thermometer. This 
supports the evaluation of the building regarding 
local discomfort factors like asymmetric radiation. 
To this end, measurement was executed at selected 
points of the interior and exterior walls, the floors 
and the ceilings of the bathroom, the bedroom and 
the main room. Since the used infrared thermometer 
is a mobile monitoring device without a data logger, 
the monitoring was not accomplished continuously 
but with an interval of approximately 1 hour on the 
selected days. Figure 5 and Figure 6 show example 
results for a sunny and a rainy day in the bedroom. 

 
Figure 5 Wall surface temperatures, sunny day 

 
Figure 6 Wall surface temperatures, rainy day 

Just like air temperature and relative humidity in the 
rooms, also the surface temperatures show a clear 
dependence on the local outdoor climate. During hot 
periods these temperatures are below outdoor air 
temperature, while at cooler rainy and night times 
they are in general higher. Depending on the 
orientation and, more important, because of the 
varying materials, there are also differences between 
the surface temperatures of the various building 
elements. The lightweight constructions are 
responding faster to the changing outdoor conditions 
than the massive constructions. In general the 
massive rammed earth wall in the centre of the 
building shows the most stable conditions with the 
coolest temperatures during hot periods, thus 
improving thermal comfort in the building. 

THERMAL COMFORT 
Thermal comfort cannot be defined by temperature 
alone, in fact it is influenced by a number of factors 
and is also a subjective sensation (Fanger, 1970). The 
thermal comfort of an indoor climate can be 
evaluated with the PMV and the PPD according to 
the standards ASHRAE (ASHRAE, 2005) or DIN 
EN ISO 7730 (DIN EN ISO 7730, 2006; DIN EN 
ISO 7730-1, 2007). 

 
Figure 7 Thermal comfort evaluation 

For evaluation of thermal comfort, five positions 
were selected, which are the most used spots in the 
building. These are the centre of the bathroom, the 
bedhead in the bedroom, the dining area, the couch 
area and the centre of the main room (see Figure 2). 
During the short-time monitoring the settings of all 
influencing parameters like doors, windows and fans 
were documented. 
The first two parameters needed for the evaluation 
are the clothing factor and the metabolic rate, which 
are iterative and can be chosen according to the 
standards. Defined values can be found for the 
metabolic rate, depending on the assumed activities 
sleeping (bedroom), sitting (main room) and standing 
(bathroom, main room), and for different pieces of 
clothing. No heavy work was considered for this 
measurement, since the building’s primary function 
is as a resort cottage in which the occupants are 
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staying for relaxation and recovery. In accordance 
with the metabolic rates for the assumed activities, 
different sets of clothing including furniture were 
defined for day and night times. For the sleeping 
environment defined factors by Lin and Deng for 
commonly used bedding systems in the subtropics 
were used (Lin et al., 2006; Lin et al., 2007). 
The other 4 parameters, air temperature, relative 
humidity, mean radiant temperature and air velocity, 
for defining the room climate have to be measured as 
well.  
However, for the use in tropical climates and in 
naturally ventilated buildings the evaluation of 
thermal comfort with PMV has to be adapted (Fanger 
et al., 2002). First, the metabolic rate has to be 
reduced by 6.7 % for every scale unit on the thermal 
sensation scale for a PMV above neutral, because in 
hot climates people unconsciously tend to slow down 
their activities. Second, according to Fanger the 
result has to be multiplied with the expectancy factor 
e, which is defined by 2 parameters: the duration of 
the hot season and the commonness of air-
conditioned buildings in the region. The calculation 
was carried out with an expectancy factor e of 0.6. 
This is the same value as defined for Bangkok, which 
has a similar climate but a higher amount of air-
conditioned buildings, so an e of 0.6 can be taken as 
a worse-case benchmark for the region. 
As an example, the results for the dining area on 26th 
of May are displayed in Figure 8. It was a sunny day 
without precipitation but with some cloudy intervals 
later on, on which the air temperature was increasing 
to a maximum of almost 35 °C. Relative humidity 
was in the range from 56 % to 75 % during the time 
of the measurement and the average air velocity was 
1.04 m/s. 
The prediction of thermal comfort at the dining area 
was done with a clothing factor of 0.19, which 
includes the set Light summer cloth 1 as well as the 
impact of a wooden chair. 
The building openings of the main room were 
operated depending on the outdoor climate. 
Therefore, according to the path of the sun, the 
openings to the east were in general closed in the 
morning and forenoon, the openings to the south 
were closed during midday, while the openings to the 
west were closed from around 1.30 pm until sunset to 
prevent the room from heating up. On the other hand, 
doors and windows opposite to each other were 
opened at the same time to let a breeze flow through 
the building. Additionally the fan was switched on 
because of the high outdoor temperatures during the 
time of the measurement.  

 
Figure 8 PMV/PPD, dining area, 26th of May 2015 

Figure 8 is displaying results regarding thermal 
comfort for the dining area with PMV values 
between 0.45 and 1.64 considering an average 
outdoor air temperature of 33.23 °C for the time of 
the measurement. The results are showing thermal 
comfort close to neutrality in the morning and 
especially in the afternoon as well as in the evening, 
while the critical time is the very hot period in the 
middle of the day. The measured parameters vary 
between 31.05 and 33.93 °C for mean radiant 
temperature, between 31.25 and 33.91 °C for air 
temperature, between 0.67 and 1.00 m/s for air 
velocity, as well as between 58.55 and 70.87 % for 
relative humidity. 
The values clearly show that thermal comfort in the 
main room is dependent on the outdoor climate. 
While at cooler days with a very high humidity even 
outcomes in the cool area of the thermal sensation 
scale were obtained, a higher air velocity is needed to 
provide an acceptable thermal comfort in hot and dry 
periods. With the supporting use of the fan located 
above the dining area, an average indoor air velocity 
close to 1 m/s can be provided to achieve a PMV 
(Light summer cloth with wooden chair, adapted met. 
rate, e = 0.6) of less than 1.64 even at most extreme 
outdoor conditions. 
Table 4 is summarising the results for the three 
rooms and the specific positions at times when 
people are in general present. 

Table 4 PMV results 

 
The evaluation of thermal comfort with PMV/PPD, 
after adaption for the use in tropical climate, shows 
that a thermal sensation close to neutral can be 
achieved especially on rainy days and during the 

Location Time Clothing set Clothing factor PMV
morning, 
evening

Underwear 0.03 0.43 to 0.83

day Light summer cloth 0.18 0.46 to 1.36

day Light summer cloth + 
mattress

1.16 0.10 to 1.17

night mattress + 60 % 
cover

1.76 0.20 to 1.12

Dining area day Light summer cloth + 
wooden chair

0.19 -0.42 to 1.64

Couch area day Light summer cloth + 
armchair

0.33 0.49 to 2.08

Center main 
room

day Light summer cloth 0.18 1.22 to 1.90

Bathroom

Bedroom
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night in the different areas of the building by 
choosing appropriate clothing for the local climate 
and with an expedient control of the building’s 
influencing parameters. Hot periods during the day 
are more critical and illustrate the importance of a 
mechanical ventilation system for calm times. 

CONCLUSION 
The overall purpose of this monitoring was to 
examine whether thermal comfort in a prototype 
resort cottage made of local renewable resources in 
the Philippines can be achieved without the 
installation and use of air-conditioning units, leading 
to a decrease in energy demand in tropical climates. 
The monitoring was executed on sunny days with hot 
and dry periods as well as on rainy days with cooler 
but more humid conditions and concerned the surface 
temperatures of selected building elements, the 
comparison of the outdoor and indoor climate with 
focus on the air temperature and the relative 
humidity, as well as the evaluation of thermal 
comfort with an adapted PMV method. Because of 
the constant conditions of the dry and the rainy 
season, the results can be used paradigmatically for 
the whole year. 
The study shows that thermal comfort in conditioned 
buildings as defined in the standards cannot be 
accomplished with the implemented design features, 
but acceptable indoor conditions can be maintained 
even for this extremely hot and humid climate, if 
passive cooling methods are applied properly, 
especially if you take the almost daily brown- and 
blackouts into account. 
Overall, a sustainable and environment-friendly 
building concept with a very low energy demand 
suitable for tropical climates was developed and 
demonstrated, which is also confirmed by the Global 
Human Settlement Award by the UNO. 
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ABSTRACT 

IMPRESS is an EC H2020 funded project which will 
develop innovative prefabricated panels to reduce 
energy demand while preserving or improving the 
building aesthetics. An Iterative Design Methodology 
will be developed, incorporating all stages of the 
Design-Construct-Install-Operate process.  This will 
be integrated with a BIM cloud based database 
focussing on the interoperability between software 
tools required for the prefabricated process. 
Furthermore, new penalty based business models will 
be investigated. The project began in June 2015 and 
ends in September 2018, by which time it will have 
installed the new panels two demonstration sites 
(Romania and UK) and will have conducted 
monitoring and evaluation to validate the concept and 
performance of the process.  

 

INTRODUCTION 
Buildings dated between 1950 and 1975 were 
constructed in an era where energy efficient 
performance was not a critical part of the design 
(Zimmerman, 2012). A common feature of these 
buildings is that their refurbishment is not usually 
forced by specific regulatory constraints, although 
the original appearance of the façade generally needs 
to be kept. These buildings are widely diffused in 
European city centres and represent common 
interesting features from the architectural and 
structural point of view.  As a result, new 
technologies and techniques to improve energy 
efficiency in these buildings are required.  
Prefabricated panels are one such technology which 
can be retrofitted to an existing building to improve 
thermal performance.   
 
IMPRESS will leverage on the potential of 
prefabrication by developing a new range of easy to 
install panels, which can reduce energy demand 
while preserving and/or improving the building 
aesthetics.   Both over-cladding and re-cladding 
options will be investigated which will maximise the 
range of buildings which are suitable for façade 
renovation.   

 
To create the panels, an innovative manufacturing 
process will be created that includes Reconfigurable 
Moulding (RM) techniques, 3D laser scanning and 
3D printed technology. In addition, 3D printed micro 
structured formworks will be developed as 
permanent external layer for the polyurethane panel 
in order to improve its solar radiation efficiency. The 
overall manufacturing process will (i) allow for mass 
production of panels, which take into account 
complex architectural and aesthetic issues, (ii) allow 
for faster production while lowering prefabrication 
costs and (iii) develop new controlled and cost 
effective solutions. 
 
Building renovation is a complex process that 
requires interaction for the many stakeholders that 
form the building value chain and to minimise cost 
and maximise efficiency, improved methodologies 
and systems are needed.  These include planning 
instruments which provide information for the whole 
planning process over the life cycle for the building 
(Hendricks, 2009).  IMPRESS will develop a new 
Iterative Design Methodology, which will 
incorporate all stages of the Design-Construct-Install-
Operate process. This will be integrated with a cloud 
based BIM database focussing on the interoperability 
between software tools required for the prefabricated 
process.  The methodology will ensure that energy 
efficiency is taken into account early within the 
design process and a Decision Support Software 
(DSS) will be developed specifically for the design 
stage of renovation to allow the end user to choose 
which re-cladding/over-cladding option is suitable 
for their building and then evaluate the various 
configurations and combinations of the panel options. 
This will also for optimisation taking into account 
user constraints, for example energy efficiency vs 
capital cost or Return on Investment.  To ensure all 
stakeholders within the process are responsible for 
final product performance, new penalty based 
business models will be investigated. The final result 
will be demonstrated on two existing buildings where 
final as-built product performance will be validated 
against the initial design. 
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This paper explains the aims and objectives of the 
project and demonstrates some of the early results 
from the current research.  
  

INNOVATIVE PREFABRICATED 
PANELS 
Precast concrete cladding enabled new, sculptural 
and efficient facades on early and mid-20th century 
architecture (Niall et al a, 2016.) However, in 
subsequent decades precast cladding became 
ubiquitous, and generally much maligned by the 
general public particularly with its increased use in 
medium to high-rise housing blocks in the latter part 
of the century. Many of these buildings are endowed 
with good structure. The precast panels that clad 
these buildings are now poorly with age, and 
deficient as contemporary cladding. The removal of 
ailing cladding and the preservation of structure may 
be viewed as achievement of a sustainable balance 
that limit unnecessary waste due to destruction but 
ensures improved efficiency during operation. 
Innovations in concrete, insulation and composite 
configurations have enabled new opportunities for 
precast cladding. Traditional concrete cladding is 
often thick, bulky and heavy. 
 
IMPRESS will develop three precast panels for 
renovation applications, particularly renovation of 
these precast concrete clad buildings.  The project is 
also investigating new compositions, materials and 
anchoring methods that amongst other objectives can 
reduce the weight and thickness of cladding panels 
and thereby enable a wider application of precast 
panels in renovation applications.  
 
The three panels being investigated include: 
1. a polyurethane based insulated panel, for over 

cladding of buildings,  
2. a precast sandwich panel with embedded PCM to 

impact the internal thermal environment, 
3. a thin and lightweight geopolymer sandwich 

panel for over cladding or replacement cladding 
of buildings. 

 
Only the latter of these panels is focused on in detail 
in this paper. 
 
The first of these panels is developed by Italian 
company Hypucem. It comprises a polyurethane 
cementitious based insulated that uses a polymeric 
foam and cement to form a novel hybrid-
interpenetrated lightweight yet rigid material. These 
panels exhibit low thermal conductivity and hence 
can provide energy efficient solutions for building 
over cladding. IMPRESS will demonstrate the impact 

of these panels initially on a demonstrator building in 
Naples that exhibits poor energy efficiency.  
 
The other listed panels are of sandwich panel 
configuration, comprising an insulation layer 
between two wythes of concrete that include a 
structural and rain screen layer. The sandwich panel 
is shown in Figure 1, in this iteration with embedded 
PCM in the internal leaf of the structural concrete 
internal layer on the (panel 2). 
 

 
 

Figure 1 An example sandwich panel 
 

As well as increasing the thermal insulation of the 
building to improve the resistance to heat loss, 
IMPRESS aims to enhance the thermal mass 
characteristics of the building. Thermal mass 
indicates the ability of a material to store and release 
heat and is a function of the heat storage capacity of a 
material. The thermal mass of construction materials 
can be used to reduce the energy required for heating 
and cooling buildings. The heat storage capacity of 
concrete can be increased by incorporating phase 
change materials (PCMs) into the concrete and hence 
providing additional latent heat storage capacity. The 
proposed thermal mass impact of the sandwich panel 
with integrated PCM is shown in the conceptual 
image Figure 2. Initial tests are shown a positive 
impact of PCM with significant ability to reduce 
building energy (Niall et al a, 2016.) (Niall et al b, 
2016.). The correct sizing of thermal mass for 
specific building types and in specific climates is also 
under investigation (Reilly and Kinnane, 2016 a) 
(Reilly and Kinnane, 2016 b). 
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Figure 2 Proposed thermal mass impact of the sandwich panel with integrated PCM 

 
 
The third panel is similarly a sandwich panel 
configuration. The novelty of this panel is that it is 
being developed as an over-cladding system. As such 
it will most commonly be attached over the existing 
fabric of the building as shown in Figures 3 and 4. 
The insulation embedded in the middle layer of 
repeated sandwich panels will form a continuous new 
layer or thermal layer of high efficiency insulation. It 
thereby will augment any existing insulation or the 
inherent insulative nature of the building fabric, with 
an insulative blanket many multiples more efficient. 
 
Alternatively, if the existing cladding is damaged or 
badly aged it might be preferred to remove it 
altogether. The IMPRESS sandwich panels may also 
replace the existing precast cladding as will be 
demonstrated on a case study precast clad school 
building as part of IMPRESS. 
 

 
Figure 3 Existing fabric of the building 

 
Figure 4 Existing fabric of the building with panels 

attached 
Current over-cladding options including commonly 
used fibre cement with rear insulation, aluminium 
composite panels and insulated render systems can 
often be monotone, bland and due to the thickness of 
insulation can increase the window reveal 
significantly and thereby reduce the ingress of 
daylight into the building. This in turn results in an 
increase in energy to artificially light the building. 
 
IMPRESS is investigating alternative concrete 
compositions that will enable a reduction in panel 
thickness. This will allow concrete – with all its 
flexibility for aesthetic alteration and inherent 
durability and strength – to become a viable 
lightweight alternative to other cladding materials. 
To achieve this IMPRESS is investigating alternative 
reinforcement materials. Standard concrete panels are 
currently thick and hence heavy as they require 
significant concrete coverage to protect the steel 
reinforcement from the weather and risk of corrosion. 
IMPRESS is investigating textile and currently basalt 
reinforcement as an alternative. We are also 
investigating geopolymer and ultra-high performance 
cements to reduce the thickness and heaviness of 
concrete cladding systems. These novel mixes are 
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currently the focus of research and initial results are 
positive. 
 
Each of the prefabricated panels will have embedded 
temperature sensors to enable the collection of real-
time data necessary for both performance monitoring 
and control influence. The temperature data collected 
will allow detailed profiles of the behaviour of the 
panels and their influence over building comfort as a 
result of differing external and internal conditions to 
be created. Careful analysis of this data alongside 
internal and external conditions and demands will 
inform the development of building-wide control 
algorithms designed to optimise human comfort.  
 

PANEL MANUFACTURING AND 
PROCESSES 
Standard panels to suit the majority of the façade will 
be created using a standard formwork approach 
where generic shapes and sizes will be created from 
existing machinery, equipment and methods. 
However, there is a need for customisation, and 
improvements in aesthetic finish whilst ensuring that 
installation time is minimised, without compromising 
cost.  To take account of this, IMPRESS will utilise 
the following technologies and progress them beyond 
the current state of the art: 
 
1. 3D printing coupled with 3D laser scanning - to 

create customised panels which fit exactly to the 
existing building, and can take into account 
windows and junctions for example. 

2. Reconfigurable Moulding - to produce 
customised shapes where a curved or irregular 
surface is required or where an aesthetic finish is 
desired. 

3. 3D printed coatings - to provide an aesthetic 
finish to match the building to its surroundings, 
along with other surface enhancements. 

 

3D PRINTING  
To date there are no commercial 3D printing systems 
which enable to print large scale cementitious 
objects, and the project aims to not only make 3D 
printing technology available, but also to make it 
really usable in construction industry. The IMPRESS 
project will employ the 3D printing technology for 
the production of formworks to mould cementitious 
materials, mortars as well as innovative materials for 
architectural applications and, in particular, for 
façade components. By using 3D printing 
technology, a full freedom of shape on all surfaces 
can be achieved; this is potentially useful for building 
façade terminals, specific connectors, façade edges, 
and corners foe example. Furthermore, high aesthetic 
characteristics can be obtained (3D figures, 

decorations, balcony surfaces etc.), representing a 
real chance for this technology to strongly control the 
aesthetic in the design and retrofitting of façades of 
the future. 
 
The current state of research in this area of the 
project is focused on constructing the 3D printer 
correctly to ensure it is able to work with materials 
suitable for building component formworks. The 
present view is that 4-5 mm diameter nozzle and will 
ensure high surface quality and  time saving up to ten 
times, compared to the current 3D printing practice. 
Studies have been also conducted regarding the 3D 
printing manufacturing process of closed and open 
formworks. These two alternatives aim to take into 
account both panel types investigated within the 
project. 
 

RECONFIGURABLE MOULDING 
The reconfigurable moulding will be used for 
producing a curved formwork surface, while 3D 
printing will be used for producing small counter-
moulds for particulars and details. Following this 
approach, a holistic production process can be 
developed, including and automating all the steps 
that are currently performed by hand, thus improving 
the speed of building renovation. Furthermore, the 
proposed approach focuses on prefabricated products 
only, thus moving off-site the majority of operations 
and labours, with advantages related to comfort of 
building and neighbourhood inhabitants.  

 
3D PRINTED COATINGS  
Recent research results in EU funded projects such as 
EFFESUS, RETROKIT, and COMMONENERGY 
have proved that there is a significant benefit in 
energy consumption of the building through the 
energy gained by transforming the applied surfaces 
either as “cold” or as “hot” areas.  A wide range of 
coatings have already been developed on laboratory 
level with remarkable results, each one different from 
the other as substrate properties (e.g. porosity and 
shade) are of highly importance for its successful 
application.  IMPRESS will therefore develop (i) a 
generic coating to be suitable in most 3D printing 
substrates and (ii) a coating that can be incorporated 
in the process of 3D printing equipment maintaining 
all the enhanced properties that could be achieved 
with the use of nano-particles. 
 
The proposed insulating coating suitable for 3D 
printing will have to combine a mix of natural 
micronized flaky surface treated new alumino-silicate 
particles and micronized and submicron fibrous 
calcium-silicate particles, materials that will provide 
to the coating very good thermal insulation 
behaviour, anti-corrosion resistance, high mechanical 
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strength, improved solar reflectance, improved 
ageing resistance and anti-vandalism properties.  In 
addition, self-cleaning properties will be investigated 
that are based on antistatic behaviour along with a 
possible hydrophobic ability granted by the 
treatment, and UV reflection. The effect of mean 
particle size and size distribution, particle shape 
distribution, specific surface area, brightness, oil 
absorption, bulk density, viscosity, pH value, 
resistance to chemicals, heat, moisture and solvents, 
durability will be investigated. 
 

INSTALLATION 
The IMPRESS installation approach can be used with 
both the over-cladding and re-cladding solutions. For 
the re-cladding solution, it is proposed to remove the 
deteriorated façade displaying the underlying 
building structure from which the structure geometry 
can be identified to direct the new panel design, 
dimension and form. As such the approach for re-
cladding or over-cladding is more or less the same.  
The IMPRESS installation approach is illustrated in 
Figure 5 and the steps are described below: 
1. Perform a 3D laser scan of the existing building 

or of the building frame with the old façade 
demolished. 

2. Create standard size prefabricated panels for large 
areas and apply these to the existing facade.  
These will be standard shapes such as 2m x 2m, 
3m x 2m, 3m x 3m, and can be either 3D printed 
or with SoA metal/wood formworks.  This is the 
same for both the over-cladding and re-cladding 
approaches. 

3. Identify the shape and size of the customised 
panels from the 3D scan and create these using 
3D printed formwork.  This will be for large areas 
with sockets (windows, doors, balconies etc).  
This is more for the over-cladding approach but 
can also be used for the re-cladding approach 
where necessary. 

4. Use the Reconfigurable Moulding technology to 
create prefabricated panels that desire a curved or 
bespoke surface (e.g. a complex aesthetic finish) 
and apply these to the building 

 

 
 

Figure 5 Installation methodology 
 

The prefabricated panels for over-cladding will be 
installed via a combined metallic anchor and an 
innovative adhesive system (Very High Bond 
double-sided tape acrylic adhesive) will be developed 
to join substrates of different materials. Currently a 
competing technology based on double-sided tape as 
a commercial solution does not exist, with the main 
advantages of the proposed coupled approach are 
faster curing and fault tolerant installation process. 
 
For the re-cladding option, new anchoring systems 
can be attached to the old structure but also the 
original anchoring system will be recycled where 
possible.  

 
METHODOLOGY 
IMPRESS will look at the development of an 
Iterative Design Methodology (IDM) through an 
examination of international approaches and will 
develop a process map for successful application of 
the methodology.  This will be linked with software 
tools for delivery of the IDM and Decision Support 
of the panels to choose from, which will increase the 
uptake of renovation across the EU.  Many of the 
issues associated with accelerating the rate of 
building renovation in Europe revolve around split 
incentives amongst the building owner and occupier 
or inadequate business models between building 
owners. The increase of renovation for energy 
efficiency is therefore not only dependent on the 
available technologies and legislative requirements 
but also on the mechanisms for delivery, which must 
look beyond the technical capabilities and include 
aspects such as the cost of installation, disruption to 
the end user, time taken to delivery and the needs of 
the various stakeholders and building inhabitants. 
The methodology created by the IMPRESS project 
will provide a potential solution to these issues by 
ensuring more effective communication and 
collaboration between the client, design team, 
construction team and end users of a building project.  
By integrating an Iterative Design Methodology 
workflow with BIM, all stakeholders involved in the 
IMPRESS process are accountable and responsible 
for the final product performance.  This will be 
linked with an online management platform and BIM 
data exchange server to allow for ease of use of the 
IDM and accessibility of BIM related software. 
 
Overall, the aim will be to show that the IMPRESS 
methodology and tools for building renovation 
results in more energy efficient buildings.  This in 
turn will promote dissemination and further uptake of 
the technologies. 
 
Results to date in the formation of the IDM have 
centred on understanding the value chain of the 
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prefabrication panel process, conducting stakeholder 
analysis and baselining existing methodologies. The 
research in this area has shown a fragmented and 

complex value chain (see Figure 6 below) where 
there are many different interactions of stakeholders 
through the design-construct-install-operate process.  

 

 
Figure 6 Stakeholder interaction map 

 
 
Stakeholders suggested how a new methodology 
should overcome the barriers and challenges for a 
prefabrication renovation. The key points were the 
improvements in communication among the active 
stakeholders, the effective energy simulations and 
interoperability to speed up the processes, reducing 
the performance gap between as designed and as 
operated and being able accurately predict the 
payback time from the early stages. Furthermore, 
people should be made more aware of the benefits of 

such a renovation by utilising case studies and 
examples, while research for innovative and 
affordable materials should be promoted. 
 

BIM AND RELATED SOFTWARE 
As illustrated in Figure 7 the developed methodology 
will be integrated with innovative software to allow 
for models to be created early in the design process 
and updated to reflect changes in the design, 
construction, installation or operation of the building. 
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Figure 7 Methodology integrated with software 
 

Making use of design and modelling open standards 
(such as ISO, IFC, GML), IMPRESS will develop a 
cloud based BIM database that will enable 
interoperability between software tools currently 
used for project designing and modelling, with a 
particular emphasis on those used for renovation of 
buildings through prefabricated modules.  As 
described, an IDM will be designed to specifically 
target the integration of modelling and optimisation 
techniques early in the design process and include all 
relevant stakeholders from initial brief through to 
project completion. As such, advanced modelling and 
simulation tools will be used at initial concept design 
stages so that the overall physics and behaviour of 
the building is considered from the beginning of the 
process.   
 
As shown in Figure 8, the cloud based data model 
will look at the transfer of data through a BIM model 
starting with point cloud data from a 3D laser scan; 
an architectural CAD model through a software such 
as Revit; the Mechanical, Electrical and Plumbing 
information through software such as Revit MEP, 
and finally the energy and operational model through 
software such as the IES <VE>. This platform will be 
customised for the exchange of BIM data related to 
the prefabricated renovation process but will be 
interoperable with other and future BIM software 
tools. 
 
 

 
Figure 8 Transfer of data through a BIM model 

 
In addition, software will be developed which will 
provide decision support to the end user.  This will 
allow the end user to assess the different façade 
options available to them and choose the best façade 
for their existing building which suits their individual 
objectives and constraints.  The optimal installation 
will then be provided and this information will be 
passed to the prefabrication manufacturer and the 
installer.  All information requested by the DSS will 
be stored by the cloud based BIM database so that it 
can be used throughout the rest of the process. 
Through the Online Management Platform, the IDM 
will then be put in place and the design model will be 
updated throughout the process via the cloud based 
BIM database so that final product performance can 
be measured against original design intent.  All of the 
proposed software tools will be available on the same 
web based platform linked to the same database for 
data collection and storage and use throughout the 
process put in place by the IDM.    
                                                                                    

BUSINESS MODELS 
The final aspect of the IMPRESS project will look at 
the development of new innovative business models 
which take into account cost optimality along with a 
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penalty based system to ensure that final product 
performance is achieved.   
 
The penalty based system will look at all stages of 
the whole life process taking into account proper 
design at the early stage in the process (e.g. penalty 
on the designer for under designed panels), correct 
construction and installation (e.g. penalty on the 
manufacturer or installer if the panel is constructed 
and installed incorrectly to the building, such as 
leakage as a result of poor air tightness) and correct 
operation of the building (i.e. penalties on the 
building owner if they final product performs as it 
should but the building is not energy efficient as a 
result of other mitigating factors). 
 
The creation of the not-for-profit auditing service and 
penalty based business model will ensure that all 
stakeholders in the Design-Construct-Install-Operate 
process are invested from the beginning of the 
project. Through continuous commissioning of the 
final product in-use and a penalty based system that 
results in fines of the design was not done correctly 
or of the construction was not as specified or if the 
installation was not commissioned properly or if the 
building owner does not conform to the operational 
guidelines, all stakeholders will make sure that they 
complete their part of the renovation process at the 
highest level of detail and end users ensure 
cooperation from the building occupants. 
 

DEMONSTRATION ACTIVITIES  
There are two demonstration activities; the first is the 
application of the panels onto a test façade in Naples, 
which will test the panels, the manufacturing process 
and the installation techniques and feed this 
information back for refinement.  The second is the 
application of the panels to two existing buildings, 
one in Romania and one in the UK.  This full scale 
demonstration will then also include the testing and 
validation of the BIM platform, Decision Support 
Software, Online Management tool and Iterative 
Design Methodology.   
 

CONCLUSION 
IMPRESS will have a strong impact in terms of 
energy and economic savings, boosting the 
application of sustainable and energy efficient 
solutions to the construction sector and promoting 
both standard and deep renovation. The benefits 
deriving from the project will be perceived at 
different levels. 
 
At the macro-level, by inducing important savings in 
terms of energy consumption and emissions, strongly 
contributing to the achievement of targets stated in 
the EPBD Recast (Directive 2010/31/EU) and by 

increasing turnover for the benefit of construction 
SMEs operating in building renovation with a 
consequent impact on job creation. 
 
At a more local level, owners should be able to view 
clearer economic savings due to improved energy 
performances, allowing for a short payback time for 
the new solutions, while maintaining or even 
improving at the same time the aesthetics of the 
building. This will increase buying drivers for the 
owners, and in the case of the over-cladding solution, 
discomforts and burden often associated to 
retrofitting intervention will be minimised, while in 
case of deep retrofitting (re-cladding), the indoor 
comfort of the building and daylighting will be 
improved. 
 
For the actors involved in the current retrofitting 
supply chain, benefits will be seen via new skills 
acquired, thus improving the overall competitiveness 
of the companies, as well as new business 
opportunities will be generated based on new 
products and services associated to façade 
assessment and renovation. 
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ABSTRACT 
The paper describes collaboration a between industry 
and academia in enhancing a Passivhaus certified 
system for retrofit and putting it onto a zero carbon 
trajectory. The system was initially developed for on-
site stick construction, using fixed insulation 
thickness and under the current UK climate. The 
collaboration with the university has contributed to a 
product development that is adaptable to different 
buildings and future climates, achieved by multi-
objective optimisation. This process considers carbon 
emissions and comfort as functions to be optimised, 
and applies a number of design variables, taking 
discrete values within specified ranges of these 
variables, and producing numerous combinations for 
a single design. Dynamic simulations are conducted 
over these combinations, producing a solution space 
that is subsequently searched by a genetic algorithm 
for optimum solutions. A resultant chart gives a 
range of trade-off solutions that enable the design 
team to enhance retrofit system and make it zero 
carbon ready. In addition to the design optimisation, 
the scaling up of this system is facilitated by onsite 
3D laser scanning, which enables a transition to an 
offsite solution developed in flying factories. The 
paper reports on a practical application of this work 
to designing a retrofit for two semi-detached houses. 

INTRODUCTION 
Despite the changing national policies related to 
carbon emissions that are not always going in the 
right direction, the bottom line established by The 
COP21 meeting in Paris in 2015 was the importance 
for achieving net zero emissions during the second 
half of the century.  
As 80% of the 2050 UK houses have already been 
built and the majority are very inefficient, developing 
a structured and scalable approach to retrofit is of 
paramount importance. 
In response to achieving a scalable solution, a 
RetrofitPlus project was established in 2014 under 
grant funding from Innovate UK. The project aims to 
drive innovation in energy retrofit of homes that 
achieve 100% carbon emissions reduction, drawing 
upon academic, technology start-up and private 
sector expertise. It comprises a holistic package of 

approaches designed to increase trust, quality and 
performance, and reduce the price of retrofit.  
These approaches can be summarised as follows:  
1) Application of advanced site survey methods to 

establish a pre-retrofit base model 
2) Application of state of the art simulation and 

optimisation methods to design retrofit solution 
3) Development an off-site solution for upgrading 

the building envelope to a Passivhaus standard 
4) Application of advanced predictive control 

methods for reduction of energy consumption 
5) Establishing a feedback loop using post-

occupancy monitoring to enable process 
improvement 

6) Development of a serious gaming platform for 
user interaction with the monitoring and control 
system, and for energy competitions with like-
minded neighbours 

7) Development of an alternative financial solution 
for retrofit using complementary currency 
approach based on unit of renewable energy 

8) Development of an awareness campaign to 
widely disseminate the benefits of retrofit and 
stimulate scaling up through public 
engagement.  

ESTABLISHING PRE-RETROFIT BASE 
CASE 
The buildings to be retrofitted were provided to the 
project by Birmingham City Council (Figure 1). The 
Council paid special attention to selecting properties 
with tenants who would not mind experimentation 
with the houses in which they live.  

 
Figure 1 Two semi-detached houses to be retrofitted 
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This enabled the research team to conduct surveys in 
order to establish the base level pre-retrofit models to 
be used for design and production of an off-site 
construction.  
A 3D laser scan was carried out by the University, in 
order to create a model that can be used for off-site 
measurements by the project lead industrial partner, 
in order to manufacture the retrofit system in their 
factory. Eight different laser scans were taken, one 
high resolution and one low resolution from each of 
the corners of the buildings. Special attention was 
paid to choosing scan positions in order to exclude or 
minimise obstructions from local vegetation and 
other site features, such as fences, short walls etc. 
The point clouds obtained from the scans were 
subsequently processed and stitched up into a unified 
point cloud to be used for offsite analysis and 
measurements (Figure 2). Subsequently, a training 
programme was developed and delivered to enable 
the application of the 3D laser scan in the off-site 
manufacturing process. 
 

 
Figure 2 Unified point cloud for off-site analysis and 

measurements 

This building type is known as Wimpey No-Fines 
dwelling, characterised with concrete construction 
without the sand fraction. The concrete was cast in 
situ, and approximately 300,000 dwellings were built 
using this method since the Second World War 
(Reeves and Martin, 1989). The original buildings 
had no thermal insulation, and loft insulation was 
subsequently added in certain cases. There are tens of 
thousands of dwellings of this type in Birmingham, 
and targeting this type seems appropriate for scaling 
up purposes. 
A team of surveyors was brought in to establish 
details about construction types, such as materials, 
layers, thicknesses, condition of the constructions etc. 
in the two dwellings. This information was 
subsequently used for creating building simulation 
models.  
A number of thermal images of the building were 
taken, and these corroborate the absence of thermal 
insulation in walls (Figure 3). As it can be seen from 

this figure, higher heat losses, represented with 
brighter colours, are more intensive in positions that 
coincide with radiators inside the dwelling. 
Effectively, a significant proportion of heat from 
radiators ends up in the concrete and goes out into 
the atmosphere. 
 

 
Figure 3 Thermal scan showing heat loss spots 

through solid wall that coincide with positions of 
radiators in the building 

A University PhD student also carried out a detailed 
internal survey in order to create CAD drawings of 
the building. This information, together with the 
information from the structural survey, was used to 
create simulation models used in the design analysis. 
Electricity and gas bills were obtained from the 
occupants to facilitate calibration of the simulation 
models. The method is explained in the next section. 

METHOD 
The ultimate aim of the method is to look at a holistic 
set of design and user behaviour options and 
determine the approach for putting these buildings on 
a trajectory to zero carbon. This type of analysis 
requires multi-objective optimisation in order to 
investigate simultaneous influences of design and 
operational parameters and the conflicting constraints 
that these parameters introduce in the design process. 
Before using the simulation model for multi-
objective optimisation analysis, the model will first 
need to be calibrated on the basis of information from 
the energy bills. Instead of carrying out the 
calibration manually, in which a small set of 
parameters can be altered in order to obtain an 
accurate model, multi-objective optimisation can also 
be sued for this purpose. With this kind of 
calibration, a much larger parameter set can be 
investigated, and the calibrated model will 
correspond more closely to the actual building. 
As renewable energy systems, which are necessary 
for zero carbon design performance, were not 
fundable under the current grant arrangement, 
knowing how best to prepare this building on the 
road to zero carbon is essential. 
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The method will then be determined by the ultimate 
set of tools needed to achieve this goal, and by the 
tools needed to convert the initial survey information 
into a suitable format for the final multi-objective 
optimisation analysis. 
The ultimate tool therefore needs to be 
simultaneously capable of creation of bespoke 
objective functions for calibration using multi-
objective optimisation, as well as carrying out 
standard multi-objective optimisation that will 
determine the trajectory of retrofit design to zero 
carbon. A simulation tool that fits this description is 
JEPlus+EA (Zhang, 2016), which uses EnergyPlus as 
its simulation engine.  
The involvement of University PhD students 
determined the first tool to be used in this method. 
IES VE (IES, 2015) was chosen because the students 
had necessary skills and the licence to use it. This led 
to the creation of the initial simulation model of the 
building (Figure 4).  
The question is then how to get from IES VE to 
JEPlus+EA. The path between the two tools was 
established vie DesignBuilder (DB, 2016) and 
EnergyPlus (NREL, 2016). 
Although at the time of writing this text IES VE did 
not have a multi-objective optimisation capability, it 
is capable of ‘talking’ to other simulation tools. Thus 
IES VE model was exported as gbXML (Green 
Building XML) and imported into DesignBuilder 
(Figure 5). 

 
Figure 4 IES VE model created from the initial 

survey 

Although DesignBuilder has the multi-objective 
optimisation capability, it has less flexibility when it 
comes to the creation of bespoke objective functions 
that can be suitable for calibration. However, as 
DesignBuilder uses EnergyPlus as its simulation 
engine, just like JEPlus+EA, this route to the ultimate 
tool for this analysis appeared to be promising. 
DesignBuilder model was subsequently used to 
export EnergyPlus input definition file (IDF). That 
file was then imported into EnergyPlus (Figure 6) 
and edited to prepare it for JEPlus+EA. 

 

 
Figure 5 Model imported into DesignBuilder 

 
Figure 6 Model imported into EnergyPlus IDF editor 

The preparation for JEPlus+EA involved changing 
EnergyPlus output frequency from hourly to annual, 
and disabling the plant sizing within the model. 

SIMULATIONS AND RESULTS 
Calibration 
The calibration process in JEPlus+EA was set using 
parameters that influence electricity and gas 
consumption (Figure 7). For calibrating electricity 
consumption the lighting power density and 
miscellaneous gains power density were set as 
parameters to be varied. For gas energy consumption 
the heating set temperatures and infiltration rates 
were set as parameters to be varied. The objective 
functions were set as absolute values of relative 
errors between measured and simulated energy 
consumption as follows: 

𝜀 = !"# !"#$%&"'!!"#$%&'()
!"#$%&"'

 ∙ 100 [%] (1) 

Equation (1) was used for both gas and electricity 
objective functions.  
After the completion of the optimisation process, the 
JEPlus+EA scatterplot gives interactive access to the 
results (Figure 8). In case of calibration, we are not 
interested in the minimum values as we would be in 
the case of optimisation, but we are interested in the 
points that are the closest to the origin of the co-
ordinate system. Thus placing the cursor on that point 
brings up a popup window with the calibration 
parameter set, the ‘chromosome’ that determines the 
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values of parameters that resulted in the most 
accurate simulation. As it can be seen from that 
figure, the errors of the calibrated model are 0.17% in 
respect of electricity consumption and 0.33% in 
respect of gas consumption, meaning that the model 
is 99.83% accurate in respect of electricity 
consumption and 99.67% accurate in respect of gas 
consumption.  
These values were subsequently inserted into 
EnergyPlus model for a test run, and the result were 
identical to those obtained by JEPlus+EA. Thus these 

calibration values were subsequently carried forward 
into multi-objective optimisation analysis. 

Multi-objective optimisation 
Multi-objective optimisation was subsequently 
carried out in order to minimise discomfort hours and 
carbon emissions, using a range of technical and 
behavioural parameters (Figure 9). The technical 
parameters were: three different thicknesses of 
TCosy wall insulation: 150mm, 200mm and 225mm, 
combined in pairs with the identical TCosy roof 

 
Figure 7 JEPlus+EA project set for calibration purpose 

 
Figure 8 Calibration results in JEPlus+EA: the value nearest to the origin of the coordinate system contains 

the calibration parameter set 
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insulation thicknesses; infiltration air changes per 
hour; fuel type (gas or biomass); lighting power 
density; and two different PV arrays (East side of the 
roof only, and East and West side combined).  
The parameters that are left to the occupants to adjust 
are deemed to be behavioural parameters as follows: 
room set temperature and clothing level. 
The results of multi-objective optimisation are shown 
in Figure 10. Investigating the scatterplot in this 
figure by placing the cursor above individual points 

helps to determine and plot a journey from a 
minimum intervention to zero carbon (Figure 11).  
 

DISCUSSION 
The holistic approach developed here not only deals 
with technical but also with behavioural parameters. 
The reason for this is that dwellings with poor 
thermal insulation are expensive to heat, and 
occupants sometimes cannot fully afford that 
expense. The approach taken here shows that the 
occupants can adjust their behaviour after the retrofit, 

 
Figure 9 JEPlus+EA project set for optimisation purpose 

 
Figure 10 Optimisation results in JEPlus+EA 
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by increasing the set temperature in their home and 
reducing the amount of clothing, whilst spending less 
amount of energy. Ultimately, zero carbon 
performance can be achieved with the addition of 
renewable energy, as other prerequisites have been 
prepared by this analysis. 
The trajectory in (Figure 11) starts with a minimum 
intervention in point 1: 150mm wall and roof 
insulation TCosy system is added, whilst using the 
existing gas boiler, keeping the infiltration rate high, 
and without adding any PV. The room set 
temperature is as low as the calibration value of 16 
oC, and the clothing level is quite high at 1.4 clo. 
Carbon emissions are 2,565 kgCO2 per year and 
discomfort hours 2819 per year. 
Point 2 has an increased TCosy insulation level of 
200mm in the walls and roof, Passivhaus air tightness 
of 0.6 ACH, but still with the existing gas boiler and 
with no PV. Behavioural parameters show increased 
set temperature to 21 oC and reduced clothing level to 
0.8 clo. Carbon emissions are down to 2,024 kgCO2 
per year, and discomfort hours are reduced to 1912 
per year.  
Point 3 is characterised with 225mm TCosy 
insulation in walls and roof. The existing gas boiler is 
replaced with biomass heating, and the first stage of 
PV array has been added on the east side of the roof. 
The behavioural parameters are the same as in the 
previous case, with 21 oC set temperature and 
clothing level of 0.8 clo. Even with higher infiltration 
of 2 ACH in this particular case, the building is 

carbon negative, with -336 kgCO2 per year, while 
discomfort hours have been reduced further to 1854. 
The above trajectory is just one of the choices that 
design team will have to develop the retrofit. 
Exploration of the scatter plot in Figure 10 will give 
more options to for the trajectory than those shown in 
Figure 11. 
The ventilation system before the retrofit was 
through openable windows. Aftet the retrofit, this 
will be an MVHR system embedded within the 
prefabricated building envelope. It should be noted 
that the ventilation system was not explicitly 
modelled, but its contribution after the retrofit was 
taken into account through the design variable ‘air 
changes per hour’. 
Although discomfort hours in Figure 10 and Figure 
11 appear to be high, this is due to constant clothing 
levels kept throughout each annual simulation. 
Further significant improvements of thermal comfort 
can be achieved through the application of an 
adaptive clothing algorithm. This is based on a 
further development of a method initially reported by 
Huws and Jankovic (2013), which will be published 
elsewhere in due course. 

CONCLUSIONS 
The paper reported a holistic approach to retrofitting 
an existing building, as part of Innovate UK funded 
project. A detailed site survey using 3D laser 
scanning, thermal imaging and manual inspection 
and measurements have facilitated the development 
of a dynamic simulation model. A series of 

 

Figure 11 Plotting the trajectory to zero carbon 
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simulation tools were used to prepare the model for 
calibration and for design of retrofit using multi-
objective optimisation. The calibration identified a 
parameter set that is more than 99.6% accurate with 
reference to the actual energy consumption figures 
obtained from past annual energy bills. The design of 
retrofit involved a variation of technical parameters 
and behavioural parameters. The technical 
parameters considered were wall and roof insulation 
thickness, air tightness, fuel type, lighting power 
density, and two different sizes of a PV system. The 
behavioural parameters were room set temperature 
and clothing level.  
The optimisation was conducted with reference to 
two objective functions: thermal comfort and CO2 
emissions. The resultant scatter plot provides the 
design team with a decision-making tool, which 
enables a series of informed choices to be considered.  
As the project funding could not support the 
installation of a PV system, the results of this 
analysis ensure that a trajectory to zero carbon is 
established, and pre-requisites are fulfilled for the 
building to become zero carbon at a later stage. 
The optimisation results demonstrate opportunities 
for occupants’ change of behaviour, in terms of 
increased room set temperatures and a reduction of 
clothing levels. As the initial calibration identified 
low set temperature in the building as a starting 
point, potentially indicating a fuel poverty situation, 
the scope for behaviour change revealed by this 
analysis demonstrates a positive step towards better 
health conditions in the building. 
The process described in this paper is part of a wider 
RetrofitPlus approach, which will be scaled up 
through future work. 

NOMENCLATURE 
ACH,  air changes per hour; 
clo, unit of clothing resistance:  
 1 clo = 0.155 m2K/W; 
gbXML,  Green Building XML – a standard for 

sharing building properties between 
different building design and analysis 
tools; 

𝜀,  relative error;  

𝑀𝑉𝐻𝑅,  Mechanical Ventilation with Heat 
Recovery; 

𝑇𝐶𝑜𝑠𝑦,  an innovative approach to retrofitting 
pioneered by RetrofitPlus lead partner 
Beattie Passive. 
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ABSTRACT 

This paper investigates the benefits of applying 
building performance simulation throughout the 
design of new buildings and energy retrofit, with a 
major focus on low- and zero-carbon buildings. 
During the analysis, the state of the art on building 
simulation and the major drawbacks of the 
application of such advanced techniques are also 
highlighted, including a justification on why such 
tools are not commonly used in practice, especially 
when focusing on the first stages of building design. 
Eventually, the paper proposes a possible solution by 
introducing a fast response building performance 
simulation tool able to deliver dynamic energy 
simulation of buildings in limited time and with a 
limited number of inputs, nevertheless maintaining a 
reasonable level of accuracy. Although the tool itself 
is still a work in progress, the underlying simplified 
model and the input scheme have already been 
defined. Once complete, it is expected that such a 
tool could greatly help in the integration of advanced 
energy evaluation techniques in the design process of 
new buildings and feasibility analysis for building 
retrofits by greatly reducing time requirements and 
costs, while still being able to deliver useful results to 
the design process. Examples and case studies are 
presented to show the benefits obtainable by applying 
the tool compared to traditional more complex 
simulation tools. Hence, the main aim is not to 
present a software, but the method that enables the 
use of dynamic performance simulations in early 
stage building design. 

INTRODUCTION 
In recent years, zero carbon building (ZCB) has 
emerged as an innovative approach to reducing 
negative effects of CO2 emissions related to the 
building sector. Several countries have set regulatory 
targets for ZCB.  

Although the definition of ZCB could sometimes 
leave space for interpretation, it is commonly 
referenced as a building in which the carbon 
emissions generated from on-site or off-site fossil 
fuel use are balanced by the amount of on-site 
renewable energy production, also referred to Zero 
Energy Buildings (ZEB) or Net Zero Energy 
Buildings (NZEB). 

As those terms increasingly become of common use 
during daily practice in the building sector, an 
increasing number of such buildings are starting to 
rise as demonstration projects (Marszal et al., 2011). 

Meanwhile, national and international regulation are 
pushing for those concepts to become mandatory in 
an attempt to reach energy and emissions reduction 
targets (IEA, 2008; European Parliament, 2010; 
ASHRAE, 2008). Most relevant to the discussion is 
the recast of the European Performance of Buildings 
Directive (EPBD) requiring all new buildings to be 
“nearly zero energy” buildings (nZEB) by 2020, 
including existing buildings undergoing major 
renovations. 

As those regulations slowly comes into place and the 
building sector moves toward a more common 
definition and application of ZEB and nZEB 
concepts (Sartori et al., 2012), buildings will become 
more complex, pushing their performances to the 
limit both by reducing the energy needs of the 
envelope to the minimum and integrating innovative 
technologies for energy generation (Athienitis et al., 
2010). 

The necessity of optimising the performances of the 
building is leading to a change in the way buildings 
are designed, from a traditional multi-step design, to 
an integrated design (IDP), also known as whole 
building design (Attia et al., 2012). With this 
approach, every aspect of the design is handled 
concurrently and is considered interrelated, applying 
the concept of holism. Experts in different fields are 
therefore involved equally in the design of the 
building and both intuition and traditional tools are 
not sufficient anymore to achieve the required 
performances (AIA, 2012). 

At the base of a successful design process is the need 
from the design team to have all the required 
information available, and this becomes increasingly 
important when considering integrated design and the 
need to achieve high level of performances such as in 
ZCBs or nZEBs. When evaluating the energy 
performances of highly efficient buildings it is not 
possible anymore to evaluate the single components 
in isolation and traditional tools becomes inadequate, 
leading to the need for new advanced tools, such as 
the application of Building Performance Simulation 
(BPS). 
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Building performance simulations can help in 
reducing emission of greenhouse gasses and in 
providing substantial improvements in fuel 
consumption and comfort levels, by treating 
buildings and their thermal systems as complete 
optimised entities and not as the sum of a number of 
separately designed and optimised subsystems or 
components (Hensen et al., 2004). 

SIMULATION DURING DESIGN 
When working on simple and conventional buildings, 
there is often no need to rely on advanced analysis to 
guess the behaviour of the structure, and traditional 
methods and experience can provide enough 
information to the design process. Nonetheless, when 
moving toward less simple situations, where complex 
building physics or complex installations are 
involved, a proper design cannot be achieved without 
the help of simulations (Hensen et al., 1993). This 
becomes increasingly relevant when moving toward 
ZEBs and nZEBS. The nature of the aggressive goals 
of nZEBs requires the creation of energy models 
during early design phases (Utzinger et al., 2009). 
During the design process, a great number of 
decisions are taken based on various assessment 
criteria. It is self-evident that decisions taken at 
earlier stages of the design have bigger impact on 
building performances than measures taken during 
the later stages. This also helps the shift toward 
integrated design, with the idea of making decisions 
earlier in the design process, maximising the ability 
to influence the capabilities of the building while 
minimising the cost of design changes, as also shown 
by the “MacLeamy Curve” (Aziz Z., 2011). 
A more efficient use of Building Performance 
Simulations during the early design stage could be 
very beneficial for the end result of a project, 
providing useful information on the energy 
performances of the building to the design process 
from the first phases and allowing informed decisions 
to be taken to ensure the achievement of ZEB/nZEB 
standards (Ferrero et al., 2015). 
This could not only have a significant impact in term 
of architectural design of the building, but also in 
term of system design and sizing. Knowing energy 
needs, peak loads and thermal power curves of the 
building from the beginning stages of the design 
could greatly help the system engineers correctly 
identify the size of plants and optimize them based 
on the building’s foreseen performances. Not only 
this, but it can also help in correctly evaluating the 
evaluation of innovative low carbon technologies, 
such as CHP (combined heat and power) machines. 
Those technologies can have a significant impact on 
CO2 emissions, but need to be correctly studied and 
designed from the beginning of the project to 
properly work as expected during the operation of the 
building (Gelegenis et al., 2015). An example of this 
is shown later in the paper where the results of the 

tools are used to properly size a CHP machine based 
on the thermal demand of the building. 
Although BPS tools have great potential in helping 
the design process, they largely remain confined to 
be used as a verification tool and are yet to emerge in 
common industry practice (Attia et al., 2013). 
Many existing energy simulation tools for buildings 
are very sophisticated and promise a high level of 
accuracy (Witte et al., 2001), such as Energy Plus 
and DOE-2, however, despite the proliferation of 
many BPS tools in the last ten years, architects and 
designers are still finding difficult to integrate them 
in the design process. 
The two major obstacles to the wider implementation 
of BPS analysis during early stage building design 
and feasibility analysis can be identified in the lack 
of appropriate tools and the lack of resources (Attia 
et al., 2013; Ostergard et al., 2016). 
Those two aspects are strongly related as the lack of 
resources is represented by the lack of required time 
and expertise needed to perform a building energy 
simulation with the level of detail typically required 
by the available tools to ensure a useful result. The 
amount of available information to input in the model 
is also to be taken into account. The problem is 
therefore to reduce the resource requirement while at 
the same time ensure an adequate level of accuracy in 
the results of the analysis. 
Previous research efforts in this field can be roughly 
categorised in three different directions: 
simplification of the simulation code, defaulting of 
the input data or simplification of the description 
model (Picco, 2015). 
The here presented tool focuses on the application of 
a simplified description model to a complex 
simulation code, with a clever use of defaulting the 
input data through the development of specific user 
interfaces. 
Although other projects exist, working on tools with 
similar objectives, they normally focus on addressing 
specific issues and lack the kind of testing performed 
for the presented one. Following, Table I, is a non-
exhaustive list of the simulation tools taken into 
consideration by the authors to come to this 
conclusion. 
More sophisticated tools like EnergyPlus, Esp-R, 
TRNSYS or IES VE, although considered during the 
development of the research, are not included in this 
paper as considered too complex and outside of the 
range of application foreseen for the proposed tool. 
In addition, each of the tools considered, although 
validated in term of simulation code, is missing a 
validation of obtained results when simulating a 
complex building through the implementation of a 
simplified model. 
Additional details on each of the tools and 
conclusions derived by the authors on available tools 
can be found in previously published research (Picco, 
2014). 
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Table I 
List of simulation tools taken into account 

 

MIT Design 

Advisor 

 Focused on a specific aspect,  

 Limited on inputs,  

 Strong model hypotheses,  

 Partially validated 

ZEBO b1  Focused on a specific type of building, 

 Not web-based 

Opt-E Plus  Focused on optimization,  

 Not available to public,  

 High time requirements due to the 

number of simulations,  

 Not web-based 

H.E.N.K.  Limits in the simulation code,  

 Lack of information,  

 Not available to public,  

 Not web-based 
 

SIMPLIFIED SIMULATION TOOL 
To overtake the barriers that are currently preventing 
the diffuse application of building performance 
analysis during the first steps of the integrated 
building design process or feasibility study of 
renovations, the authors propose the use of a 
simplified simulation tool. Such tool is able to deliver 
dynamic simulation in a timeframe compatible with 
the needs of the design process while at the same 
time achieving an acceptable level of accuracy. 

Although parts of the tool are still currently under 
development, as subsequently discussed, the 
envisioned structure of such tool can be seen in 
Figure 1. The user will be able to input all the 
required information on the building through a web 
app from a generic internet enabled device. 

The data will be sent to a central server where a post 
processor will create the simulation model and 
perform the simulation without requiring the user to 
install any specific software locally. After this, the 
outputs of the simulation are post-processed to obtain 

meaningful results on the performance of the 
building and sent back to the user device. 

Finally, the results are visualised through the results 
interface of the web app on the user device. 

Based on this configuration, the final user will not 
need to licence any software or install and manage it 
on his device. Instead, he will gain access to the web 
interface and obtain the results as a service, in what 
could be considered as an automated consultancy 
delivery. Various business models behind the service 
are currently under discussion, although it is the 
intention of the authors to provide a basic service free 
of charge. 

The proposed simulation tool, currently in 
development, is based on the use of the well-known 
EnergyPlus simulation engine (Crawley et al., 2004; 
Henninger et al., 2010), as the use of a complex, 
versatile and strongly validated engine does not have 
a significant impact on the time requirements for the 
building energy analysis. This choice enables to 
focus on the other aspects of the simulation, knowing 
the continuous updating and improve in features of 
the engine. 

Not only this, but relying on an already existing 
calculation code will allow the final user to export 
the simulation model to EnergyPlus at any point if 
needed to extend the range of accessible features, if 
necessary. 

The focus of the work is instead addressed on 
reducing time and information requirement through 
the use of a simplified building description model, 
able to simulate the building performances starting 
from a limited number of inputs, all easily available 
in early stage design or in feasibility study, and 
requiring a limited amount of time to perform the 
analysis. 

Previously published papers by the authors (Picco et 
al., 2014) details the definition of the simplified 
description model through the implementation of a 

Figure 1: Structure of the final tool 

55



simplified protocol and the methodology applied to 
both the creation of the simplified model and the 
validation of its results. The protocol was developed 
in eight consecutive simplification steps talking each 
aspect of the model definition resulting in the 
simplified model implemented in the tool and is now 
complete.  

To further reduce the time required to perform the 
analysis, and enable professionals with limited 
expertise in the use of simulation software, the 
simplified tool also includes an automated model 
generator able to create the model and run the 
simulations starting only from a limited number of 
inputs on the most important characteristics of the 
building. This part of the tool is currently under 
development and testing and will enable performing 
energy simulation without the final user directly 
interacting with the EnergyPlus software and 
interfaces.  

Work is still undergoing on the design and definition 
of the user interface. Although the design is not yet 
finalised, the various inputs and how they will be 
presented to the user is already defined. 

The interface is separated in five different input 
groups defined as follow:  

 

 General Data: Contains information on location, 
orientation and end use of the building.  

o The location input is connected to a database of 
available weather files and geographic 
coordinates; 

o The orientation represent the rotation between the 
relative north of the building and the true north; 

o The end use selection characterises all parameters 
of the building related to internal gains, 
occupancy, and occupant behaviour and is 
selectable through a database of different typical 
end uses (e.g. Residential, hospital, office, etc.).  
 

 Geometric Data: Contains information related to 
the shape and size of the building, the user will be 
able to select from a number of different common 
floor shapes or a generic shape, tested and 
validated during the definition of the model, (the 
following discussion will focus on the generic 
shape option). 

o Number of above ground floors, to define the size 
of the building and placement of thermal zones in 
the model. 

o Dimensions of floorplans are required through the 
minimum number of input possible, for the 
generic shape, the length of the two fronts 
(north/south and east/west) are required. In 
addition, the floor area is required as, for a 
generic shape; it could be significantly different 
from the area obtained by multiplying the length 
of the two fronts. 

o The Underground floor fields define the presence 
of an underground floor and its eventual end use, 
as it could be different from the rest of the 
building, through a similar database selection to 
the one of the entire building. 
 

 Windows Data: contains all the information 
required to model the transparent surfaces. 
Horizontal windows are currently not 
implemented in the model. Window shadings are 
considered for future updates. 

o The Window Type determines the thermal and 
solar properties of the transparent surface. The 
Window type can be selected by a database 
including the various properties of each glass. 

o The Window surfaces field will determine the 
vertical area of each transparent surfaces for each 
cardinal direction. No additional information is 
currently required by the tool to correctly model 
windows. 
 

 Construction Data: In this group, the user inputs 
all the information related to the building 
materials and opaque surface thermal properties. 

o Construction type: A database of various 
construction types (e.g. masonry, timber frame, 
heavyweight concrete frame, etc.) complete with 
description and graphical aid for each entry, lets 
the user identify the right construction type, 
deciding the materials and structure of the 
building. 

o The Construction Transmittance fields lets the 
user further characterise the building by inputting 
the thermal transmittance value of each surface 
type. This information coupled with the previous 
selection will determine the characteristics of 
each construction by modifying the insulation 
thickness.  
 

 HVAC Data: This section contains basic 
information on the HVAC plant and how it is 
controlled. The system section is particularly 
simplified as the current focus of the tool is on the 
envelope, nonetheless future updates will 
consider including more system options. 

o System temperatures: The zone air temperatures 
controlled by the HVAC system for both heating 
and cooling, for both set points and setbacks, the 
exact schedule of both determined by the end use 
of the building. 

o Heat Recovery (HR) efficiency: Determines the 
presence of a heat recovery system and its 
efficiency. As heat recovery is assumed as a 
standard solution, the default value will set the 
HR as present, but can be deactivated by the user. 

 

For each required input, when appropriate, the tool 
will give a default value and a set of values inspired 
by good practice and current regulation will be given 
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through the interface to inform the user and guide 
him in the selection of the right value. Each input 
field will also have a graphical explanation of the 
input to guide the user in the implementation of a 
correct model. 

Similarly to the input interface, the output post-
processor and result interface is currently loosely 
implemented through the use of spreadsheets and still 
require a case-by-case user input to work, this part of 
the tool will be designed and finalised once the 
automatic model generator is complete, in parallel 
with the design of the input interface. 

Currently, the displayed results for the simulation are 
the thermal energy needs from the building, both in 
term of heating and cooling and displayed as 
monthly/annual total, hourly variation throughout the 
year, and thermal power curve for plant sizing. 
Electrical loads are also displayed for lightings and 
equipment. Mean Comfort charts can be displayed 
for the entire building, although it is still under 
discussion by the team if those results can be easily 
generalised for each possible simulated building with 
good level of accuracy. 

In its first version, the tool will be limited to 
describing the energy performances of the envelope, 
additional sections of the interface are already 
planned to include the integration of innovative 
HVAC systems, renewable energies and specific 
design solutions that can be simulated with the 
simplified model. 

CASE STUDIES AND RESULTS 

During the past years of research, the simplified 
description model has been applied to a series of case 
studies with successful results. Although, as the 
automated model generator and user interfaces are 
not yet finalised, the different steps of modelling and 
post processing of outputs have been performed 
directly by the user. 

First relevant case studies are the three different 
buildings modelled during the initial validation of the 
simplified description model. Those three case 
studies where developed during PhD work of the 
main author for the definition of the simplified model 
and helped in its validation. All three buildings have 
been modelled with a high level of detail and 
gradually simplified applying the simplification 
protocol previously cited in this paper to evaluate the 
differences in results. The final step of the protocol 
results in the creation of the simplified model that 
would be generated by the proposed tool. Both 
models, detailed and simplified, are implemented in 
the EnergyPlus simulation code, as will the tool 
proposed, therefore results of each of the simplified 
models is compared to an highly detailed and 
calibrated simulation performed in EnergyPlus with 
differences in energy needs of less than 5% 
compared to the monitored data. Comparisons with 

different simulation code have been performed, in 
both TRNSYS and Esp-R, to ensure results are 
unrelated to the simulation code used; giving positive 
results, but a detailed discussion of such result is 
outside the scope of the present paper. 

As a reference, Figure 2 shows a graphical 
comparison between the detailed and simplified 
model of the first case study (CS1). As mentioned 
previously, additional details on the simplified model 
and protocol can be found in previously published 
papers (Picco et al., 2014). 
 

 
Figure 2: Example of CS1 detailed and simplified 

models 

Table II and Table III below shows a summary of the 
results obtained by those three case studies, as shown 
differences in results between the simplified model 
used by the tool and a detailed model are always 
below an acceptable margin of 20%. This threshold, 
although not directly related, can be compared to the 
recommended acceptable value of mean bias error for 
detailed and calibrated simulation models as 
presented in the Measurement and Verification 
guidelines from DOE (DOE, 2008) equal to 10%. 
 

Table II 
Total energy needs difference on case studies 

 

  

Total Diff. [%] 

  

Heating Cooling 

 

Ideal -2.2 12.9 

CS1 Unitary  -12.8 -5.1 

 

VAV -15.6 -14.6 

 

Ideal -2.1 -1.0 

CS2 Unitary 11.0 -8.6 

 

Fancoil 10.0 -1.8 

 

Ideal -7.6 -7.9 

CS3 Unitary -10.4 -16.2 

 

Fancoil -15.3 -5.4 
 

Values are reported in term of % difference between 
the detailed and calibrated model and the simplified 
model that would be generated by the tool, to show 

57



the comparison of obtainable results. More 
information on this, including the results of each 
simulation in absolute values, can be found in 
previously published papers by the authors (Picco et 
al. 2015). As shown, all performed tests results in 
differences below the 20% threshold. 

Table III 
Peak loads difference on case studies 

 

  

Peak load diff. [%] 

  

Heating Cooling 

 

Ideal 4.4 9.9 

CS1 Unitary  -3.3 0.1 

 

VAV -3.7 9.8 

 

Ideal -13.9 6.5 

CS2 Unitary -2.6 2.2 

 

Fancoil -15.1 1.4 

 

Ideal 0.9 1.2 

CS3 Unitary -0.1 -0.1 

 

Fancoil -14.5 -0.5 
 

Following the initial validation, the simplified model 
was applied to a number of other buildings in the 
intent of evaluating their energy performances. When 
suitable, for validation and research purposes, those 
buildings have also been simulated using a detailed 
model to further compare the results. For each case 
the difference in results between detailed and 
simplified model on Energy needs and peak load 
outputs has always been under the aforementioned 
acceptable margin of 20%, further confirming the 
qualities of the proposed tool and its potential 
usefulness during the initial stages of the design 
process. 

Two examples of application of the proposed tool to 
answer specific questions are discussed below and 
illustrated with the help of figures. 
 

 
Figure 3: Example - Evaluation of window coating 

Figure 3 shows the results in term of thermal power 
curves of the application of the simplified model to a 
large multi-use building located in the Middle East. 

Focus of the analysis was to evaluate the usefulness 
of application of solar coating to the transparent 
surfaces of the building. The figure shows the heating 
and cooling demand of the building under two 
different assumptions: clear windows, SHGC of 0.86, 
and coated windows, SHGC of 0.20. 

Thanks to the use of the simplified model, the team 
was able to quickly estimate a reduction of 20% in 
the peak cooling demand and of 35% of the annual 
cooling needs. As expected heating loads for the 
building are negligible in both hypotheses. 

 

 
Figure 4: Example - Sizing of CHP machine 

Another example application of the simplified model 
can be seen in Figure 4; in this case the interest from 
the team was to obtain the thermal power curve for 
the heating loads of the building to evaluate the 
optimal size of a CHP machine for a financial 
feasibility analysis. Thanks to the use of the 
simplified model the results was obtained despite the 
limited resources and time available. Alternatively 
traditional methods of sizing would need to be used, 
limiting the quality of the end result. 
 

CONCLUSIONS 
Buildings are becoming increasingly complex while 
our society is moving toward a sustainable future, 
asking for always increasing energy performances 
and integration of new systems and renewable energy 
technology. Consequently, the design of such 
buildings is becoming an increasingly complex 
process, requiring different expertise and attention to 
the energy aspects. A commonly accepted solution to 
this problem is the move toward integrated design, 
with the idea of optimising the building by talking all 
of its aspects from the initial stages of design. 
Nonetheless, there is still a gap to cover in term of 
lack of tools and resources before being able to fully 
integrate analysis related to the energy performance 
of the building during early stage building design. 

This paper shows how it is possible to apply 
simplified simulation tools to perform building 
energy and performance simulation during early 
stage building design, significantly reducing the 
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resource need, in term of time and data, compared to 
the current use of dynamic energy simulations. 

This possibility comes, as expected, with a reduction 
in the accuracy of the simulation model, although as 
proved by previous research and validations, this 
reduction is limited and can be considered 
acceptable. During the initial stages of design, when 
uncertainty is still high, a 20% margin of error in the 
energy performance of building is still able to give 
useful information to the process to guide it toward 
the design of energy efficient buildings. 

This is particularly relevant considering the design 
and regulation shift toward ZEB and nZEB buildings, 
due to their increased performance and energy need 
reduction, pushing the design of those buildings to its 
limit and requiring the knowledge and investigation 
of such performance from the initial stages of design. 

Although the application of the simplified model 
already shows good results in this direction, further 
work is needed before a diffuse application, 
particularly for the completion of the automated 
model generator and user interfaces, currently in 
development and available in the near future. 
Additional development currently under 
consideration for a future stage of the tool is the 
integration of optimisation techniques, to 
automatically optimise the design of specific aspect 
of the building against different possible criteria. 
Nonetheless, it is the belief of the authors, the 
envisioned first version of the tool will prove 
extremely useful in the integration of energy aspects 
during the initial stages of building design as already 
confirmed by initial direct application of the 
simplified description model. 

NOMENCLATURE 

���,  Zero Carbon Buildings; 
���,  Zero Energy Buildings; 
����,  Net Zero Energy Buildings; 
����,  Nearly Zero Energy Buildings;   
����,  European Performance of Buildings 

Directive; 
���,  Integrated Design Process; 
���,  Building Performance Simulation; 
��,  Heat Recovery; 
����, Solar Heat Gain Coefficient 
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ABSTRACT 
This paper reports on a practical process that 
evaluates retrofit technology for zero carbon 
performance where calibration outcome is used to 
quantify uncertainty in building performance 
prediction before and after retrofit. 
This process is performed in two phases. The first 
phase is to develop and calibrate the model before 
retrofitting. This model is used to design the 
parameters for retrofit. Moreover, it identifies the 
most sensitive parameters, and whether or not they 
are physically observable. In the second phase, we 
update the model to include all retrofit improvements 
done to the property and perform further calibration 
since the model can incorporate further uncertainties 
caused by retrofit improvements. This allows us to 
understand if the calibrated model generated before 
retrofit still applies after retrofit. This paper seeks to 
discuss the development of the first phase of the 
process. The buildings under analysis are semi-
detached houses belonging to Birmingham City 
Council in the UK. 
Detailed monitored data, such as internal and 
external air temperature, solar radiation, gas and 
electricity consumption are used to calibrate the 
model before and after the retrofit. For calibration, 
we use K Nearest Neighbour (KNN) to conduct 
parameter sensitivity analysis with the aim to fine 
tune the model and establish one-to-ne relationship 
between the simulated and actual building 
performance. 
A case  study is  presented  where  the  annual  
electricity and gas consumption   predicted   by   
jEPlus+EA (uses EnergyPlus as core engine) was 
within 1% of the actual energy consumption of the 
buildings. This was achieved after three iterations 
over the base case model. 

INTRODUCTION 
In this study, Retrofit improvements are carried out 
by installing a TCosy envelope developed by our 
industrial partner in the retrofit project Beattie 
Passive, including windows and doors, integrated 
mechanical ventilation and heat recovery system, all 
to Passivhaus standard. TCosy provides deep retrofit 
frame solution creating a void from foundations to 

roof; encapsulating the existing roof and external 
brickwork (Beattie Passive, 2016). The void is 
subsequently injected with insulation to give a highly 
efficient building envelope with no thermal bridges, 
and it greatly enhances the U-value of the walls and 
roof. 
Until now, TCosy system developed by Beattie 
Passive has been based on an on-site ‘stick 

construction’ delivered over a period of 8+ weeks. 

The aim of this study is to facilitate transformation of 
the retrofit method from the on-site to off-site 
manufacturing. The off-site manufacturing will 
involve the manufacture and assembly of the panels, 
integrated MVHR system within the panels including 
couplings and dampeners. Passivhaus certified 
windows would also be fitted as integral part of the 
envelope. To design the retrofit using TCosy system, 
various parameter values need to be identified to 
allow the highest possible performance in terms of 
energy consumption and thermal comfort. These 
parameters include envelope depth and insulation 
type. Hence, dynamic simulation model is developed, 
using the drawings and specifications obtained from 
a detailed house survey, to be subsequently used for 
design of the retrofit. 
Whole building energy simulation tools are 
becoming an integral part of design and optimisation 
of buildings. Building simulation can compare 
various energy conservation measures, in the form of 
theoretical extensions or refinements to the input 
model, to reduce the consumption of energy in a 
building, as well as assessing various performance 
optimisation measures during operational stage.  
However, actual building performance varies from 
predicted building performance calculated via 
building simulation model. Disagreement between 
simulated and monitored energy consumption is a 
common issue in building simulation, and is known 
as a performance gap. Hence, model calibration is 
needed to close the gap between the model and actual 
building performance. 
Related work 
Despite the wide use of calibration, no universal and 
consensus calibration guidelines exist yet. According 
to (Monetti et al., 2015) Mean Bias Error (MBE) and 
the Coefficient of Variation of the Root Mean Square 
Error (Cv(RMSE)) are used for validating a 
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calibrated model by measuring the goodness-of-fit of 
the building energy model (ASHRAE, 2002). The 
authors of (Monetti et al., 2015) have reviewed a 
wide range of calibration methods, the study 
concluded that most applications still use trial-error 
approaches. Even though new applications of 
calibration are being performed, trial-error methods 
remain the most frequently employed. These are 
semi-manual approaches to model calibration, and 
they generally rely on manual pragmatic user 
intervention to ‘fine-tune’ individual parameters to 

achieve a calibrated solution. In order to improve the 
reproducibility, all previous calibrated models are 
stored in version control repository as supporting  
evidence to understand the assumptions made. 
However, trial-error methods can be time consuming, 
and require  detailed information about the existing 
building , which may not be available. Furthermore, 
entire calibration process  should be automated to 
ensure efficiency and consistency (Tahmasebi, 2012). 
However, automated approaches employ analytical 
tools or techniques to assist in the calibration process, 
while employing mathematical and statistical 
techniques to reach their goal. For example,  Monetti 
et al, (2015), performed calibration using EnergyPlus 
and GenOpt optimisation function to optimise 
influencing parameters and improve the 
correspondence to the measured values. The 
optimisation process terminated when a model with 
minimum performance gap was found.  All solutions 
resulted from the calibration process were post 
processed for evaluating the model accuracy, where 
the MBE and the Cv(RMSE) are used for this 
purpose. Further optimisation runs were performed 
while varying the model parameters at each run to 
find better results. However, Monetti et al (2015) do 
not fully explain the mechanism for varying the 
parameter values during calibration. 
Another calibration approach is based on the NSGA-
II algorithm Basurra et al. (2015)  and Jankovic and 
Basurra (2016). In a typical optimisation analysis, the 
usual aim is to search for the optimum performance 
points. However, when using NSGA-II for 
calibration, the aim is to locate the performance 
points of the simulation model that are the closest to 
the actual performance. These performance points are 
then used to find out the corresponding model 
parameters that result in the smallest performance 
gap. NSGA-II has a built in crowding distance 
function to estimate density of dominant solutions 
around the optimal solutions.  
Calibrating a model can be a complex task as the user 
has to decide which of the inputs must be changed in 
order to reduce the gap between measurements and 
predictions. According to Clarke (1993), three 
aspects have been identified to this issue. First, the 
input parameters that may be in error must be 
selected, or a deficiency in the simulation model 
should be removed.  Secondly, the process for 
adjusting the model parameters to minimise the 

performance gap should be automated. Finally, the 
expertise of the user is a significant factor in both 
cases. 
This issue has been addressed in this paper by using 
iterative and automatic calculation of parameter 
inputs for fine-tuning between predicted and actual 
building performance. We use KNN algorithm and 
density avoidance technique to determine appropriate 
values for the parameter set in order to minimise 
residuals. Parameter tuning is performed using 
sensitivity analysis for the following advantages 
described by Pannell (1997); 1- increase 
understanding of the relationship between input and 
output variables; 2-  model simplification – by fixing 
the inputs that have no effect on the output; 3- 
finding regions in the space of input factors for which 
the model output is either maximum or minimum or 
meets some optimum criterion. Another important 
objective of this paper is to present a simplified 
methodology to be used by professionals as well as 
by researchers, for the calibration of dynamic 
building energy models. 

METHODOLOGY 
𝑘-nearest neighbours’ algorithm (KNN) have been 

used in a wide range of research areas such as 
Computer vision, Data mining and Pattern 
recognition. KNN is a simple approach to find the 
most 𝑘  of the nearest neighbours of some instance in 
a dataset.   
KNN is non-parametric. This means that KNN works 
without presumption of the primary data distribution. 
Thus, the simulation requires no post-training on the 
dataset. This is useful for calibration in building 
simulation as it is widely accepted that predicted 
energy consumption differ from metered energy 
consumption. There are various reasons for this 
deviation in performance, for example, the effect of 
thermal bridging, degradation of building materials, 
airtightness and occupancy behaviour.  In this study, 
we use the method proposed by Basurra et al. (2015), 
which uses KNN with density avoidance method for 
model calibration. However, we perform sensitivity 
analysis with multiple iterations of calibration for 
model simplification, and to achieve minimal 
performance gap.    
KNN is used for classification by locating the nearest 
neighbour in instance space and labelling the 
unknown instance with the same class label as that of 
the located known neighbour. A popular approach for 
classification process in KNN is to use nearest 
neighbours by calculating inverse distance and 
majority voting. This allows neighbours at K > 1 to 
decide the class labelling. One way to implement this 
is to use the Euclidean function, which calculates the 
distance between two points in the solution space. 
That is given 𝑥 = (𝑥1 , … , 𝑥𝑛 )  and  𝑦 = (𝑦1 , … , 𝑦𝑛 ), 
the distance is calculated as 

𝑑𝐸(𝑥, 𝑦) = √∑ (𝑥𝑛 − 𝑦𝑛)2𝑁
𝑛=1 . (1) 
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The algorithm function 
 𝑘 is the number of nearest neighbours in the solution 
space 𝑆: = (𝑝1 , . . . , 𝑝𝑛) where 𝑝𝑛 is the solution 
sample in the form 𝑝1 =  (𝑥𝑖 , 𝑐𝑖), where  𝑥𝑖 solution 
entry with all parameter values of the point 𝑝𝑖 . 𝑐𝑖 is 
the class that 𝑝𝑖  belongs to (see Figure 1). 
 Start: 

 For each   𝒑′ = (𝒙′ , 𝒄′ )  

 Calculate the distanced 

𝒅(𝒙′, 𝒙𝒊) between 𝒑′ and all 𝒑𝒊 belonging to 𝑺 

 Re-organise all 𝒑𝒊 in accordance to their 

distance  

 Select the first 𝒌 points from the sorted list, 

those are the 𝒌 closest training samples to 𝒑′ 

 Allocate a class to 𝒑′ based on majority 

vote: 𝒄′ = 𝒂𝒓𝒈𝒎𝒂𝒙𝒚∑(𝒙𝒊, 𝒄𝒊) belonging to 

𝑺,  𝑰(𝒚 = 𝒄𝒊). For  𝒑𝒊, where 𝒊 1,2, .. number 

of pints in 𝒄𝒊 

 End:  

 
Figure 1: KNN algorithm steps 

The selection of 𝑘 is critical. This is because a small 
value of 𝑘  means that the results will be increasingly 
influenced by noise. However, a large value of 𝑘 can 
make it computationally expensive, but also defeats 
the concept behind the KNN that solution ‘points’ 

that are near are likely to have similar 
densities/classes. One simple approach suggested by 
Richard et al. (2000) is to set 𝑘  as 𝑘 = √𝑛  where 𝑛 
is the total number of points in the solution space.  
For the purpose of calibration of building models, 
KNN is used to identify neighbour solutions scattered 
around a reference point, hence covering all regions 
in the solution space. This allows identifying all 
possible parameter values responsible for generating 
close by solutions to the reference point. However, if 
the reference point is located nearby a highly densely 
populated area of solutions, the KNN will blindly 
select all those solutions even if some/all contain the 
same parameter values, hence, density estimation 
techniques are used to overcome this challenge. For 
example, Parzen-window classification (Richard et 
al, 2000)  is a technique for nonparametric density 
estimation. It estimates a probability density function 
p(x) for a specific point p(x) from a sample p(xn) that 
doesn’t require any knowledge or assumption about 
the underlying distribution. To estimate density with 
Parzen-window at a point x, a circle is placed at the 
centre of x and keep increasing its size until 
𝑘  neighbours are captured. The density estimation 
uses the following formulae: 

𝑝(𝑥) =  
𝑘/𝑛

𝑎
 (2) 

In the formula above, n is the total  solutions, and a is 
the area of the circle. The numerator is constant and 
the density is influenced by its value. Unlike KNN 
which selects the k nearest neighbours and labelling 
them with the weighted majority of its neighbours’ 

votes, Parzen-window assign the solutions weight by 
means of the density function.  

We use similar technique to density estimation in 
KNN and Parzen-window, but instead of using 
density to classify neighbours, we use density 
calculation to select a fewer neighbours located in 
high-density areas in the solution space. Hence, using 
the KNN with the aid of density avoidance the 
algorithm will include other nearby solutions 
positioned in sparse areas, which may include 
different parameter values that could match closely 
with the actual building behaviour. 

Density avoidance for KNN 
In Basurra et al., (2015) we proposed a density 
avoidance algorithm, which has been tested in 
various scenarios for the purpose of model 
calibration. Our proposed density avoidance 
algorithm is briefly explained below.  
Starting from a close by solution from the reference 
point, each solution will form a circular region with a 
constant radius R to capture all surrounding nodes in 
the solution space. For example, let us consider a 
solution X of N solutions in a dataset. X will perform 
the density estimation and calculate the density using 
Equation (2). 
If density is above a threshold, the node closest to X 
(not the reference point), will be tagged as high-
density node (HD). The whole process repeats again, 
and X becomes the second closest node to the 
reference point. In subsequent iterations, HD nodes 
are not selected to perform the density calculation, 
and will not be considered in the density check if 
they fall within the range within a circle area of 
another valid low-density node. Following these 
rules, all nodes in the solution space will be tagged as 
either HD or none.  
Then we implement the KNN algorithm that selects 
the closest 𝑘  neighbours, but also selects only those 
that are not HD solutions. This was successfully 
implemented, and algorithm pseudocode describing 
the steps is shown in Figure 2. 

 
Figure 2: Pseudocode describing the steps of the density 

avoidance algorithm. 

 PROGRAM DensityExclusionAlgorithm: 

 Using KNN, CALCULATE distances to all 𝑁 solutions from 
Reference Point. 

 Store the 𝑵 neighbours with their distances in a list 𝑳 

 Sort list 𝑳 in a ascendant order putting least distant solutions at 
the top of 𝑳. 

 LOOP through 𝑳 starting from the top, and select 𝑿 solution 

 𝑿 Identify nearby neighbours from  𝑁   using a predefined radius 
𝑹, and store them in a new list 𝑳2. 

 𝑿 calculates density 𝑳2 

 If (𝐷𝑒𝑛𝑠𝑖𝑡𝑦 > 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 && 𝑁 ≠ 𝐻𝐷) 

 THEN from 𝑳2, set “HD” to Neighbour closest to X 

 ELSE DO NOTHING; 

 ENDLOOP 

 CALCULATE neighbours of Reference Point with K number of 
neighbours. 

 End  
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pre-calibration procedureTo test this new approach, 
Birmingham City Council provided two semi-
detached properties for the field trials, and these two 
properties will be referred as A and B. Detailed 
survey of the properties was carried out to establish 
construction types and dimensions, and to create 
CAD drawings. 3D laser scanning was carried out on 
the external surface of the properties to facilitate off-
site measurements and identify any obstacles that 
might affect retrofit such as drainpipes, security 
lights etc. (See Figure 3). 
Dynamic simulation model was developed, using the 
drawings and specifications obtained from the 
survey, to be subsequently used for design of the 
retrofit (See Figure 4). Hence, calibration is essential 
at this stage to ensure that building thermal 
performance is represented accurately. During the 
calibration process, the input values of the model 
parameters are varied and tested, with the aim to 
fine-tune the model performance, until the simulated 
model matches the performance of the actual 
building.  
Table 1 below shows the parameters used to calibrate 
the model. Variations of significant design 
parameters were identified during the detailed survey 
to represent uncertainties in the model, but also as 
critical inputs that exert significant influence on the 
model’s output. Through the iterative calibration 
stages, design parameters were repeatedly adjusted to 
determine optimum configuration, tuning the model 
to run with a realistic range of operating conditions. 
These input variables shown in Table 1 identified 
3840 solution combinations. 

 
Figure 3: Point cloud of the filed trial properties A and B. 

From the survey conducted on the properties A and 
B, however, to simplify the calibration process, we 
used house A model for simulation while treating 
house B as adjacent building (See Figure 4). Energy 

bills show that house A annual consumption was 
9108000 kJ of electricity and 43842600 kJ of gas 
over 2015-2016. We used these results to form a 
reference point in the solution space.  

 
Figure 4: Model was constructed in IES (IES, 2016) and 

was later exported in .idf format to run on JEPlus-EA 

The calibration process for this case study was 
performed in three iterative refinement stages. The 
aim of each stage was to calibrate the model further 
in order to establish a nearly one-to-one relationship 
between the simulated and actual data.  

RESULTS 
1st stage of calibration  
For optimisation during 1st stage of calibration, KNN 
with density avoidance algorithm was implemented 
on the optimisation output of this stage as shown in 
Figure 5 and its zoomed-in version Figure 6. Table 2 
shows the calibrated design variables. Each row 
representing a combination of parameter values was 
identified by KNN as  neighbouring solutions shown 
as red dots in Figures 5 and 6. The solution rows in 
Table 2 are organised by distance from the reference 
point shown as a blue diagonal  cross  in  the  
solution  space. Hence, the first row consists of the 
design variables of the best calibrated model that was 
identified during the 1st stages of calibration. 
After performing sensitivity analysis, it is apparent 
that the parameter Air Changes Per Hour has the 
same value 3.0 (ac/h) in all design solutions, hence it 
was flagged as the least sensitive parameter of this 
calibration stage. To simplify the model, this 
parameter was fixed at 3.0 (ac/h) as it has no effect 
on the outputs. This not only helped in fine-tuning 
the model, but it also minimised the number of jobs 
required to complete the simulation and optimisation 
in the 2nd  calibration stage. This is because KNN 
eliminated all values (1.0, 3.0, 5.0, 7.0, 9.0) used for 
the 1st collaboration stage, which existed in solutions 
positioned far away from the reference point, shown 
as grey dots in Figure 5 and 6. 

 
Table 1: Optimisation / parametric analysis settings used for the building model during 1st stage of calibration 

 
Parameter Value for each step  Parameter Value for each step 

Lighting density (W/m2) 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 Set Temperature Other Areas (°C) 15, 16, 17, 18 
Misc. Electrical Heat Gains 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 

9.0, 10. 
Air Changes Per Hour 1.0, 3.0, 5.0, 7.0, 9.0 

Set Temperature Lounge °C 16, 17, 18, 19 Total number of Jobs 3840 

A 
 

B 

A 
 

B 
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Table 2: Detailed parametric settings of the K neighbour solutions, displayed in Red in Figures 5 and 6, which were 

generated from the 1st stage of calibration process. Table rows are sorted in ascending order by the distance from the 
reference point. 

 
Lighting 
Power 
Density 
 

Misc. 
Electrical 
Heat 
Gains 

Set 
Temperature 
Lounge (°C) 

Set 
Temperature 
Other Areas 
(°C) 

Air 
Changes 
Per Hour 

Electricity 
consumption 

Gas 
consumption 

6 7 17 18 3 -2.137868711 1.089426651 
3 9 19 18 3 2.794348539 -2.940217932 
4 9 17 18 3 -4.442053223 1.679406742 
5 7 18 18 3 5.098533052 -1.459878745 
3 10 19 18 3 -5.59414548 -1.816311971 
5 7 19 17 3 5.098533052 5.301777868 
6 7 18 17 3 -2.137868711 8.207465069 

 
2nd stage of calibration 
In the second stage of calibration we re-run the same 
model with JEPlus+EA, while fixing the insensitive 
parameter Air Changes Per Hour at 3.0 ac/h. In 
Table 2, it is clear that the outcome design value 
range for Lighting Density, Electrical Heat Gains, 
Set Temperature Lounge and Set Temperature Other 
Areas are considerably smaller than the original set 
of values used in the 1st  stage of calibration. These 
parameters vary in their sensitivities as they consist 
of an average of four distinct values as shown in 
Table 2, but clearly the second worst parameter in 
terms of sensitivity is the parameter Set Temperature 
Other Areas. As it consists of only two values, 17 
and 18, these were fixed in the 3rd stage of 
calibration. In the previous study Basurra et al. 
(2015), we used the maximum and minimum output 
value for each sensitive parameter to break the range 
further into smaller steps to be used as inputs for 
subsequent simulations. This is to bring the 
simulation model closer to the reference point. 
This approach is not ideal in this case study as the 
difference between the minimum and maximum 

values was considerable for some parameters. To 
resolve this issue, we had to deal with each output 
value separately. For example, if the range is (𝑥0, 𝑥1,
𝑥2, … 𝑥n), for 𝑥n two new input values  ′𝑥1 and ″𝑥1 
were generated to surround 𝑥1 in the new input 
range. Hence the new input range to be used for the 
subsequent calibration was (𝑥0, ′𝑥1,  𝑥1, ″𝑥1, 𝑥2, … ). 
The following two equations were used to calculate 
′𝑥1 and ″𝑥1; 
 

′𝑥1 = (
𝑥n − 𝑥n−1

2
) + 𝑥n … , 𝑥n−1 < ′𝑥n < 𝑥n             (2) 

″𝑥1 = (
𝑥n+1 − 𝑥n

2
) + 𝑥n … , 𝑥n < ″𝑥n < 𝑥n+1            (3) 

let us consider the value of 4 in the parameter range 
of Lighting Power Density in Table 2. Since the 
difference between 4 and the next and previous 
values  in the range equals to 1, using the equations 
above, the new input values to be used for fine tuning 
in 2nd  stage of calibration were 3.5, 4, 4.5. These are 
shown in Table 3. Note, the total number of 
simulation jobs required for 2nd stage of calibration is 
672, which is considerably smaller than 3840 jobs 
executed during the 1st stage of calibration.

  

Figure 6: Zoomed-in version of Figure 5. KNN in 
operation while using the density avoidance algorithm 

on the output of the 1st stage calibration  

 

Figure 5: KNN in operation while using the density 
avoidance algorithm on the output of the 1st stage 

calibration  
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Table 3: Optimisation / parametric analysis settings used for the building model during 2nd stage of calibration 

Parameter Value for each step  Parameter Value for each step 
Lighting 

density(W/m2) 
3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5 Set Temperature Other Areas (°C) 17, 18 

Misc. Electrical Heat 
Gains 

6.5, 7.0, 7.5, 8.5, 9.0, 9.5 Air Changes Per Hour 3.0 

Set Temperature 
Lounge (°C) 

15.5, 16, 16.5, 17, 17.5, 19, 19.5 Total number of Jobs 672 

 

 
 

 

 

Table 4: Detailed parametric settings of the K neighbour solutions, displayed in Red in Figures 7 and 8, which were 
generated from the 2nd stage of calibration process. Table rows are sorted in ascending order by the distance from the 

reference point. 

 
Lighting 
density 
 

Misc. 
Electrical 
Heat 
Gains 

Set 
Temperature 
Lounge (°C) 

Set 
Temperature 
Other Areas 
(°C) 

Air 
Changes 
Per Hour 

Electricity 
consumption 

Gas 
consumption 

4 8.5 17.5 18 3 -0.247806214 0.297004736 
5 7.5 17.5 18 3 0.904286042 -0.00108236 
5 7.5 17 18 3 0.904286042 0.839523666 
5.5 7 17.5 18 3 1.48033217 -0.151131264 
5.5 7 17 18 3 1.48033217 0.690602897 
6.5 6.5 17 18 3 -1.561822583 0.940296697 
5 7.5 16.5 18 3 0.904286042 1.618843338 

3rd  stage calibration 
From the output of the 2nd stage of calibration, it is 
clear that the solutions shown in the Figure 7 and 8 
are closer to the reference point than the design 
solutions resulted from the 1st stage of calibration. 
Also, the value range for each parameter is smaller. 
Note that the parameter Set Temperature Other Areas 
shown in Table 4 has now one value fixed value of 
18. By fixing Set Temperature Other Areas and Air 
Changes Per Hour at the values 3 and 18 
respectively, and by breaking the values of the 
remaining parameters into smaller steps as performed 
in the 2nd stage of calibration using Equations 2 and 
3, we can perform the 3rd stage of calibration using 
only 360 simulation jobs. All parameter input values 
are included in the Table 5. 

After applying KNN and density avoidance 
algorithm to the output shown in Figures 9 and 10, it 
is apparent that all neighbour solutions are much 
closer than before in comparison to pervious stages 
of calibration. Now, all neighbouring solutions 
shown in Table 6 have the uncertainty rate of less 
than 1%  and the best solution so far is 0.12 % for 
electricity consumption and 0.1% for gas 
consumption. Hence, the single-row table below is 
the best model to represent the actual building 
behaviour consists of the corresponding parameter 
values. Further calibrations can be performed to 
achieve even closer results if desirable. 

 
 
Lighting 
density 
 

Misc. 
Electrical 
Heat 
Gains 

Set 
Temperature 
Lounge (°C) 

Set 
Temperature 
Other Areas 
(°C) 

Air 
Changes 
Per 
Hour 

6.3 6.5 17.5 18 3 

Figure 7: KNN in operation while using the density 
avoidance algorithm on the output of the 2nd stage 

calibration  

Figure 8: Zoomed-in version of Figure 7. KNN in 
operation while using the density avoidance algorithm 

on the output of the 2nd stage calibration  
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Table 5: Optimisation / parametric analysis settings used for the building model during 3rd stage of calibration 
 

Parameter Value for each step  Parameter Value for each 
step 

Lighting density(W/m2) 3.8,4.0,4.5,5.0, 5.3, 5.8, 6.0, 6.3 Set Temperature Other Areas 
(°C) 

18 

Misc. Electrical Heat 
Gains 

6.25, 6.5, 6.8, 7.25, 7.5, 7.8, 8.25 
8.5, 8.8 

Air Changes Per Hour 3 

Set Temperature 
Lounge (°C) 

16.8, 17, 17.25, 17.5, 17.8 Total number of Jobs 360 

 

 
 
 
 

 
Table 6: Detailed parametric settings of the K neighbour solutions, displayed in Red in Figures 9 and 10, which were 
generated from the 3rd stage of calibration process. Table rows are sorted in ascending order by the distance from the 

reference point. 
 
lighting 
density 
 

Misc. 
Electrical 
Heat 
Gains 

Set 
Temperature 
Lounge (°C) 

Set 
Temperature 
Other Areas 
(°C) 

Air 
Changes 
Per Hour 

Electricity 
consumption 

Gas 
consumption 

6.3 6.5 17.5 18 3 -0.11454223 -0.060317236 
4 8.5 17.8 18 3 -0.247806214 -0.234343735 
6.3 6.5 17.25 18 3 -0.11454223 0.368165171 
4 8.5 17.5 18 3 -0.247806214 0.297004736 
6 6.8 17.5 18 3 -0.460169907 0.030155561 
6.3 6.5 17.8 18 3 -0.11454223 -0.592944361 
6 6.8 17.25 18 3 -0.460169907 0.458149188 

 
DISCUSSION 
We compared the use of KNN and sensitivity 
analysis approach with NSGA-II algorithm with the 
built in crowding distance function discussed above 
and presented in the study by Basurra et al. (2015)  
and Jankovic and Basurra (2016). It was concluded 
that NSGA-II is easier to use and require less time to 
generate the results. This is because KNN requires 
post processing, and if further calibration refinement 
is required, more optimisation iterations should be 
carried out. However, KNN with the density 
avoidance technique outperforms NSGA-II as it 
identifies neighbour solutions that are close to the 
reference point, as well as considering those 

solutions that scattered evenly in the solution space 
while covering different regions on the graph. 
Another advantage of using KNN when combined 
with sensitivity analysis is that it helps identifying 
most and least influential parameters. Hence, when 
the former are fixed and the latter are broken further 
into smaller steps to be used as input values for 
subsequent simulations, the solutions becomes 
considerably closer to the reference point.  
To prove our concept, we used NSGA-II to calibrate 
the same model and the same parameter range used at 
1st stage of calibration shown in Table 1 (Jankovic 
and Basurra, 2016). The best result generated from 
running optimisation was 0.17% of uncertainty for 
electricity consumption and 0.33% for gas 

Figure 9: KNN in operation while using the density 
avoidance algorithm on the output of the 3rd  stage 

calibration. 

Figure 10: Zoomed-in version of Figure 9. KNN in 
operation while using the density avoidance algorithm on 

the output of the 3rd stage  calibration. process 
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consumption. That is slightly lower in accuracy than 
the best calibrated design solution obtained from this 
study. To lower the model uncertainty in NSGA-II, 
trial-error method should be performed, which 
hugely depends on user’s assumptions and 
experience. Even then, some design solutions are 
likely to be missed, as NSGA-II provides solutions 
that only exist in the positive quadrant of the solution 
space.  

CONCLUSIONS AND FUTURE WORK 
As simulation tools become more widely  used  as   
the  basis  of  future  design  tools  for new built and 
retrofit, the  need  for calibration methodologies will 
grow (Van  de  Perre  et  al  1991). Such 
methodologies ensure that, at least in a limited 
number of cases, there are acceptable candidates to 
provide reasonable prediction of energy performance 
of existing buildings. Various studies suggest that 
calibration is still largely performed on the bases of 
trial-error approaches, which depends on user’s 

assumptions and experience. Even for an experienced 
modeller, trial-error approaches could be labour 
intensive and time consuming. Hence, the use of 
automated methods allow experts and non experts to 
perform calibration effectively by preventing the 
manual tuning of each parameter, but also swiftly 
speeding the time required for calibration. 
A case  study  is  presented  in this paper where  the  
annual  electricity and gas  consumption   predicted   
by the use of KNN and sensitivity analysis, using 
JEPLus+EA, running EnergyPlus as its simulation 
engine,  was lower by less than 1% than the actual 
value. The calibration was obtained after three 
iterations over the base model.  The building  under  
the consideration  was a semi detached house 
belonging to Birmingham City Council. Using the 
identified calibrated design solutions with the least 
error ratio, we can predict with some certainty the 
optimal thickness of the retrofit envelope in terms of 
thermal comfort, energy consumption and retrofit 
cost. This has been studied in more depth by 
Jankovic and Basurra (2016). In the second phase, 
and when the actual retrofit is completed, we will 
update the calibrated model to include all retrofit 
improvements in the property and perform further 
calibration to incorporate further uncertainties caused 
by retrofit improvements. This will allow us to 
understand if the calibrated model generated before 
retrofit still applies after retrofit. 
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ABSTRACT 
  
This study discusses a proposal for a 37 m² refugee 
earth shelter that could be built with the help of seven 
people in 11 working days. The study is an 
experimental, participatory, living lab methodology 
for creating an eco-cycle shelter. The building’s 
skeleton is made from a minus carbon earth mix and is 
equipped with renewables that produce more energy 
than what the building consumes. No waste is 
generated during the building’s construction, operation 
and after end of life, and passive concepts for heating, 
cooling and daylight are used. The beneficiaries of this 
design include not only refugees but also the majority 
of the world’s urban poor. 

INTRODUCTION 
Wars and conflicts are two of the most important 
phenomena, amongst others such as natural disasters, 
that force people to leave their homes, and which 
consequently create an urgent need for temporary 
shelters. The public and private sectors in host 
countries are struggling to offer emergency relief, 
shelter and services. Tensions and conflicts have risen 
in refugee camps as the problem of how to integrate 
refugees or find them adequate accommodation has 
become more acute. Moreover, constructing new 
housing projects is not only economically burdensome, 
but also requires a great deal of time. Emergency 
shelter tents are the most common form of temporary 
shelter, yet they are generally expensive to make, do 
not offer adequate indoor thermal comfort and 
deteriorate quickly (Obyn et al., 2015). Recently, 
several ideas have been proposed as quick fix solutions 
to this problem, such as IKEA prefabricated models 
that are more cost efficient and quicker to erect, but do 
not fulfil necessary social needs. In Germany, one of 
the local municipalities designed a semi-permanent 
house made from natural wood that is fully equipped 
with essential features. However, three prototypes cost 
a total of €77,000. There is an evident need for 
sustainable, quick and economic shelters, yet  acts on 
the temporality state for a rescue shelter (Dabaieh and 
Borham, 2015). 

 

This study discusses an experimental living lab test for 
addressing the problems of refugee shelters by 
designing and building a 37 m² earth shelter. This 
shelter could be built with the help of seven people in 
11 working days. This formula was calculated based 
on the needs of four family members (two adults and 
two children), workers’ productivity per hour and 
outdoor weather limitations. This shelter house was 
designed through the application of the eco-cycle 
home concept, which is equipped with necessary 
everyday features. The building’s main skeleton is 
made from an earth mix that is designed to be minus 
carbon. The design of the building intends to eliminate 
the energy demands for heating, cooling to act beyond 
the current passive buildings standards.  The house is 
energy self-sufficient and is equipped with renewable 
energy sources. It is calculated to produce more energy 
than it consumes and transport the excess back to the 
grid for later use in case there is a deficiency in energy 
production.  

What is novel about this proposal is the combination of 
minus carbon and plus energy strategies that have not 
been incorporated, up until now, in a physical 
prototype. In addition, this shelter boasts a quick 
building process with almost zero carbon footprint and 
no environmental impact after demolition. This project 
is considered to be a self-help yet regulated earth 
shelter for refugees, applying environmentally friendly 
and zero impact construction methods. Above all, the 
project is considered post-conflict re-construction and 
re-building training for refugees, focusing on social 
and environmental rehabilitation. Refugees will be the 
ones building their shelters, which will reduce labour 
cost and at the same time equip refugees with the 
knowledge and experience to rebuild their homes in 
their native countries. As an ongoing project, this study 
will discuss the design phase, verified by building 
energy simulation. The following phases will be 
explained as a continuation of the project.   

METHODOLOGY 
This project is a type of transdisciplinary action 
research, which uses experimental and participatory 
living lab methods for a proof of concept. This 
research comprises six main phases. This paper will 
discuss the first phase and part of the second phase - 
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as these are the only steps that have been completed 
thus far. Phase one was the shelter design proposal for 
a passive and low-tech prototype. This phase included 
design rectification based on in-depth interviews with 
50 random refugees in five hosting countries; Egypt, 
Jordan, Lebanon, Germany and Sweden. These 
interviews were conducted in order to inquire about 
the refugees’ needs, the challenges they face and their 
future aspirations. Phase two consists of modelling 
and building the simulation to calculate energy 
consumption, CO₂ emissions and energy power 
generation. In this phase, the researcher intend to 
complete a further cradle to cradle life cycle 
assessment (LCA) and create an inventory for the 
building materials used as well as assessing life cycle 
costing (LCC). DesignBuilder is used as a simulation 
tool for testing the efficiency of the proposed passive 
solutions in phase one, in addition to energy 
efficiency together with embodied energy and CO₂. A 
more detailed LCC using specialised tools, such as 
Simapro, will follow in this phase. Phase three: Soil 
analysis for the site digging.  Different soil mixes will 
be tested to reach a minus carbon outcome. The 
suggested earth techniques are rammed earth and cast 
earth. Also physical laboratory tests for building 
materials properties that will be used in walls, roof 
and foundation (e.g.; compression, tension, fire 
resistivity, water resistance, etc.). In this phase, 
calculations and tests for thermal conductivity and U 
values for each building component are essential to 
inform the expected thermal behaviour of the 
building. Phase four will be the building and 
construction stage, whereby a physical model - proof 
of concept - will be constructed with the help of seven 
refugees over 11 working days. Phase five will consist 
of energy monitoring and thermal performance 
evaluation in order to assess the gaps between the as 
designed, as simulated and the as built using data 
loggers and energy meters. Phase six will entail post-
occupancy evaluation to assess users’ satisfaction 

throughout the experimental occupancy period. 
 
The prototype will be tested in a hot dry climate, 
specifically Ismailia city in Egypt. The methodology 
can be repeated in other climates by adjusting the 
design. As this is an ongoing project, the first two 
phases of the methodology will be discussed in this 
paper. The outcome of the two phases informed the 
preparation for the physical building of the house 
prototype. 
 
THE MINUS CARBON STRATEGIES  

The key idea of this eco-cycle shelter is to reach a net 
minus carbon emission and plus energy generation 
during material extraction, building construction, 
operation and after end of life.  The main skeleton of 

the building is made from earth taken from the site. 
Earth constructions are not only an environmentally 
friendly, but they also represent a return to nature 
after the building end of life or demolition. It is a 
known fact that earth gives off no harmful emissions, 
and it can be used again as soil or for rebuilding 
another house because there are no chemicals or 
industrial materials involved (Snell and Callahan, 
2009). This is why earth suits temporary shelters, as 
its environmental advantages are the main 
components in the net minus carbon equation.  
Rammed earth and cast earth will be used, which 
according to King (1996) can last for 90 plus years if 
properly built. This choice will be based on the nature 
and properties of the soil, so that no additives will be 
imported from outside the building site, except lime. 
The main wall skeleton is an earth mix recipe that is 
rich in lime and treated with rice straw available from 
surrounding farms. The straw is a natural fibre used 
to enhance the earth mix’s tensile strength. Both 
materials are agents for absorbing CO₂. The straw, as 
a plant, absorbs CO₂ during its growth process and 
continues when mixed with wet clay, as it 
decomposes partially into cellulose which acts as a 
binding agent. Lime takes in CO₂ during treatment 
throughout construction process and building 
operation with the increase in the indoor air humidity. 
For this reason, the lime and straw are the two 
components used in the earth mix that act as minus 
carbon agents in the building process.   
The green wall will be used on the western façade as 
shown in figure (6). This will act as a carbon offset 
strategy, especially during daytime. In addition, it will 
serve as a source of food and income, as inhabitants 
can sell the extra products or exchange crops with 
neighbouring houses. A further benefit of the green 
wall is the reduction of heat gain, which will reduce 
the cooling loads. Some plants, like aloe vera and 
snake plant, will be used because they emit O₂ during 
the night. Acacia wood will also be utilised, as it is an 
available local wood and must be cut anyway to help 
the growth of a new tree. As such, this project will not 
affect the ecological balance and will equalize the net 
carbon footprint of the building. In addition, extra 
trees will be planted as another carbon offset 
alternative. Table (1) shows the thermal properties of 
the clay mix. The embodied energy and carbon are 
calculated mainly for the digging, lime production 
and other activities like the manufacturing and the 
transportation of rammed earth and cast earth form 
work and tools. The net minus carbon will be 
calculated during the building operation after utilising 
the carbon offset strategies. 
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Table (1) Thermal properties, embodied energy and 

carbon for rammed earth and cast earth. 

PLUS ENERGY PRODUCTION 
APPROACH 

The house is designed to be energy self-sufficient and 
to produce an electricity surplus. Ismailia is a location 
with great potential for solar and wind power, as 
shown in figure (1). Rooftop PV and domestic wind 
turbine systems are proposed as an alternative. Home 
solar PV panels will be used during the day when 
there is an abundance of sun rays, while domestic 
home wind turbines will be used during autumn and 
winter as well as during summer nights. No batteries 
for energy storage will be used to reduce costs, as 
energy production mainly depends on direct supply 
from the sun and wind alternatively. Moreover, the 
building will be equipped with manual wheels – like 
on small bikes – as a backup energy production 
solution in case of unexpected black outs.  
 

 

 
Figure (1) Upper map for direct normal irradiation 
and lower map for wind energy potential in Egypt 
showing the potential for PV and wind turbines in 

Ismailia city. 
Source: http://www.nrea.gov.eg/ 
 
The average monthly energy use is 126.2 kWh, which 
is due to electrical devices. If we calculate the 
dependency on solar energy only, an 8 m² area is 
needed on the rooftop. That would only cost 
approximately 15,000 Egyptian pounds (around 
€1500). The payback time for the PV system is 19 
years, if this calculation is based on the current 
subsidised electricity price in Egypt. The flat roof 
surface area on the rooftop PV is 20 m², so there is a 
1.5 times surplus from solar energy production that 
can be exported to the grid or used for other purposes 
in the refugee camp. If the electricity surplus is sold 
to the government, the payback time for the PV 
system will be less, depending on the selling price. 
The wind turbine is calculated to cover the same 
energy power needed during the night and the surplus 
will be during the day. Best practice for energy 
consumption is to use heavy load appliances during 
the day. However, the calculations were made during 
full operation, with maximum consumption for all 
appliances. Table (2) shows the equipment used in the 
house and the energy required to run it. 
 

Table (2) Energy consumption for all electric 
appliances used in the house prototype. 

Density (kg/m3) 1770-2000 
Thermal  conductivity λ-value (W/m.ºC) 1,00-1,20 
Thermal storage capacity (Wh/kgºC) 0,23-0.30 
Heat transfer time lag - 250mm 
thickness (hour) 10 / 9 

Embodied Energy (MJ eq./m3) 1.147 
Embodied Carbon (kg CO2 e/ m3) 
(Cradle to site) 0.02 
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DESIGN AND DESIGN DEVELPOMENT 
PROCESS  
As mentioned in the methodology, a series of in-depth 
interviews in five host countries were conducted with 
a random sampling of 50 refugees in order to 
investigate their needs, preferences and future 
ambitions. The house is designed to fulfil refugees’ 
psychological needs for decent shelter. The interview 
results informed the design layout of the prototype 
shelter. Men and women have different preferences as 
to where it is best to situate living and service zones. 
Several alternative designs were sketched with the 
sample group before the final used in this study was 
reached.  
 

 

Figure 2: Isometric shot showing the shelter’s 
different living zones and spaces. 

The design is for a bearing wall earth structure system. 
Generally, the soil in Egypt is suitable for earth 
construction, so the raw material will be drawn from 
the same local site in Ismailia (the digging soil). The 
proposed building techniques are cast earth and 
rammed earth, which are both low-tech manual 
methods. Previous experience of building with 
rammed earth in Egypt (Dabaieh and Sakr, 2014) 
makes it clear that this technique is unsophisticated, 
does not require a technical background and is easy to 
learn. The house can be built without skilled builders, 

which reduces the construction costs. With guidance 
on building and soil mixing and testing, it is expected 
that refugees will be able to replicate the building 
process by themselves. If supervision is needed, one 
expert can monitor the process for quality control. 
With regards to structure, specially rammed earth is 
very stable. Standard 40cm thick rammed earth walls 
can be used for load bearing in buildings up to four 
stories high (Boltshauser and Rauch, 2011).  Earth is 
non-flammable, so earth walls are fire proof. As for the 
roof, it will be constructed from locally available 
acacia wood and palm reeds. The built-in furniture 
(bed, sofa and wall cabins) will be made from rammed 
earth as well. This will reduce the final building costs. 
In addition, the building can be extended easily if the 
need arises and the size can be adjusted according to 
occupants’ number. 

PASSIVE DESIGN SOLUTIONS  
Several passive and energy efficient design strategies 
were considered, beginning with the material 
selection, construction process and building 
operation. Passive concepts in heating, cooling and 
daylighting are the key design aspects that reduce 
energy consumption during the building operation. 
These passive solutions include the high thermal mass 
double wall, window to wall ratio, orientation, 
shading, Trombe wall, green wall and the cool roof.  
Using thermal mass earth as the main construction 
material provides a stabilized indoor temperature, 
especially considering that the double wall structure 
has a 9 to 10 hour time-lag. The Trombe wall was used 
for passive heating and cooling in the Egyptian hot 
arid climate, which according to Dabaieh and Elbably 
(2015) can eliminate 94% of the heating loads and 
73% of the cooling loads. As for the cool roof, a 
vaulted roof with a 70 degree rim angle painted with 
albedo paint may reduce the cooling demand by 63% 
in the same climatic context (Dabaieh et al., 2015). In 
order to decrease the dependency on artificial light 
during cloudy winter days, light shelves were used to 
reflect daylight onto the shelter’s interior. 
 
TECHNICAL INSTALLATION  
Several other technical installations, such as separate 
dry and compost toilets, will be used for recycling and 
reusing the separated urine and faeces. The urine will 
be used as liquid fertilizers for the green wall plants 
and the faeces will be used as bio fuel. All the organic 
wastes from the toilet and the kitchen will be recycled 
in an earth decomposing tank for a biogas stove. A 
typical Egyptian vernacular earth cooker and stove 
will be used. That will reduce, if not eliminate, the 
energy needed for cooking. The building will be 
equipped with a natural earth refrigerator (18 
degrees), so the occupants can store their food for 
daily use with zero energy consumption. PV LED 

Kitchen 
and dining 
zone 

Sleeping 
zone 

Living zone 

Toilet 
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lamps will be installed and other installations will be 
chosen based on their energy efficiency. 
If there is no central infrastructure in the area where 
the building is constructed, the shelter’s water system 
can be supplied by wells or storm water storage tanks. 
However, Ismailia is in a dry zone with few rainy days 
in the winter season. In between the spaces of the PV 
panels, a green roof will be used to reduce water 
runoff, heat loss during the winter and heat gain 
during the summer from the roof surface. Lime will 
also be added to the walls’ and roof’s external 
plastering, as a water resistant agent especially in the 
erosion lines earth mix of the rammed earth exterior 
walls. A lime wash with a light colour will act as an 
albedo paint for the roof and wall plastering. 
Furthermore, a traditional final layer of plaster to 
protect the facades from rain will be used, consisting 
of casein and black honey syrup. 

 
Figure 3: Interior shot showing the use of rammed 
earth built in furniture and rammed earth with bee 

wax polished floor. 

  

Figure 4: Interior shot showing natural daylight 
from the northern façade. 

  
Figure 5: A blow up showing the building different 

components. 

SIMULATION RESULTS FOR ENERGY 
CONSUMPTION AND THERMAL 
PERFORMANCE  

The simulation results for the shelter’s yearly energy 
performance showed a total annual consumption of 40 
kwh/m². These results were only for electrical 
appliances and night lighting, as heating and cooling 
are mainly by passive means. The energy needed for 
cooking is mainly fuelled by biogas produced from 
household organic waste. As for the thermal 
performance, the annual average temperature and 
humidity were within comfort range. From the 
simulation, the highest indoor temperature during the 
summer was 23.5° C and the lowest in the winter was 
19.5° C. With regards to humidity, the simulation 
showed that the maximum was 74.3% during peak 
summer times and minimum was 43.8% during the 
height of winter. Both indoor temperature and 
humidity are within the comfort range set out by the 
Egyptian code (HBRC, 2004). 

Each passive solution that was used contributed to the 
overall performance of the shelter. The double wall 
with a high thermal mass reduced the need for cooling 
by 55% and heating by 40%. The green wall on the 
western façade and the shading on the northern 
windows reduced another 20% for heating and 15% for 
cooling. The cool roof and the shaded roof contributed 
by reducing the cooling loads by another 25%, yet this 
increased the heating demand in the winter. The 
Trombe wall further reduced the demand for heating to 
zero and the cooling demand was enhanced by 20%. 
By adding the night flush effect (nocturnal cooling), 
the need for cooling was brought down to zero. All 
results obtained from the simulation were based on the 
assumption that the passive solutions are utilised at the 
correct time of the day and night in different seasons.  

 

Figure 6: Exterior perspective showing the use of 
green walls, vault roof with Albedo paint, Trombe 
wall on the southern façade and the PV roof top 

installation. 

The results of this study show that passive strategies 
can reduce the annual energy usage and achieve an 
adequate level of indoor comfort. In addition, it 
demonstrates how a building could be self-sufficient 
all year round with an electric power supply derived 

Green wall 

Roof top PV Vault roof with 

Albedo paint 

Trombe wall 

Flat roof with 

 Albedo paint 
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from solar and wind energy. Furthermore, it suggests 
that, design targets can affect energy usage, indoor 
climate conditions and the building’s impact on the 
environment. This study shows how sustainable 
architectural innovations can fulfil acute needs while 
reducing damage to the local environment, by 
showcasing the incorporation of green technologies 
like PV into shelter building.  

CONCLUSION AND NEXT RESEARCH 
PHASE 

The project will result in a do it yourself earth shelter 
house model as a proof of concept and a show case.  
The accomplishment of the design and simulation 
phase suggest that the project is feasible. The 
following step will be lab material tests, followed by 
the construction phase. A group of refugees will be 
involved in building the house in order to let them 
experience the building process themselves and learn 
the building techniques. This will test their opinion of 
the idea and the feasibility of the project’s hypothesis. 
In addition, this will increase the sense of belonging 
and attachment to place, as well as making them feel 
more integrated in the society until the temporary 
situation ends. This project will hopefully will to 
reduce incidents of conflict and violence in refugee 
camps. The construction phase will be followed by 
POE and monitoring for a test occupancy period. The 
ultimate aim of this project is that it is widely applied, 
as it will not only satisfy the needs of refugees but also 
the majority of the world’s urban poor.  
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ABSTRACT 
The Mosaic Centre for Conscious Community and 
Commerce (MC4) used an Integrated Project 
Delivery procurement process that was paired with 
LEAN design and construction practices to create a 
zero carbon emissions and energy building in 
Edmonton, Canada. Integrated Peroject Delivery 
process tied the owner, architect and contractor 
together with a tri-party contract. This contract 
helped shift the paradigm of how design and 
construction decisions were made, based on values, 
speed and budget. LEAN allowed the entire team to 
look for and minimize waste in all aspects of the 
design and construction process. This building design 
and construction process is a revolutionary way to 
achieve high performance buildings with modest 
budgets and within aggressive timelines. 

INTRODUCTION  
The Mosaic Centre is a 2,787 square metre mixed-
use building that includes offices, a childcare centre, 
full service restaurant, wellness centre, co-working 
space, and event space in Edmonton, Canada. The 
client desired that it should reach a LEED platinum 
certification from the Canadian Green Building 
Council as well as net zero energy building 
certification from the International Living Futures 
Institute. In order to achieve these ambitious goals 
within a conventional, modest budget, the owner, 
architect and general contractor chose to use an 
Integrated Project Delivery (IPD) procurement model 
paired with a LEAN process for design and 
construction. The budget was $11 million Canadian 
dollars. The four-season, relatively cold climate that 
Edmonton is located in also proves a challenge for 
designing net-zero carbon and energy buildings. The 
process included setting core project values and 
building the IPD team that could deliver on an 
ambitious goal. The project was initiated in March 
2013. Construction of the building started the 
following year and the building was opened in 
February 2015, three months ahead of schedule.  

INTEGRATED PROJECT DELIVERY 
PROCESS 
The North American construction industry has seen a 

constant productivity decline for the last 50 years. 
The industry is challenged by disruptive relationships 
among all the roles that need to come together to 
produce a building. Each design or trade role 
traditionally looks out for their own interests, trying 
to lessen their risk and maximize their profit margin 
with little or no concern to the performance of the 
entire project. Traditionally, a design-bid-build type 
of process has the architect design the project, and 
then contractors bid on the design. Inevitably, there 
are disjunctions between budget and scope and this 
creates a cycle of re-design by the architect who must 
find cost-savings to be able to see the project built 
within the client’s budget.  
IPD brings together the various proponents to 
collaborate together (figure 2) early in the process, 
sharing information and working together to reduce 
risk and waste using lean methodologies throughout 
the project. IPD was first used in the building sector 

Figure 1: Mosaic Centre for Conscious Community & 
Commerce, Edmonton, Canada 

Figure 2: IPD Relationships 
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in the United States in the 2000s to help build billion 
dollar hospital projects with challenging schedule 
constraints. IPD uses a tri-party contract that binds 
the owner, architect and general contractor into a 
collaborative partnership to deliver the building. IPD 
also brought the building trades early to the design 
process so they could problem solve with the 
architects and engineers the means and methods of 
constructing a building within a hard constraint of 
cost and schedule. This process is called Target 
Value Design. This requires a high level of trust 
between the team members. It also requires the 
owner to be fully engaged in the design process and 
be honest with the allowable project budget. Trust is 
built during the many workshops to establish the 
values, the allowable costs, risks, basis of design and 
even the interview process of bringing trades on 
board. All team members must agree to an “open 
book accounting” condition, where anyone has the 
right to see the project financials at any time. Project 
risks are identified at the very beginning of a project 
and a risk register is created that assigns a budget 
value to each known risk. A small contingency will 
also be established for unknown risks. Figure 3 
illustrates how the IPD differs from the traditional 
process and uses value definition and validation 
stages to keep the entire team focused on the true 
goals of the project and avoids the “re-design loop” 
and adversarial relationships seen in traditional 
procurement. The opportunity to make changes in a 
design is very inexpensive early on in the process; it 
becomes increasingly expensive to make adjustments 
as the building design gets more and more flushed 

out, as shown by Figure 4. With IPD, architects and 
engineers work along side the building trades to 
make as many detail decisions very early on in the 
concept design.  
IPD also incentivizes the entire team by promising 
greater share of profits if a project comes in under 
budget, through the collective effort of the team. The 
incentive is set by establishing a “target cost” that is 
a certain percentage or value below the “expected 
cost.” The expect cost is the price of the project in 
the current market conditions that is established by 
the project estimator with the building basis of 
design. The expected cost of MC4 was $12 million 
Canadian dollars and the allowable cost was $11 

Schematic	  
Design 

    
Pre-‐

Design 

DD,	  CDs,	  Construction	   

Figure 3: Integrated Project Delivery in comparison to Design-Bid-Build 

Figure 4: Opportunity to Effect Change vs. Cost 
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million. The target cost was set at $10.67 million. 
The difference between the target cost and expected 
cost is the project contingency budget plus the risk 
register amounts, and this sum becomes the profit 
pool. The profit pool is shared proportionally by the 
entire design and construction team at the end of the 
building construction. Therefore, the entire team has 
a mandate to find efficiencies, cost savings and 
mitigate risks that will deliver the project below the 
target cost, as the profit pool increases when risks are 
eliminated or cost savings are found. If the project 
target cost were exceeded, the overage would be 
deducted from the contingency. If the extra costs 
exceed the contingency, then the project team gives 
up this amount from the profit pool. The project team 
was extremely motivated to deliver MC4 below the 
target cost. 

TEAM ORGANIZATION 
The Senior Management Team (SMT) included the 
owner, the senior architect, and the senior project 
manager from the contractor. This tight-knit group 
was responsible for the overall project success. 
Project Implementation Teams (PITs) were groups of 
subject matter experts that focused on specialized 
disciplines or building systems such as the building 
envelope, HVAC, plumbing, electrical systems, 
interiors, etc.  PITs were given autonomy and 
empowered to make decisions provided they used the 
value matrix form to evaluate the choices at hand. All 
team workshops took place in “the Big Room.” This 
is a term used for meetings where all team members 
were present and focused their attention on moving 
design or construction forward. Big Room meetings 
were convened frequently in the early design process 
to create the basis of design and building concept 
using the expertise of a large and diverse group of 
people. Further into the design, Big Rooms were 
convened to review schedule and “pull-plan” critical 
milestones. Pull planning is the method of drawing 
out information from many, inter-related trades in an 
effort to coordinate people and materials, share 
resources, find efficiencies, and minimize waste 
within the constraints of time. During construction, 
pull planning was a fundamental tool in staying 
ahead of schedule. 
 
LEAN THINKING 
The owner had experience in LEAN processes and 
insisted the entire team take up LEAN training in 
value stream mapping, pull-planning, and kaizen (the 
study of process and implementation of 
improvements to eliminate waste). LEAN thinking is 
recognizing that “I will produce exactly what the 
customer is willing to pay for.” LEAN training was 
essential in not only team-building, but provided 
everyone with a clear understanding of how this type 
of thinking perfected in the manufacturing industry 
could be applied to information-flow and design 
process as well as construction. It showed the whole 

team how to look for waste within the project and 
provide continuous improvements to streamline the 
design as well as construction. In fact, the trades 
began to create “2 second lean videos” that showed 
how their improved methods could help other team 
members. Value stream mapping helped designers 
and trades see opportunities for improvement where 
there were gaps or bottlenecks in information flow or 
unnecessary waiting for additional information. It 
also showed the team that sometimes they over-
communicate or provide too many superfluous 
drawings or reports. Using more concise, direct and 
abbreviated communication yielded savings in time, 
cost and effort. 
 
VALUE-BASED METHODOLOGY 
The design methodology for the Mosaic Centre 
started by asking the entire team, “what does success 
look like?” This informs the core team including 
architects, contractor and client about what really 
matters for the project and where to focus effort. For 
the MC4, the team created the following values 
statement: to create a bright, comfortable, 
environmentally sustainable space that promotes a 
healthy, collaborative work environment which 
resonates with the unique ethos of its occupants that 
is replicable and inspiring for all. This allowed the 
team to further create a set of specific values that 
helped decision-making throughout the process. 
These values included sustainability, beauty, health, 
pragmatism, teamwork, and legacy. These core 
values were translated into a “value matrix form” that 
was used at key decision-making junctures in the 
project. See Figure 5 for an example of a value 
matrix form.  
 

 
 

Figure 5: Workshop with Owners to Determine Values 
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An example of a value-based decision that actually 
increased the project cost was the choice to use 
heavy-timber construction over a typical steel 
structure. The use of glue-laminated columns, beams, 
and floor decking rather than steel would increase the 
project cost by close to $100,000. Using the value 
matrix table showed that the use of wood would 
provide better returns on sustainability, beauty and 
even pragmatic factors. Wood has far less embodied 
energy than steel. It is warmer and would provide a 
richer interior finish. A steel structure would 
inevitably need to be fire-protected and covered up 
with gypsum wall board, and this additional cost of 
fire protection would bring it close to the cost 
premium of using wood. The wood materials were 
also fabricated locally, making it another low-carbon 
reason to select it.  
 
ENERGY MODELLING 
The early concepts were rigourously modeled and 
tested energy performance, passive solar design, 
daylight strategy, and wall-to-window area ratios. 
Creating numerous models allowed the design team 
to fail faster – a strategy using many, quick models to 
find the right solution. The preliminary massing 
model was created in SketchUp, which allowed for 
very rapid study of overall building form, orientation, 
wall and window ratios, and daylight analysis. 
Software for analysis included IES-VE, Daysim, and 
a custom built SketchUp plugin called SuDS.  
The owner required the building to be efficient in 
flow and for the opportunity to create an informal 
interaction space at the heart of the building. Various 
massing schemes (Figure 6) were tested for 
preliminary energy performance and then tested 
against daylight autonomy (Figure 7). Based on the 
occupancy and mixed use of the building program, 
the energy model predicted that it would be cooling-
dominant, even in Edmonton’s cold climate. The 
design temperatures used were +33°C in summer and 
-35°C in winter, with an interior comfort range of 
18°C to 24°C. Using a parametric energy model, the 
variables of exterior insulation value, window 
insulation value and photovoltaic cost were 

manipulated to find the optimal exterior wall and 
window insulation with the size of photovoltaic (PV) 
array the project could afford. This actually resulted 
in saving over $1 million dollars, as the typical 
approach would have been to super-insulate walls, 
roof and windows for a cold climate (Table 1). Due 
to the fact the building requires more cooling than 
heating over the course of a year and the cost of PV 
arrays coming down in price, it was more sensible to 
invest money in expanding the PV system to generate 
more onsite, renewable electricity. Further insulating 
the building would have trapped more heat inside, 
creating an even larger cooling load. This was an 
incredible discovery for the building and was the key 
breakthrough that made the project financially 
feasible with the modest allowable cost. 
 
HVAC 
The mechanical ventilation, heating, and cooling 
systems were chosen based on the expected energy 
load requirements and the idea of harvesting passive 
solar gains, as well as waste heat provided from a 
computer server. Two energy recovery ventilation 
units provide fresh air to the east and west halves of 
the building. Natural ventilation using operable 
windows provides additional ventilation that is 
controlled by occupants. Operable windows provide 
redundancy and resiliency in the case of failure of 
power or mechanical systems. A geoexchange system 
using heat pumps and a zoned variable refrigerant 
volume system provide the cooling in summer and 
supplemental heating in winter. There are 33 wells 
bored 70 metres into the ground that provide energy 
to the geoexchange system. The PV system was sized 
to provide all the necessary power to run the 
geoexchange pumps as well as the energy recovery 
ventilation units. There is no natural gas or other 
carbon-based fuel required to heat, cool, or ventilate 
the building. 
 
DAYLIGHT STRATEGY 
Edmonton is located at latitude 53 degrees north, 
creating very long summer days but very short winter 

Figure 6: Early Massing Studies 

Figure 7: Daylight Modelling 
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days.  The Mosaic Centre conceptual design was 
tested for daylight autonomy. Using the sun rather 
than electric lights was a key strategy to reduce 
electrical demand. The daylight model demonstrated 
that with strategic window placement, and a 
relatively narrow building, all regularly occupied 
spaces would have daylight adequate for office work 
75% of the time during office hours (08:00 to 17:00) 
throughout the year. Based on the excellent daylight 
autonomy, an unconventional lighting strategy was 
proposed by the electrical engineer. After examining 
the Alberta Building Code, the electrical engineer 
stated that the only lighting that was required by the 
local code was for ensuring emergency exit paths 
were lit adequately. His proposal was to only install 
this minimal lighting in the office areas of the Mosaic 
Centre. Supplemental lighting would be completely 
task based lighting triggered by occupancy sensors. 
This approach was vetted by the Project 
Implementation Team and recommended to the 
Senior Management Team as a $180,000 capital cost 
saving. After operating for over one year, this 
strategy has worked very well, ensuring that the 
electric lights that are required are only used when 
people need them. 
 
BUILDING INFORMATION 
MODELLING 
After the energy and daylight modelling provided 
direction on mechanical and electrical systems, a 
building information model (BIM) was developed to 
help with visualization of materials and construction 
sequence. It was also hoped that BIM could be 
handed over to trades to create shop drawings 
directly. Only the wood structural system and steel 
stair fabrication were able to use BIM. Other trades 
did not have the capacity to use the model as hoped, 
nor did they understand the building science that 
would enable them to draw appropriate details. The 

building exterior cladding was somewhat complex in 
that it used cedar siding and polycarbonate, which 
both interfaced with a fiberglass curtain wall system. 
The exterior cladding trade needed support in how to 
detail the different conditions in order to achieve the 
flush material transitions desired by the architect 
without compromising the insulation values and the 
air/vapour membrane tie-ins. The exterior cladding 
PIT was convened at the architect’s BIM station to 
work together to solve the details side-by-side. A 
more successful implementation of BIM was how the 
glue-laminated wood column and beams would need 
geometrically tricky connections. The BIM file was 
instrumental in directly providing precise dimensions 
and geometry for connections to be fabricated. This 
truly expedited the design and construction schedule 
for this trade. Finally, BIM allows every building 
system to be virtually created and installed before 
any action happens on the physical construction site. 
This was instrumental in easy clash detection and 
coordination between ducts, beams, electrical 
raceways, and even the light fixtures before they 
actually happened on site. One lesson learned was 

Table 1: Results of Parametric Model Manipulating Envelope, Window Values versus Envelope & PV Cost 

Figure 8: Mosaic Centre in Winter 
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that the interior design team was inadvertently left 
out of the BIM model. This did create some on-site 
coordination issues with ceiling hung acoustic panels 
that conflicted with suspended light fixtures. 
RESULTS & BENEFITS 
The Mosaic Centre benefited from integrated project 
delivery and a values-based process to create a high 
performance, zero carbon emissions building in a 
cold climate. The final construction cost was $10.5 
million dollars, which came in below the target cost 
of $10.67 million, and much lower than the expected 
cost of $12 million. The project was also three 
months ahead of schedule due to aggressive pull 
planning, LEAN thinking and collaborative efforts. 
This zero carbon building offsets 225 metric tons of 
carbon emssions every year. The entire design and 
construction team was more engaged and invested in 
the project as a result of the IPD method. The Big 
Room sessions solved problems, innovations 
emerged and friendships were made. The epiphanies 
of energy modeling and lighting strategies that saved 
over a million dollars in cost emerged in the Big 
Room, and successes were immediately celebrated by 
the team. The building actually built relationships 
between architects, engineers and trades by creating 
trust- something that is lacking in the typical 
construction world. The process was enjoyable and 
rewarding for all, as no other project the team had 
worked on in the past resulted in such a positive 
experience. Post construction, there were still 
challenges with certain building systems such as the 
geo-exchange system, as winter energy demands 
showed some lag in how the geo-exchange provided 
heating needs. The mechanical PIT was convened to 
trouble-shoot this issue and worked through a 
resolution. Again, with the strong relationships 
created using the IPD process, it was much easier to 
retrify this type of issue after all the building trades 
have left construction site. 
 
CONCLUSION 
Creating the Mosaic Centre to achieve zero carbon 
emissions and sustain net zero energy use over the 
course of a year could not be done without trust, 
values and an engaged team with a very hands-on 
owner. LEAN and IPD work processes brought great 
value, using target value design. Pull planning 
allowed the team to significantly trim down the 
schedule. IPD is now becoming more prevalent in 
Canada. Organizations such as the Lean Construction 
Institute of Canada and the Integrated Project 
Delivery Alliance are eager to share the benefits of 
this process and procurement model. There are still 
opportunities to do better. Building information 
modelling is only beginning to be leveraged by trades 
as a valuable tool to speed up production and 
fabrication of building components. Building science 
principals that ensure proper detailing and 
specification of durable envelopes needs to be shared 

more widely in the building industry. One must ask 
how to keep the drive for continuous improvement 
going in construction? How can the construction 
industry learn from the manufacturing sector in 
LEAN thinking? This is especially true at the 
scramble to finish at the end of the construction 
schedule. How do we keep beauty and aesthetics in 
architecture as a value, when pragmatism and 
functionality can easily show cost savings? We were 
extremely fortunate to have an owner who also 
valued legacy. All of our design documents, contract 
and experiences are available as open-source 
information at the project website, 
www.themosaiccentre.ca. If the Mosaic Centre is still 
the most sustainable building in Edmonton in five 
years, we would have failed our legacy to improve on 
the process and to find continuous improvement in 
construction.  
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The IPD team consisted of the following companies:  
 

- Fast+Epp Structural Engineers 
- Clark Engineering (Mechanical)  
- Manasc Isaac Consulting (Electrical) 
- ReNu Building Science (Energy Modelling)  
- DGE Group Inc. (Civil Engineering) 
- Picea Landscape Architecture 
- Revolve Engineering (Geoexchange) 
- Integrated Designs (Commissioning) 
- Chandos Construction (General Contractor) 
- Western Archrib (Wood Structure) 
- Collins Steel (Metal Fabrications) 
- Alpine Heating (Ventilation) 
- Priority Mechanical (Plumbing/HVAC) 
- River City Electric (Electrical) 
- Ferguson Glass (Windows) 
- GlasCurtain (Curtain wall) 
- Proudline Fire Protection 
- Standard Roofing 
- Metala-Con (Cladding) 
- Baytek Drywall 
- Great Canadian Solar (PV System) 
- Peter Amergongen (Mentor) 
- Manasc Isaac Architects 

 

 
Figure 10: IPD Scheduling Workshop 
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ABSTRACT 
Buildings cause nearly one third of the global 
greenhouse gas (GHG) emissions. Accordingly, 
energy saving efforts like increased insulation and 
energy-efficient heating systems have been 
developed and discussed especially during the 
2000’s. The construction phase with its emissions, 

mostly linked to the utilized materials, has not been 
studied as intensively. However, with the emergence 
of low- and zero-energy buildings, the pre-use phase 
of buildings becomes more important, and moreover, 
the early life cycle emissions should be given higher 
weight due to the imminent need to rapidly reduce 
the GHG loads. 
This study documents a cradle-to-gate Life Cycle 
Assessment (LCA) of the embodied GHGs of a low-
energy house in Finland and presents a critical review 
of materials used for construction. The aim was 
twofold: (1) to evaluate the embodied GHGs caused, 
and (2) to analyse how the change of the insulation 
material to a less emission intensive one changes the 
total GHGs. The study will show (1) that the overall 
embodied emissions for the house are relatively low 
due to high share of wood-based materials, and (2) 
that material substitutions can significantly further 
reduce the emission load.  
Keywords: carbon, climate change, Finland, 
insulation, life cycle assessment, low energy building 

INTRODUCTION 
Global warming is one of the major environmental 
problems humanity is facing today. The fact that the 
global climate is changing rapidly is what research 
has indicated in the last few decades. It is already a 
common knowledge that this change will continue 
over the next century, the faster the longer 
humankind needs to mitigate the sources of manmade 
climate change. The focus is here especially on 
anthropogenic greenhouse gas (GHG) emissions 
(Houghton et al. 2001; Sharma et al. 2011; Solomon 
et al. 2007). 
Therefore, one and surely the most important 
mitigation strategy is to reduce GHG emissions. A 
reduction of GHG emissions in the built environment 
has been tried to achieve by energy saving issues like 

insulation and energy-efficient heating systems. 
Buildings play an important role globally when it 
comes to energy use. While the energy saving efforts 
for the use phase have been developed and discussed 
intensively, the construction phase with its emissions, 
mostly linked to the utilized materials, has not been 
studied as profoundly (Heinonen et al. 2016). This is 
partially due to many, especially older, studies having 
reported the construction phase to be of minor 
importance in comparison to the use phase 
(Adalberth 1997a-b; Utama and Gheewala 2008, 
2009; Treloar et al. 2000; Fay et al. 2000) and office 
buildings (Ferrara et al. 1998; Cole and Kernan 1996; 
Kofoworola and Gheewala 2009; Ramesha et al. 
2010).  However, the awareness of the construction 
phase is increasing and its relative importance 
increases along with the emergence of low- and zero-
energy buildings (Sartori and Hestnes 2007; Banfi et 
al. 2008). Moreover, the early life cycle emissions 
should be given higher weight due to the imminent 
need to rapidly reduce the GHG loads (Säynäjoki et 
al. 2012). 
In despite of all these studies, the question about the 
used materials for construction is still too rarely 
discussed and the idea to use natural or recycled 
materials is not particularly widespread. In 2011 
mineral wool prevailed in the world thermal 
insulating materials market with a share of 52% on 
the market share and plastics with 41% (Asdrubali et 
al. 2015). 
The aim of this study is to evaluate the CO2 
emissions of a wooden-frame low-energy detached 
house in Finland during its construction phase. This 
study will also compare the CO2 impact of insulation 
material substitution for the described house. Firstly, 
the study is run with conservative, non-renewable 
based insulation material as built and secondly with a 
more eco-friendly cellulose insulation. The study was 
conducted with a process LCA and a cradle-to-gate 
scope has been considered, excluding thus 
transportation to the site and the site itself.  
The LCA method is most common and best 
developed to evaluate the environmental impacts that 
occur during the construction phase (Pehnt 2005, 
2006). The methodology used in this study is 
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consistent with that described by DIN EN ISO 14040 
(2009). The results will show that in overall the 
embodied emissions are relatively low in comparison 
to other published building LCAs, and that the 
emissions drop to two-thirds or even less, only by 
changing the insulation material. Besides, the study 
will show that there is similar potential in other 
materials as well.  
In the next section, the LCA method with its two 
different approaches will be presented and explained 
as the tool we use to evaluate the building. The 
building as object of the assessment will be 
introduced in detail in the third section. Here, it will 
be also explained how the study have been 
conducted, what data have been utilized and how 
they were used. In the fourth section, the results will 
be presented followed by the discussion part that 
deals with conclusions and uncertainties. 
LIFE CYCLE ASSESSMENT 
LCA is a method for evaluating the environmental 
impacts of products holistically, including direct and 
supply chain impacts (Suh et al. 2004). According to 
the European Standard DIN EN ISO 14050 (2010), a 
document about environmental management 
vocabulary, LCA is defined as a compilation and 
evaluation of the inputs, outputs and the potential 
environmental impacts of a product system 
throughout its life cycle.  
LCA is a structured, comprehensive and 
internationally standardized method. It quantifies all 
relevant emissions and resources consumed and the 
related environmental and health impacts and 
resource depletion issues that are associated with any 
goods or services (“products”). According to DIN EN 

ISO 14040 (2009), LCA considers the entire life 
cycle of a product, from raw material extraction and 
acquisition, through energy and material production 
and manufacturing, to use and end of life treatment 
and final disposal. Through such a systematic 
overview and perspective, the life cycle impacts can 
be quantified and understood. Besides, the shifting of 
a potential environmental burden between life cycle 
stages or individual processes can be identified and 
possibly avoided.  
LCA studies help to avoid resolving one 
environmental problem while creating others as 
described by International Reference Life Cycle Data 
System (ILCD) (2010). This unwanted shifting of a 
potential environmental burden occurs when 
reducing the environmental impact at one point in the 
life cycle leads only to an increase at another point. 
Therefore, LCA helps to avoid, for example, causing 
waste-related issues while improving production 
technologies, increasing land use or acid rain while 
reducing greenhouse gases, or increasing emissions 
in one country while reducing them in another. LCA 

is therefore a vital and powerful decision support 
tool, complementing other methods, which are 
equally necessary to help effectively and efficiently 
make consumption and production more sustainable.  
There are two principal approaches of LCA: process-
based LCA (process LCA) and the LCA based on 
economic input–output analysis (input-output LCA). 
The method of this study is process LCA, and thus 
the concentration in the remainder of this section is 
on process LCA. 

Process LCA 
Process LCA is the most established LCA 
application. The systems included in process LCA are 
typically be determined in the terms of energy and 
mass units (i.e., by MJ, kWh, kg, etc.) as described 
by Junnila (2006). Hence, all the emissions are 
assessed according to the energy and mass flows 
process by process related to a certain good or 
service. Since virtually all processes are inter-linked 
in the supply-demand web of a modern economy, 
cut-offs have to be done and boundaries have to be 
chosen with the intent of not losing accuracy 
(Matthews et al. 2008).  
Process LCA is case specific and thus gives detailed 
information on the assessment object. However, this 
accuracy results in high workload and high time 
intensity as mentioned by Junnila (2006). To reduce 
the workload, the number of processes involved in 
the process LCA approach is limited. Some processes 
in the production or delivery chain are not considered 
and boundaries has to be defined. There are always 
cut-offs that cannot be avoided. This delineation of 
the product system under study by a finite boundary 
and the omission of contributions outside this 
boundary results in inevitable truncation errors, 
which can potentially be substantial (Suh et al. 2004). 
E.g. Treloar (1997) and Lenzen (2001) depict that 31 
% of the total of 135 studied industries had truncation 
errors of higher than 50 % if the upstream inputs 
from the third tier and beyond were omitted. 
Important contributions may lie in far upstream 
inputs and cutting them off may result in a significant 
underestimation (Suh et al. 2004). Furthermore, Suh 
et al. (2004) present that the inclusion or exclusion of 
processes are decided based on subjective choices 
that results in another weakness of the process LCA. 
There is always a system boundary problem.  
In general, the process-based approach neglects the 
input of capital goods, which plays an important role 
especially for service industries (Junnila 2006). The 
weakness of the assessment of the environmental 
impacts of purchased services is discussed by Junnila 
(2006) as well. Furthermore, impact data are based 
on averages and thus may be subjected to significant 
errors. This issue is related to LCA programs in 
overall because assessment programs, which are 
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usually used, need to rely on either average data or 
even case results. 

RESEARCH DESIGN 
The Object of the Assessment 
The object of the study is a wooden-frame low-
energy detached house in Finland. The house is 
called KÄPYLÄ 149E and has been designed by 
Design Talo. The structure is made of wood, has two 
floors and a cross floor area of 149 m2 (each floor 
about 75 m2). The roof consists of truss girders made 
of wood and has a steel cladding. It is equipped with 
a snow tube guard, a roof, wall and safety ladder, 
downpipes and gutters. The insulation considered is 
made of glass wool, rock wool and/or cellulose wool 
and polystyrene foam. Figure 1 shows how the 
building looks like. Since there are many ways to 
tailor the house, its appearance can slightly differ. 
The method used to assess the building is a process 
LCA (see chapter 2.1), streamlined to CO2. The 
assessment is a cradle-to-gate analysis including raw 
material extraction, energy acquisition, material 
production and manufacturing. The use and disposal 
phase is not considered. Construction work with its 
machinery is not included in the assessment 
boundary.  
Furthermore, the electricity system and finishes like 
sauna, partition walls, painting, home appliances and 
fixed furniture are not included as well. Installation 
tools like screws, tapes and similar object with no 
major influence haven’t been assessed. Inside the 

boundary, there are all parts of the primary and 
secondary structure of the building including frame 
and roof structure, foundation, exterior and interior 
cover materials, insulation for walls, floors and roof, 
roof equipment and rain water system. 
Complementary works such as windows, external 
doors and ladders have been assessed. Internal doors 
are not considered. 
 

 
Figure 1 Assessed low-energy house Käpylä 149E 

Data 
The bill of quantities for all the used products in the 
construction phase was given by the producer 
company itself. These quantities were converted to 
the different utilized materials according to 
descriptions and drawings provided by the company 
and in some cases according to general knowledge. 
Since the data was not divided up into clearly defined 
clusters, we summarized similar materials and 
products. The associated CO2 emissions in regard to 
the reference flow have been evaluated with EPLCA 
database (ELCD 2006) and rarely, when EPLCA data 
were not extensive enough, the evaluation have been 
done by SimaPro (PRé Consultants 2010).  
EPLCA (European reference Life Cycle Database) 
comprises Life Cycle Inventory (LCI) data from 
front-running EU-level business associations and 
other sources for key materials, energy carriers, 
transport, and waste management. The respective 
data sets are officially provided and approved by the 
named industry association. SimaPro is a life cycle 
tool which utilizes the ecoinvent database, containing 
the latest in science-based methods and LCA 
databases for product and process sustainability 
analysis. It is said that SimaPro has been the world’s 

leading LCA software package for many years. 
In our assessment, it was not all the time possible to 
find the exact sector in the database for the 
considered material or product. In such a case, the 
data needed slightly to be manipulated to fit in our 
assessment model. The best fitting sector was thus 
chosen. The sector choices for the different materials 
can be found from supplementary information Table 
1. Furthermore, the EPLCA provides some data that 
are not up to date and were for examples already not 
valid anymore since 2012. Despite, the data have 
been assessed since it was the best fitting sector and 
we assumed that there haven’t been dramatic changes 

in the CO2 emissions for this material or product.  
Because of the high amount of data quantity, we 
aggregate the data on the one hand in building 
sections and on the other hand in material sections. In 
the following, the procedure of the assessment is 
explained in more detail. 

The Assessment 
Firstly, the building has been divided in the seven 
sections, roof, walls, floors, insulation, foundation, 
windows and doors, to get a specific amount of CO2 
emissions for each of them. In each section there are 
different materials included. Table 1 shows which 
material has been considered in each section. 
The insulation section includes all the insulation of 
the building: the blown loose wool for the roof, the 
insulation slabs and moisture insulation for the walls 
as well as the floor insulation. The windows and the 
doors have been assessed as a whole unit. There has 
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been made no separation of the materials. However 
the window water sheets have been considered 
separately. The window unit consists of the frame, 
the triple glass and the aluminum parts. The doors are 
outer doors whose unit includes the wood, the glass, 
the door handles and the frame joints. 

Table 1 Summary of utilized materials per section 

Roof Walls 

Steel hot rolled Gypsum plasterboards 
Steel hot dip galvanized Spruce wood 
Spruce wood Medium density fibreboards 
Glued laminated timber Steel hot dip galvanized 
Special high grade zinc  
Aluminum  

Floors Foundation 

Pre-cast concrete Pre-cast concrete 
Steel rebar Steel rebar 
Cement cast plaster  

Windows Doors 

Wood Wood 
Glass Glass 
Aluminum Aluminum 
Titanium Dioxide  

Insulation  

Glass wool  
Rock wool  
Polystyrene  
Heavy fuel foam slab  
Extrusion plastic film  

After having summarized the CO2 emissions for each 
building section, the results were compared to each 
other and were listed with the CO2 amount 
downwards. 
In the second step, to get a better knowledge about 
the amount of CO2 emitted by each single utilized 
material, same materials have been clustered, their 
emissions calculated and sorted from highest to 
smallest amount. The windows and doors haven’t 

been separated from their materials because of 
complexity. Therefore, the accumulation of materials 
used for window and door production has been taken 
as “material”. For the assessment scope in sense of 

included impacts, only the materials causing 
emissions above 200 kg CO2 will be shown in the 
result section. Materials with less than 200 kg CO2 
have been assessed but are neglected in the result 
section because of low importance. The contribution 
of these materials is less than 2%. Further details on 
the results are given in section 4. 
As the final step, the impact of changing the 
insulation material was assessed. The whole 
insulation for the roof, walls and floors was changed 
to cellulose insulation. The study was run again, the 
emissions per section were calculated and compared 

to the primary results. Different insulation material 
results in having different thermal conductivity. This 
issue was taken into account by changing the 
thickness of the insulation. 

RESULTS 
The main results of the study are as follows: (1) 
insulation section, roof section and foundation 
section together cause about 72 % of all CO2 
emissions within the scope of the study; (2) materials 
that cause the highest emissions (> 1 ton of CO2) are 
glass wool, precast concrete, steel hot rolled, the 
accumulation of materials used for windows, gypsum 
plaster boards, polystyrene and rock wool; (3) the use 
of cellulose insulation instead of conventional 
insulation reduces CO2 emissions by 36 %. 
Within the scope of the study, the total CO2 
emissions of the assessed building are about 27000 
kg. Referring this amount to the cross floor area of 
149 m² (two floors), the total amount would be 181 
kg/m². The highest emission load is caused by the 
insulation with 10100 kg of CO2 which is about 37 % 
of the total amount. Roof and foundation both 
contribute about 17 % of all CO2. The fourth largest 
contributor are the windows, followed by walls, 
floors and doors. Figure 2 presents the results. 
 

 
Figure 2 Distribution of CO2 emissions in kg per 

section 

The material with the highest share of CO2 emissions 
of the building is clearly glass wool. Precast concrete 
mainly used for the foundation and the steel hot 
rolled entirely used for the roof cladding take also a 
big amount of all the emissions. These three 
materials already cause more than half of the 
building’s whole CO2 emissions. Materials causing as 
well emissions above 1000 kg CO2 are the 
accumulation of materials used for the windows, 
gypsum plasterboards, polystyrene and rock wool. 
The remaining emissions are coming from steel 
rebars, outer doors, medium density fibreboards, 
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galvanized steel, glued laminated timber and spruce 
wood. All the materials which cause emissions above 
200 kg CO2 make 99 % of the total amount. Figure 3 
shows the distribution of CO2 emissions by the 
material utilized in the building. 

 
Figure 3 Distribution of CO2 emissions in kg per 

material 

Since glass wool is the biggest contributor to CO2 
emissions, changing the insulation to cellulose 
reduces the amount of CO2 by as much as 36 %. The 
insulation section cause now only 382 kg CO2. 
Within the set boundary, the new total amount of 
GHG emissions per square meter cross floor area is 
about 116 kg/m². The change of insulation and its 
consequences are shown in Figure 4. 

Figure 4 Comparison of CO2 emissions using 
different insulation material 

DISCUSSION 
The aim of this study was twofold: (1) to evaluate the 
CO2 emission of a wooden-frame low-energy 
detached house in Finland with conservative 
insulation material during its construction phase, and 
(2) to analyse how the change of the insulation 
material to a less emission intensive one, changes the 
total distribution of CO2. The assessment has been 
done with a cradle-to-gate scope, excluding thus 
transportation to the site and the site itself.  
Not only that the total amount of CO2 emissions 
drops to less than two-thirds just by changing the 
insulation, the insulation sector itself, which is the 
most emission intensive sector, among all considered 
sectors with insulation, roof, windows, foundation, 
floors, walls and doors, becomes the least intensive 
sector. The very emissions of this sector are falling 
from 10126 kg CO2 to 382 kg CO2. 
That fits very well with the conclusions of Zabalza et 
al. (2012) which point out that the impact of 
expanded polystyrene tiles and rigid polyurethane 
foam insulations and rock wool is clearly higher than 
the impact of natural materials such as cork, wood 
fibre or recycled ones such as cellulose fibre. 
Especially the manufacturing processes of those 
polystyrene and polyurethane insulations in 
conjunction with the final disposal of the products in 
municipal incinerators bring a greater impact in terms 
of global warming potential. However, not only the 
material itself is considerable, the actual 
sustainability of the insulation material is linked to 
their availability. The embodied energy and GHG 
emissions drop especially for natural insulations 
which are used preferably where they are harvested, 
produced or manufactured. (Asdrubali et al. 2015) 
Within the scope of the study, the total CO2 
emissions of our case building is quite low with 181 
kg/m2 when conventional insulation is used and 116 
kg/m2 when cellulose insulation is used. As expected, 
these emissions are significantly lower than those 
resulting from houses of similar kind but built with 
concrete or bricks (e.g. Thormark 2000; Blengini and 
Di Carlo 2010; Asdrubali 2013), but in the same 
range as reported in the previous wooden structure 
detached house LCAs (Winther and Hestnes 1999). 
An important issue to take into account when 
comparing different studies are the boundary cut-offs. 
These can end up being tens of percentages even 
when seemingly only minor materials or building 
systems are left out (Heinonen et al. 2016), and like 
described, in our study certain cut-offs were made. 
Of the studies compared above, e.g. Asdrubali et al. 
(2013), reporting significantly higher emissions, 
consider within the construction phase not only the 
material production but also the building construction 
phase. Therefore, transportation of materials from the 
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factory to building site, component assembly and 
their replacement during the building’s lifespan, the 

energy consumption associated with the hydraulic 
digger used for excavation and transforming rural to 
urban-land have been considered as well. However, 
still Asdrubali et al. (2013) found out that the vertical 
envelope of the building including external walls, 
thermal insulation and windows has a very high CO2 
impact in comparison to other entities. This result 
matches very well with the findings in our study. 
In overall the uncertainties of our study can be 
divided into four categories: 

 those related to the set boundary, 
 those related to the input data, 
 those related the utilized LCA data, 
 those related to the assumptions taken for 

the “eco-friendly case”. 

Regarding the set boundary: 
The earth and groundwork such as subsurface drains 
and piping has not been taken into account. In 
addition, the electricity system and finishes like 
sauna, partition walls, painting, home appliances and 
fixed furniture haven’t been considered. Installation 

tools such as screws, nails and tapes have been 
neglected. Since there is some inobservance, it can’t 

be claimed that our results apply to the whole low-
energy house. In overall, however, we estimate the 
impacts of our cut-offs to only moderately change the 
reported results. 
Heinonen et al. (2016) point out that earth and 
groundwork have a low impact on climate change 
and respectively low GHG emissions. The cut-offs of 
this impact category would be thus acceptable in 
their assessment. Their study is based on a multi-
story building in Finland. Earth and groundwork take 
thus a small part compared to the whole building 
complex. For our assessed detached house, the 
weighting will be different and earth and groundwork 
may take a bigger impact than expressed by 
Heinonen et al. (2016). However, we assume that the 
impacts of these cut-offs are still not very high.   
The impacts of the cut-offs of the construction site, 
electrical system, piping, automatization, finishes, 
home appliances and fixed furniture are estimated to 
be of low importance per category, but can together 
form a relatively significant entity. This estimation is 
based on Heinonen et al. (2016), who show that these 
categories form a share of over 20% in their 
concrete-structure apartment building. In our opinion 
their results for these parts of the building can be 
transferred quite well from a multi-story residential 
building to a detached house for a rough estimation. 
To understand the full CO2 impact of our building the 
boundary should thus be broadened. 
 

Regarding the input data: 
The bill of quantities we got from the company for 
this building has been very satisfying but even 
though we had this list, there have been still some 
inaccuracies we could not clarify and had to take 
assumptions like: 

 All pure wood structure has assumed to be 
made of spruce   

 For the steel roof, the area of the roof was 
calculated and multiplied with a factor for 
the folds and covers for gable ends and 
crest. 

Regarding the LCA data: 
EPLCA database was used in most of all cases, 
which seems to be an excellent database for raw 
materials but leaks in the available data when it 
comes to higher manufactured products. Therefore 
we had to use in some cases the SimaPro database, 
for example for medium density panels, windows and 
doors. For some products, like the bitumen roof layer, 
the data for the raw material heavy fuel oil was used 
which means that the emissions should be in fact 
higher for the fabricated product. 

Regarding the eco-friendly case: 
We customized the thickness of the amended 
insulation with a factor because of the different 
thermal conductivity which is the common way to do 
so. The change in insulation results also in other 
requirements for the substructure. However, the 
influence in the emissions should be insignificant and 
that’s why we didn’t take it into account.  

CONCLUSIONS 
The study clearly points out that, when dealing with 
energy saving and sustainability issues, the 
contribution of materials-related energy and 
environmental burdens cannot be neglected. 
In such a context, it becomes clear that LCA can 
represent a very interesting and powerful 
environmental assessment and eco-design tool. Our 
findings clearly highlight the weight and significance 
of the pre-use in low-energy buildings and emphasize 
the need for systematically verifying the 
environmental performance of future low-energy 
building using a holistic approach. Single 
improvements might not be effective in a life cycle 
perspective and could even disappoint expectations. 
We don’t need to launch more eco-efficient products 
into the market since they are already there but we 
should use them to be able to offer a new range of 
buildings that really do have a low environmental  
impact – not only due to their low final energy 
consumption but also due to the reduced impact of 
the materials that comprise them. 
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ABSTRACT 
In this paper we examine the strategies implemented 
in an experimental house, built in Zaragoza (Spain), 
in order to obtain almost zero energy consumption, a 
reduced energy lifecycle and excellent thermal and 
acoustic performance at a sustainable price, using 
and updating traditional techniques and sustainable 
construction systems with local and natural materials 
and resources. Consumption measurements show 
demand to be minimal: on the warmest summer days 
(45˚C) interior temperatures only reached about 25˚C 
without use of the cooling system. 

INTRODUCTION 
Background 
We are an architectural studio based in Spain, formed 
by two partners, Alberto Monreal and Elisa Durán, 
primarily dedicated to creating ZCB and sustainable 
buildings, with a global approach encompassing all 
construction stages, from the generation of materials 
to building, demolition and up-cycling.  
We strive for minimal impact in each project 
decision, in order to create ZBC houses accessible to 
everybody, without the need for high technology or 
high costs. Most of our work is done for private 
clients, who generally could not afford the high costs 
of audits and technology. We aim to keep economic 
circumstances from becoming an obstacle to our 
clients’ objectives and desires. Technology used is 
limited, allowing for greater autonomy (self-
sufficiency?) and minimizing maintenance costs. 
This paradigmatic change based on the values of 
vernacular architecture and traditional techniques 
adapted to current circumstances does not intend to 
entirely avoid technology but to achieve a proper 
balance. 
Nature 
The project detailed in this paper is an experimental 
ZBC house located in Zaragoza. Spain.  
The climate in Zaragoza is continental, with rather 
cold winters (mainly due to the strong wind called 
Cierzo) and long, hot summers. The main 
characteristic is a high contrast between day and 
night temperatures as well as between the seaons, 
making it appropriate to apply principles of thermal 
inertia. We find examples of its use since ancient 

times in traditional cave houses and building 
techniques such as thick earth and brick walls, using 
lime and plaster mortar and timber roofs and eaves.  
The dry weather, with little rainfall, make water 
storage and conservation appropriate. 
In this Spanish climate, it is more important to 
achieve good heat dissipation than warming the 
house.  
The plot is located in a border area near the city’s 
airport and military air base, a location conditioned 
by the owners not only making it their home but also 
running a dog kennel and pet residence there. This 
brings with it noise pollution over 100dBA at certain 
times. 
Sustainability of housing starts in it´s contained 
dimension, limited to 150sqm for a couple with 3 
children. The program consisted in a living room, a 
kitchen, four bedrooms, two bathrooms and a laundry 
room. It´s distributed on the ground floor to provide 
wheelchair accessibility. However, the owners 
wanted to enjoy views of Zaragoza´s flat landscape, 
requiring a raised vantage point, so the continuity of 
land covering allows access to the roof garden on the 
southern vaults. This live garden house was finished 
in December 2014 with a budget of 240.000 Euros. 

Figure 1 External view of the live garden house in 
springtime.  
 
Objective 
The main objectives of the project were: 
- Reducing the environmental impact of construction 
to obtain a Zero Carbon House during the whole 
process of its useful life: production, transport, 
building and demolition. 
- Getting a healthy home, prioritizing breathable 
enclosures, introducing natural light and ventilation 
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and avoiding the emission of toxic compounds from 
materials by evaporation or in case of fire.  
-  Minimizing the high acoustic level, from dogs 
barking and airplane noise, to ensure comfortable 
conditions inside the house. 
- Prioritizing the use of local and up-cycled materials 
and updating traditional techniques to promote the 
local economy and minimize transport consumption 
and gas emissions, and because vernacular 
architecture is an example of optimizing resources, 
best adapted to a place with no more than reasonable 
impact. 
 

 
Figure 2 Interior view of south-facing the living 
room with vault ceiling and fireplace   
 

 
Figure 3 General view of the live garden house in 
winter.  

 
Figure 4 Distribution plan of the live garden house. . 

METHODOLOGY 
In this section we examine in detail the strategies and 
actions, we carried out to achieve the objectives of 
our project during all the building process:  

- Passive design strategies 
- Materials, traditional techniques and 

lifecycle 
- Active design strategies and facilities 

PASIVE  DESIGN STRATEGIES 
Although in Spain there is no standard for sustainable 
design and construction of new homes beyond energy 
demand limits (CTE), unlike the UK Code for 
Sustainable homes DCKG2007, we considered it 
important to use a holistic approach, going beyond 
the use of active systems, even those using renewable 
energy. Therefore during the design process we 
considered the nine categories covered for the 
original Code:  
1. Energy, CO2  
2. Water: reduction and storage of rainwater 
3.  Materials: local, with low impact.  
4. Surface water run-off 
5. Waste of materials and transport, re-claimed, up-
cycling and social responsibility  
6. Pollution, reducing mainly from insulating 
materials 
7. Health and well being, by using natural lighting, 
insulation, thermal inertia 
8. Management, including construction process, site, 
water, security. 
9. Ecology, preserving wildlife and improving 
diversity 
We opted to choose passive design strategies like 
orientation, thermal inertia, and southern sunlight 
capture by mobile glass atrium and thermal storage 
wall, natural cross ventilation and rainwater 
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collection. The need to use heating, cooling and 
domestic hot water systems is thereby minimized. 

Solar capture. 
To take advantage of solar heat in winter and 
protection in summer we use a handmade 
construction system composed of two different 
enclosures: a massive wall made of ceramic remains 
with high thermal inertia, which stores the heat 
through a greenhouse effect within the atria, and 
mobile glazed atriums to capture the sunrays. This 
versatile, easy and economic system allows the users 
to optimize the home’s behaviour to all climatologic 
situations. 

 
 

 
Figure 5 Cross section. Operation of porches in 
summer (glassless) and winter (with glass). The 
massive wall (15cm thick) is formed by a mortar of 
lime with all the crushed rubble of the ceramic used 
during the construction.  
 
We close atriums in cold months to collect the sun's 
heat without interference shadow. During warm 
months, the windows are open atriums, which 
produce shading. Thus, it is establishing a double 
envelope with the outside adaptable to external 
conditions that works very well thermally and 
acoustically. Currently, only the atrium of the main 
bedroom has been glazed but others will be 
completed in the near future. 
 
This system also allows increased acoustic insulation 
of the bedrooms, closing the porches as needed, like 
on summer nights, when the pets residence is full and 
the sound of barking is too loud to allow sleep. 
 

 
Figure 6 Massive wall made of ceramic remains.  
 
Likewise, treatment of the facades is very different 
depending on the orientation. The south facade 
showing the vaulted structure of the house is open, 
with the system of mobile glazing and storage walls. 
 

 
Figure 7 South facade.  
 
The North facade is covered by earth and vegetation, 
with no openings, except the entrance door and a 
window, so the exposure to unfavourable orientation 
is low. There is a porch to use in summer and to 
protect the access to the house. 
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Figure 8 North facade.  

Crossed ventilation 
The configuration of the northern half-shell lifted 
above the southern vaults with continuous south-
facing windows, form the cross ventilation from the 
atria. 
In addition, they give natural light and ventilation to 
the corridor to the bedrooms, restroom and laundry 
room. Night ventilation is provided in summer.  
 

 
Figure 9. Interior view of the main bedroom with 
upper windows for light and ventilation.  

Rainwater collection 
The vegetation cover of the house absorbs almost all 
rainwater. However, another passive strategy is the 
perimeter drain, so that excess rainwater, unabsorbed 
by the vegetation cover, is cleaned and filtered by the 
earth to the drain and lead to a water storage tank 
buried near the house to irrigate the floor garden.   

MATERIALS, TRADICIONAL 
TECHNIQUES AND LIFECYCLE  
Up-cycling materials and lifecycle 

We have chosen up-cycling, natural and local 
materials, to ensure a healthy home, low 
environmental impact and almost zero lifecycle. As 
up-cycling materials we used:  
. Wooden beams from a ruined construction: the only 
non-green roof which marks the entrance and 
provides a fresh and shading porch facing north for 
summer days, consists of a wooden structure of 
pinosoria and beams reused from a demolished 
building in Viú, a village in the Aragonese Pyrenees, 
reflecting the effort to minimize the energy 
associated with production, transport and demolition.  
. Remains of bricks and ceramic rubble with lime 
mortar for storage walls, as explained previously. 
. Green roof: looking to use local materials, we 
decided to use the soil removed during construction 
(the first 20cm separated to use as vegetal substrate) 
and part of a neighbouring plot to further bury and 
integrate the  house in the landscape. The solution 
involves an affordable price to provide good thermal 
and acoustic housing for climate such as Zaragoza’s. 
On the other hand, landscaping with both covered 
roof and buried facades can take advantage of 
evaporative cooling in summer and promotes 
biodiversity and CO2 fixation. Plant species C4 from 
warm and dry areas were used as they 
photosynthesize with low levels of CO2, optimizing 
results. 

Construction techniques 
- Vertical structure: Load-bearing walls of lightened 
ceramic block (termoarcilla) 19cm. 
- Horizontal structure: ceramic vaults, manual solid 
brick and wooden up-cycled pinosoria beams  
- North-East-West Facade: vegetation enclosure over 
ceramic vault structure. 
-South Facade: double envelope formed by 
accumulator rubble-wall from recovered work debris 
with reeds and recycled wood logs and greenhouse 
mobile atrium made from anti-vandal glass (4 + 4). 
- Roof: live vegetation cover with local species. 
-Waterproofing: EPDM sheet manufactured in Spain 
- Insulation: Projected Cellulose 10cm. 
- Carpentry: pinosoria wood treated with “Livos” 
natural oils. On the southern and northern facade, 
low emission glass (4 + 4) / 14 / (3 + 3) and (4 + 4) / 
14 / (3 + 3) respectively. 
- Flooring: ceramic tile 
- Interior finish: natural lime mortar in color, wood 
and solid manual brick. 
-External finish: lime mortar, vegetation, solid 
manual brick 
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Figure 11 Detail of materials used. 

Updating traditional techniques 
Trimble vaults are common in Spanish traditional 
and historic architecture. It´s an ecological and 
optimal system as it allows to build large spans with 
little material. The main problem today is to find the 
specialized skilled labor, because although it isn´t 
difficult to make, this bricklaying technique has been 
almost lost. 
Comparing this technique with reinforced concrete, 
we concluded that it could be competitive today, 
because the increased training cost and time needed 
is balanced out by other parameters like the lesser 
waste of material, no need for complex formworks 
and lower ecological footprint compared with 
standard construction. 
Architects like Guastavino in NY, Eladio Dieste in 
Uruguay were pioneers in researching and 
developing this technique applied in many of their 
buildings. Thus from the study of their work we 
decided to recover and adapt the system to our new 
and current Zero Carbon home. 

Figure 12 Ceramic vaults in progress (1). 
 

 
Figure 13 Ceramic vaults in progress (2).  
 
Seven ceramic vaults, 6 cm thick, support a live 
garden roof that protects and blends with the 
landscape, so the house seems to be hidden under a 
rolling hill changing its appearance each season, and 
optimizing the material consumption.  
It allows us to support the roof garden, of more than 
30cm thickness, on vaults of 6 cm thick brickwork 
and ceramic ribs. These provide a great air chamber 
to place the insulation required (10cm projected 
cellulose) onto the vaults. This chamber dissipates 
summer heating and gives unity to the building 
insulation, avoiding thermal bridges. 

 
Figure 14 Ceramic vaults detail.  

 
Figure 15 Constructive detail.  
 
The structure was chosen seeking to minimize the 
lifecycle, maintaining the environmental, economic 
and social parameters, which led us to currently use a 
traditional construction system as timber vaults on 
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bearing walls. These allow us to make concrete mass 
foundations (not reinforced), considerably reducing 
the amount of metal necessary. 
The bearing walls made of lightened ceramic block 
(termoarcilla) 19cm mumphor reinforced every 3 
strakes; serve as separation between different rooms 
with high thermal inertia values. It also minimizes 
the intense noise level caused by the barking dogs, 
airport and military airbase (over 100dB) because 
ceramic vaults and earth covering also present an 
excellent acoustic behavior. 

ACTIVE  DESIGN STRATEGIES 
Energy systems and facilities 
Hot water and heating is provided by an Aerothermal 
system (Air Genia 8/1) with low-temperature 
underfloor heating, supported by a 150l buffer tank 
and a supplementary 300l hot water tank. The water 
outlet temprature is limited to 35 degrees so that it 
can be considered renewable energy, as stated by the 
IDAE document on seasonal performance of heat 
production in buildings, published in February 2014. 
The Air Genia system also allows cooling, although 
we have seen it is unnecessary if the owners use 
nocturnal ventilation appropriately. 
As support, and following the owners’ wishes, there 
is a wood burning fireplace, with between 11 and 23 
kw power and 76% yield, installed in the living 
room, that the owners use regularly during the cold 
months. It has glazed closures to prevent air leakage 
and increase performance. 
They planned to complete the facilities placing two 
solar panels to support A.C.S. on the roof, but for 
now only the pre-installation has been completed.  
Ventilation is provided by Silentub-100 extractors 
placed in bathrooms and laundry room, extracting 
used air, driving it through a tube placed over the 
vaults and expelling it outside above the upper 
windows.  A backstop gate in the expulsion point 
limits sound transmission and the entrance of air into 
the house. 
The lighting installed uses linear LED lamps to 
minimize consumption. 
 

 
Figure 16 Night view with led lighting.  

 

Consumption and measurements 
The Aerotemia installation includes a measurement 
and monitoring system with sensors, and is 
connected with a home monitoring platform, 
https://engage.efergy.com/, which provides the 
owners hourly data about electricity consumption in 
real time available for android and iPhone apps. 

RESULTS  
Passive design strategies incidence 
The solutions adopted with passive strategies 
implemented made it possible for the house to have a 
very low average heating consumption demand, 
estimates at 11.65 Kwh / sqm / year considering that 
the user has established a variable rate in winter for  
indoor temperatures between 21.5 °C and 22.5°C. 
Last summer, a maximum outdoor temperature of 
45°C was reached, while inside it did not exceed 
25˚C at any time and without any application of 
refrigeration, which gives an idea of the house’s 
thermal behaviour in summer. 
In that way, the results we obtained are lower than 
passivhaus standards (15Kwh/sqm.yr) and far less 
than a standard home (180Kwh/sqm.yr). 

Materials, tradicional techniques and lifecycle 
We estimate about 380g sqm of CO2 fixed every 
year, following CSIC Studies on CO2 absorption by 
more representative crops by Prof. Micaela Carvajal. 
The green external surface covering the house is 
312sqm, so we estimate 118.560g of CO2 fixed 
during a day. 
We calculated the Lifecycle performed with the 
BDEC ITEC BASIS in relation to the use of 
materials, transportation and placement, entering the 
data into an excel file. 
The results we obtained are represented in the 
following graph and chart, Figure 4, achieving an 
emission of 1.427 kg CO2 / sqm 

 
Figure 10. Total energy consumed per sqm and 
percentage of primary energy materials for Lifecycle,  
  Table 1  
Total energy consumed per sqm and percentage of 
primary energy materials for Lifecycle,  
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PE	  on	  surface	  (MJ/sqm)	   3.903	  

	  
	  	  

total	  Primary	  Energy	  (MJ)	   585.427	  
	  	   	  	  
	  emissions	  (Kg	  CO2)	   196.871	  
	  	   	  	  
	  emissions	  (Kg	  CO2/sqm)	   1.312	  
	  	   	  	  
final	  route	  (km)	   18.400	  
	  	   	  	  
kg	  CO2	  of	  transport	   17.163	  
	  	   	  	  
kg	  CO2/sqm	  of	  transport	   114	  
	  	   	  	  
kg	  CO2/sqm	  
emission+transport	   1.427	  
	  	   	  	  

Although not taking into account the energy required 
for demolition and recycling, this was considered of 
insignificant magnitude, mainly from wood and 
glass, which can be re-claimed, and up-cycled, and 
inert debris from the masonry (ceramics and mortars) 
used in storage walls. The earth was used for the 
vegetation covering and the garden. 

Active design strategies results 
The owners have contracted the nightly rate prices 
and times indicated in the following next Table. The 
programmed heating thermostat, which has adapted 
to these tariffs, is also indicated: 
 

Table 2 
Contracted electricity rate and indoor heating 
temperature.  

Tarifa	   €/kw.h 
invierno/año	   verano	   Programa	  termostato	  

T1	   0,023	   18	  a	  22	  h	   11	  a	  15	  h	   21,5º	  

T2	   0,013	   resto	   resto	   22º	  

T3	   0,008	   0	  a	  8	  h	   0	  a	  8	  h	   22,5º	  
 

 
The regulatory system has been adapted to the 
contracted rate, configuring the PBX machine to 
prioritize operation between midnight and 8am. The 
electricity bill paid for three months last winter was 
of 178 €. 
Data from measurements of the machine’s power 
consumption (Table 2) show a total consumption of 
heating and A.C.S. of 1921.4 kw.h; 14.8 kw.h / sqm. 
To separate the hot water consumption, installers 
have studied the daily charts, estimating a daily 
intake of between 1.75 and 0.7 kw.h / day depending 
on the month, giving an annual total of 423.3 kw.h.  
We should add the heat provided by the fireplace, 
which has used about 300kg of firewood in the year 
(data provided by the owner), equivalent to 1.7 
kw.h/sqm. Therefore, the total consumption of home 

heating is 11.7 kw.h / sqm, as shown in the following 
table along with consumption per month. 
 

Table 3  
Monthly and annual consumption measurement 
heating and A.C.S. Font Engage monitoring. 

Ene.	  
Kw.h

Feb.	  
Kw.h

Mar.	  
Kw.h

Apr.	  
Kw.h

May.	  
Kw.h

Jun.	  
Kw.h

Jul .	  
Kw.h

Ago.	  
Kw.h

Sep.	  
Kw.h

Oct.	  
Kw.h

Nov.	  
Kw.h

Dic.	  
Kw.h

Anual	  	  
Kw.h

Anual	  
kw.h/m2

HEATING	  +	  
HOTWATER	  
CONPSUMPTIO
N	  kWh/month 345,3 312,1 310,9 89,9 46,0 21,7 21,7 21,7 21,7 46,0 195,8 488,7 1.921,4 14,8

ESTIMATED	  
CONSUMPTION	  
HOT	  WATER	  	  
1,75	  y	  0,7	  	  
kWh/dia 54,3 50,8 54,3 30,0 31,0 21,7 21,7 21,7 21,7 31,0 31,0 54,3 423,3 2,8

HEATING	  
COMSUMPTION 291,1 261,3 256,6 59,9 15,0 0,0 0,0 0,0 0,0 15,0 164,8 434,5 1.498,1 10,0FIREPLACE	  
CONTRIBUTION	  
(300	  
kg/fi rewood) 250 1,7

TOTAL	  ANUAL	  HEATING	  CONSUMPTION	   1.748,1 11,7

 
We are contrasting the daily temperatures, wind, sun 
and temperatures every day, and presently wind 
appears to exert the decisive influence. Despite this, 
the house’s inertia leads to a very homogeneous 
operation, regardless of weather, as shown in Figure 
17. 

 
Figure17. Daily consumption, wind and outside 
temperature, March 2016. Font Engage monitoring 

 
Table 4 

Climatic data. Font  Zaragoza Airport Climatologic 
Station 81600(LEZG)  
AÑO	  2015 Jan. Feb. Mar.	   Apr.	   May.	   Jun.	   Jul.	   Ago.	   Sep.	   Oct.	   Nov. Dic.

Media	  
Anual	  	  

T	  (ºC) 6,0 6,2 10,9 14,3 19,0 23,1 26,4 24,4 19,4 15,7 11,4 6,8 15,3
T.M.	  (ºC) 11,8 11,6 17,4 21,6 27,0 32,0 35,7 32,2 26,5 21,8 16,3 11,3 35,7
T.m.	  (ºC) 1,9 2,4 6,0 8,5 12,8 16,8 19,8 18,4 14,2 11,0 7,8 3,7 1,9
HR	  (%) 74,1 70,5 64,2 57,3 50,4 49,5 44,4 52,3 55,2 65,2 81,4 90,8 62,9
PP	  (mm) 13,45 16,76 59,94 22,08 4,57 81,53 9,65 27,44 14,73 12,71 64 0,25 327,1
V	  (km/h) 19,1 22,7 19,8 15,4 21,4 16,2 19,4 15,6 15,2 14,8 13,4 5,8 16,6
FG	  (days) 7 1 0 0 0 2 0 0 0 0 9 16 35,0

 

CONCLUSIONS 
It is fundamental to change the way we build and use 
our homes to reduce environmental impact and the 
current energy consumptions, even more than 
Passivhaus standard, to obtain Zero Carbon 
Buildings, which amply counteract the generated 
CO2 emissions. 
A global approach, incorporating and giving priority 
to passive strategies of design, analyzing lifecycle to 
promote local economy development and creating 
healthy homes, is more effective for this than only 
implementing renewable energies and efficient 
facilities. In this way, to achieve a wider use ZCB 
buildings, and not just an occasional one, it is 
necessary to dissociate it from purchasing power and 
to make it more flexible to adapt different solutions 
(design, materials, techniques, facilities) to individual 
circumstances. So, every decision we make during 

101



the building process, is fundamental to make it 
possible to create  ‘almost zero’ architecture 
accessible to everybody.  
The data presented for this experimental house 
corroborate that it is possible to obtain nearly zero 
energy consumption and CO2 emissions, and a 
reduced energy lifecycle, only using pasive 
strategies, local construction techniques and up-
cycled materials. The advantage of this option is the 
low maintenance cost and the autonomy of energetic 
sources. 

 
Figure 16 Interior view faced to the garden.  
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1.   ABSTRACT 

 

The technology in this solar house is largely a 

synthesis based on research, experience and practice 

in other countries, above all the USA and Canada, 

Sweden and Denmark, plus more recently a few other 

European countries. But it is put together by UK 

workers using mainly UK materials.  

It is intended as a model for new housing in the open 

countryside, typified by sites with no mains services 

except water, electricity and telephone. Many such 

plots are developed by self-builders or farmers, not 

by ‘volume developers’ or residential social 

landlords.  

The paper reviews the practical experience with the 

design and construction of the building and the 

environmental influences on the choice of 

construction materials. It sums up early experience 

with the occupied dwelling. 

There are problems in accounting correctly for 

greenhouse gas emissions. The authors set out how 

net zero carbon (‘ZC’) aims can be significantly 

compromised by erroneous assumptions and 

conventions. It sets out how this project has 

approached the ZC goal and encourages further work 

by others.  

It draws a number of conclusions as regards UK 

energy policy. It lists the main priorities if the UK 

wishes to encourage others to pursue similar projects.   

 

2.   INTRODUCTION 

 

The house is located on a rural site in Herefordshire 

in the south-west Midlands. The mains services 

available are electricity, telephone and, if desired, 

water, although the house currently obtains its tap 

water from a borehole. Figure 1 has a picture of the 
house viewed from the south; i.e., from the back 

garden.  

The scope for passive solar energy demonstrated in 

this project is not new. The USA saw intense 

enthusiasm for it in the 1970s and earlier. Its 

experience with what works/does not work was 
successfully translated by many architects to 

mainland Europe, especially Switzerland, in the 

1980s.  

In particular, passive solar approaches in the USA 

often involved poorly insulated high mass buildings 

or were applied to lightweight buildings with no 

‘mass’ except the internal plasterboard. Such 

approaches did not perform optimally. In particular 

adding large south windows to a typical US dwelling 

sometimes caused severe overheating even in mid 

winter. In Europe, by contrast, the default high-mass 

construction could make use of enhanced south-

facing windows without serious problems.  

 

 
Figure 1. View of the house from the south-south-

east.  

 

3.   METHODS 

 

The project has been put together as a synthesis of 

successful green building practice in other developed 

countries, together with the innovation of locating 

substantial thermal mass inside a super insulated 

envelope, but exposed to solar gains through very 

high performance south facing windows. Its design 
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and construction have proceeded without government 

or research council funding.  

Existing sources of information already used by the 

authors in their past practice were relied on 

extensively. Where possible, sources were UK-based, 
otherwise they were from abroad.  

 

Low Heat Loss 

Table 1 sets out the house design specific heat loss. 

The figures are typical of Passivhaus Standard 

buildings and of 'ultra-low energy' or 'superinsulated' 
homes constructed in North America and 

Scandinavia from the mid-1970s onwards. Having 

done an economic analysis, we consider that it is 

rather hard to justify higher levels of insulation, even 

in rural areas of the UK with only relatively 

expensive fuels available, such as oil and LPG.  

 

Table 1. House Specific Heat Loss. 1  

Element Area U-

Value 
Specific 

Heat 

Loss 

Proportion 

 m2 W/m2K W/K % 

Roof 62 0.09 5.6 9 

Walls 191 0.12 22.9 35 

Windows 29 0.88 25.5 39 

Floor 62 0.12 7.4 11 

Ventilation   2.0 3 

Air 
infiltration 

[0.4 air changes 

per hour at 50 
Pa] 

2.0 3 

TOTAL   65.5 100 

 

Note: 

1. U-values include the impact of linear thermal bridges between 

elements.  

2. The floor U-value takes into account the degree of ground 
contact.  

3. Neglecting the reduction in heat loss due to the unheated 
ancillary spaces north of the house 

4. Ventilation based on 90% heat recovery over a heating season. 

 

Embodied Energy/Thermal Capacity 

Figures for the energy intensity of some common 

building materials appear in Table 2. They are 

extracted from a larger table issued by the Steel 

Construction Institute in 1998. The figures have since 
been refined, improved on and published elsewhere 

(Jones, 2015).  

Informed by this work and life cycle assessment of 

(LCA) concrete thermal mass (Hacker et al., 2008), 

the structural materials in this house are concrete (the 

ground floor, external walls, cross walls and upper 
floors) and timber (the sloping roof). Both have 

rather modest EEs, measured either in units of kWh 

per m3 of material or kWh per m2 of wall or roof.  

In many ways, the two materials are very different. 

Timber is renewable. But in the quantities utilised in 

a building structure, its thermal capacity is very 

limited. Concrete is non-renewable. But a concrete 

structure can provide larger amounts of thermal 

storage, permitting fuller utilisation of 'free' passive 

solar gains as well as achieving high air-tightness.  

 

Table 2. Embodied Energy Figures for Some 

Common Building Materials. 

Material Embodied Energy 
kWh/kg kWh/m3 

In situ concrete above ground 0.30 720 

Dense aggregate concrete 

blocks 

0.36 720 

Clay facing bricks 3.25 5850 

Reinforcing steel  7.4 53280 

Aerated autoclaved concrete 

blocks 

0.972  

Mortar/render 0.23 414 

Structural softwood 2  

Plywood 2.89 1590 

Hardwood 2.88  

Concrete roof tiles 0.36 864 

Slates 0.04 108 

Plaster 0.39 234 

Window glass 4.2 10500 

Stainless steel  9.2 72220 

Aluminium   

 

Passive Solar 

Figure 2, taken from dynamic thermal modelling at 

the University of Saskatchewan, indicates the space 

heat consumption of a dwelling in a western margin 

cool temperature climate as the south-facing 
windows are enlarged. The heat consumption of a 

lightweight building falls as some south-facing 

glazing is added but rises again as the area of its 

south glazing exceeds 8% of floor area. The heat 

consumption of a heavyweight building falls slowly 

as the area of its south-facing glazing rises, reaching 

20% of floor area and beyond. This dwelling utilises 

a value of 18%.  

 

Figure 2. Space heat consumption of a detached 

house as the dwelling's south window area and 

thermal capacity are varied. 
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In this context, 'very low thermal capacity' relates to 

a house whose fabric is of purely timber-frame 

construction; i.e., typical of Canada. 'Very high 

thermal capacity' refers to a house of concrete floors 

and concrete or dense masonry walls; i.e., typical of 

mainland Europe. The graph depicted is for a house 

in the cool temperate climate of Vancouver, British 

Columbia.  

The authors have since confirmed the same basic 

relationship using UK weather data and modelling 

with PHPP. This work is as yet unpublished.  

Table 3 sets out the sources of the building's 

relatively high thermal capacity. Four principal 

materials contribute 92% of the total. Another 14 

smaller sources, none of them individually more than 

2% of the total, contribute the other 8%.  

 

Table 3. Sources of Building Thermal Capacity.  

Element 
 

Thermal 

Capacity 

kWh/K % 

1 In situ concrete walls and floors 42.9 54.9 

2 Fill under ground floor 14.4 18.4 

3 Dense aggregate concrete 
blockwork partitions 

8.9 11.4 

4 Stone floors and screeds 5.8 7.5 

Sub-total, items 1-4 72.1 92.2 

5 Plaster  1.3 1.6 

6 Concrete stairs 0.4 0.5 

7 Masonry balustrades 0.3 0.4 

8 Wall tiling 0.4 0.6 

9 Demonstration water storage 
partition wall, 4 m2 

0.1 0.2 

10 Stone window sills 0.1 0.2 

11 Stone skirtings  0.1 0.1 

12 Kitchen and bathroom units 0.2 0.2 

13 Storage heater bricks, concrete 
pavers in plinths of the above 

0.5 0.6 

14 Plasterboard on sloping roof, 
fibreboard on partition wall 

0.0 0.1 

15 Hardwood T&G floors on 
softwood battens 

0.4 0.5 

16 Stone shelving 0.1 0.1 

Sub-total items 5-16 4.0 5.1 

17 Other fitted furniture and house 
contents 

1.6 2.0 

18 Other finishes and components 0.5 0.6 

Sub-total items 17-18 2.1 2.7 

19 TOTAL 78.2 100.0  

 

Notes: 

 

1. The calculations omit the thermal capacity of the timber 

members within the plane of the roof insulation and the small 
amount of timber contained within the plane of the wall insulation.  

2. Only materials inside the insulation layer of the building are 
counted.  

3. Some totals may not add exactly, due to rounding errors.    

Thermal Modelling 

Early thermal modelling of the dwelling utilised the 

dynamic tool SERI-RES. Later, the simplified but 

widely-respected tool PHPP-2007 (PHI, 2015) was 

utilised. Historic Meteorological Office weather data 
for Ross-on-Wye was used, corrected for altitude; the 

site is 100 m above mean sea level.  

Space and Water Heating 

In the interim period, electric resistance heat has been 

used, enabling easy and quick measurements of heat 

consumption and testing of heat emitter locations. 

However, the permanent system will be a LPG 

condensing boiler backing up the solar systems. 

Given the relatively low consumption, gas cylinders 

suffice. The relatively heat-tight thermal envelope 

means that two radiators suffice, one at each end of 

the ground floor of the 5.2 x 11.1 m house.  

Lights and Appliances 

The building is lit by T5 fluorescent lamps, compact 

fluorescent lamps (CFLs) and light-emitting diodes 

(LEDs). The CFLs are being replaced by LEDs as the 

CFLs wear out and as LEDs slowly improve in 

luminous efficacy and colour rendering index (CRI).  

In 2016, LEDs have not quite caught up with T5s in 

terms of luminous efficacy or CRI. But it is expected 

that they soon will. They already equal or exceed the 

performance of CFLs.  

The major electrical appliances are being chosen 
from the most energy-efficient on the European 

market. They are being imported from another 

European country where necessary; i.e., via the EU 

single market.  

In many of the smaller electrical devices, an 

obviously more energy-efficient option exists, or 
could be manufactured. So far, to our knowledge, the 

energy-efficient alternative(s) is not available on the 

EU market.  

An example is some supposedly 'energy-efficient' 

options, such as passive infra-red (PIR) controls for 

outside lighting (an essential in rural areas). Like 
most electronic circuits supplied at 230 V AC and 

with AC converted to low voltage DC, the power 

supply imposes a significant standby power drain. 

Via a revised circuit design, consumption could be 

cut by over 99%; i.e., from watts to milliwatts. To 

our knowledge, this particular technology has not 

progressed in the last four years, although most rural 

houses have multiple PIR sensors and could benefit.  

A second example is recirculating cooker hoods. 

Using more efficient fans and motors, electricity 

consumption could be cut by 75% or more. So far, 

nothing of this kind is commercially available.  

These examples are being documented. Details will 

be published in due course.  

Energy Consumption 

Allowing for the above, Table 4 sets out the 

dwelling's expected energy consumption. It is 
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modelled with average occupancy and at a mean 

winter temperature of 21°C.  

 

Table 4. Projected Energy Consumption2 

Energy Use Form of 

Energy 

 Units 

Space 

heating 
LPG 

1 
7.8 kWh/m2y 

819 kWh/y 

112 ltr/y 

223 kgCO2/y 

16 % 

Water 

heating and 
some 
cooking 

LPG 1 761 kWh/y 

104 ltr/y 

207 kgCO2/y 

19 % 

Ventilation3, 

lights and 
appliances 
and some 
cooking 

Electricity  13 kWh/m2y 

1400 kWh/y 

868 kgCO2/y 

65 % 

Total, all 

end uses 4 
 1298 kg CO2/y 

 

Note: 

1. Design values and net of the solar contributions; i.e., passive 

solar for space heating and solar preheating or full heating of the 

tap water, depending on time of year. Estimated boiler seasonal 
efficiency under this load pattern 92%.  

2.  For an occupancy of three people in the 105 m
2
 house.  

3.  For a ventilation rate in the heating season of 30 m
3
/h.cap.  

4.   That is, space heating 223, water heating and gas cooking 207 

and electricity including some electric cooking 868 kg CO2/y.  

 

In the long term, electricity consumption is envisaged 

to be c.300 kWh/y less than shown, thanks to 

continuing further advances in lights and appliances. 

Also renewable fuel can be produced; e.g., bio-DME 

is available elsewhere in the EU, with similar 

properties to LPG (European Biofuels Technology 

Platform 2009).  

Low or Zero Carbon  

Net low or zero carbon (‘ZC’) aims can be 

significantly compromised by erroneous assumptions 
and conventions. We have sought to avoid these at all 

costs.  

One example of an apparent misconception that can 

occur is where a dwelling having a rooftop solar PV 

array is all-electric and heated by an electric heat 

pump. It seems overoptimistic to consider this as a 
ZC system.  

The local electricity production of this dwelling 

peaks in the months of May, June and July. Its heat 

consumption and its electricity consumption peak in 

the relatively cold, cloudy months of December, 
January and February.  

There is a consequent electricity surplus in late 

spring/summer and an electricity deficit in winter six 

months later. It is not feasible at present to store 

electricity from summer to winter. It is possible that 

it will never be.  

Fuel-fired power stations would be needed to make 

up the winter electricity deficit. At present, these 

would be coal- or gas-fuelled, although Germany is 

working on power-to-gas technology to turn 

unwanted renewable electricity into cheaply storable 

forms of energy.  

The house is connected to the national grid. The 

output of its roof-integrated PV system is accounted 

for relatively prudently; i.e., its PV electricity 

contributes to the rising fraction of UK electricity 

coming from renewables.  

We use today’s emissions coefficient for electricity; 
i.e., 0.62 kg/kWh for supplies to buildings which are 

connected to the 230 V AC distribution system. This 

coefficient accounts for the UK's rising renewable 

electricity output without overstating the ZC case.  

Biosequestration 

A primary goal of the space around the house is 

biological CO2 sequestration. It is a variant on the 

‘carbon capture and storage' (CCS) sometimes 

proposed for future coal- and gas-fired power 

stations. But the details differ.  

France has set a national target to raise the organic 

matter content of its farmland soils by 0.4% per year, 

Quinton, 2015. In much smaller-scale operations; i.e., 

typical of gardens or smallholdings, not farms, a UK 

research institution estimates that ‘woodland gardens' 

or small-scale ‘agroforestry' could possibly store 50 

t/h.y of CO2 (Crawford, 2010).  

If up to 1,000 m2 (0.1 h) of this 1,350 m2 plot could 

be devoted to such activity, it might be possible to 

take 3 t/y of CO2 out of the atmosphere. This would 

help to compensate for this building's operational 

energy and slowly offset its initial construction 

energy.  

Contractual Matters 

The house has been procured/constructed on a direct 

labour basis by the owner (the first author), using 

sub-contractors. The view taken was that the number 

of general contractors able to successfully undertake 

such a project was very limited and that, because of 

inexperience and limited competition, they would 

charge too much of a risk premium.  

This was a critical decision, though, because it 

greatly extended the construction time. In 2016, more 

contractors are available who could reliably be hired 

to construct such a building. This would streamline 

the process of replicating similar projects.  
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4.   MAIN RESULTS 

 

This section sums up the main observations made 

during construction and since the dwelling was first 

occupied in August 2012.  

Design and Construction 

The practical experience was that, as always, energy-

efficient buildings need very careful supervision. 

Misunderstandings can easily arise. However, no 

construction errors were made which could not fairly 

easily be remedied. Site supervision was carried out 

daily.  

Materials 

By contrast with workmanship, certain materials 

relied on for the building's thermal envelope have not 

performed in line with the agreed, or published, 

specification. Remedial works have been needed. 

Two examples are the blown cellulose fibre wall 
insulation and the 'rigid' mineral fibre slab floor 

insulation. Both settled over time.  

It is rather unusual for the main 'issues' affecting the 

performance of a 'low carbon' building to be 

material-related. Workmanship is often thought of as 
the greatest constraint to enhanced building thermal 

performance. The experience makes us speculate if 

some of the UK's much-discussed 'performance gap' 

might be due to sub-standard materials rather than 

inadequate workmanship.  

Thermal Performance/Winter Comfort 

As a result of the above issues, space heating energy 

usage has exceeded the design figure. The measured 

peak space heat demand in cold, cloudy weather with 

a daily mean temperature of 0°C is 1.5 kW(t). The 

figure should be 1.2 kW(t), net of internal and solar 

heat gains.  

Summer Comfort 

The brief 2013 ‘heatwave’ combined relatively high 

temperatures and high insolation. The peak internal 

air temperature reached was 25.0°C. In any repeat of 

such weather, some windows would benefit from 

internal blinds, to shade the occupants from incoming 

solar radiation. External blinds have not yet seemed 

necessary.  

In other summers since the dwelling was occupied, 

the peak internal air temperature reached has been 

between 24.0 and 24.5°C. Peak outside temperatures 

in summer 2014 were if anything slightly higher, but 

solar radiation was not.  

This is broadly in line with the PHPP simulations. 

They suggested no great discomfort, with the internal 

temperature seldom rising above 25°C in a normal 

year, assuming average occupancy and internal gains 

characteristic of energy-efficient lights and 

appliances.  

If external shading were to prove necessary later in 

the 21st century, it could be retrofitted. In passive 

cooling terms, this suggests that such dwellings have 

a significant margin of safety. This statement applies 

to the rural west Midlands; the mean July 

temperature in this location is 1.5 K cooler than in 

south-east England.  

 

Winter - Natural vs. Mechanical Ventilation 

The delay in commissioning the mechanical 

ventilation/heat recovery (MVHR) system provided 

an unanticipated chance to experience the winter use 

of a natural ventilation ('NV') system; i.e., openable 

windows rather than MV in an otherwise Passivhaus-

compliant building.  

In the moderate UK climate, it is sometimes said that 

NV is a viable alternative to powered ventilation 

systems. From the experience of this project, NV 

does not appear as a very suitable means to service 

well-sealed buildings in the UK climate.  

NV has not for instance been very effective at 

combatting internal condensation. Even high-

performance triple-glazed windows display 

significant condensation after cold nights. This 

problem is concentrated in the period late November 

to February; i.e., months which are both cold and/or 

humid.  

Attempts to dispel the condensation, via more 

window opening, lead to significant discomfort. This 

is by way of incoming cold air 'ponding' on the floor, 

giving rise to significant and unpleasant levels of 

stratification. The measured downstairs air 

temperature variation in cold weather, with a daily 

mean temperature of 0°C, has been around 5 K 

between floor and ceiling.  

This is probably much lower than in conventional, 

uninsulated UK buildings, where stratification of 14 

K has been reported. But it is far more than in highly-

insulated, draughtproof buildings with MV systems. 

Experience abroad since 1976-77 has established that 

buildings of this kind can be effectively serviced by a 

small MVHR system (Holladay, 2009). Given this 

relatively positive history, one could question if it is 
worthwhile persisting with NV for winter use in new 

well-sealed UK buildings.  

Even if NV is inappropriate in winter, however, it 

remains a strong option for summer. A 'cool breeze' 

becomes a source of thermal comfort, not discomfort. 
This dwelling permits summer NV, summer MV, or 

both. We shall experiment and report further in due 

course.  

Lights and Appliances 

The T5 fluorescent lighting has been extremely 

successful. In particular, the 13W T5 lamps use as 

much electricity as a CFL but have roughly twice the 

light output and last 2.5 times as long.  

The office in the building is successfully lit with a 

power density of 3.8 W/m2. This is around half to 

two-thirds of many installations which are regarded 

as 'best practice'. This will drop to 3.2 W/m2 when 

LEDs are available for the wall lights that are on a 

107



par with the energy performance of 32 W T5 tubes.  

The LEDs will then replace the CFLs that have been 

used in the wall lights as a stopgap. 

Biosequestration 

The planting is around 80% completed. Efforts are 

being made to find an institution which is interested 

in measuring changes in soil carbon over time.  

The UK has 8,000 km2 of gardens, plus other land is 

devoted to urban parks, golf courses, etc, etc. Some 

of these areas could help with carbon sequestration. 

While we regard some claims being made for 

biosequestration as too optimistic, we feel that this 

important area is greatly under-investigated and 

under-resourced, given the part that it could possibly 

play in mitigiating climate change, coupled with the 

relatively low reported costs.  

 

5.   DISCUSSION AND CONCLUSIONS 

 

UK Energy Policy 

We are concerned at the policy signals sent to those 

pursuing pioneering solar projects. They seem to be 

the opposite of those which are appropriate.  

In particular, this project has in effect been taxed 

rather than rewarded, for exploring and 

demonstrating the utilisation of building-integrated 

renewables and doing so as economically as possible. 

The 'tax' took the form of import duty of c.£400. This 

was payable on the high-performance Canadian 
triple-glazed GRP windows.  

The building's extensive use of passive solar energy 

received no credit under present renewable energy 

programmes. Its experimental passive solar DHW 

system does not qualify for the Renewable Heat 

Incentive.  

The roof-integrated solar PV system uses German-

made glass-glass laminates. Being 'non-standard', 

these panels are ineligible for the Feed in Tariff. Yet 

they have enhanced aesthetics versus the panels seen 

projecting above some UK roofs and the 

improvement might make them more acceptable in 
buildings in legally-protected areas; e.g., National 

Parks, Areas of Outstanding Natural Beauty and 

Conservation Areas.  

Building Energy Performance 

We speculated earlier whether some of the UK's 

much-discussed 'performance gap' might be due to 

sub-standard materials, rather than inadequate 

workmanship. More work is needed to answer this 

question fully. We hope that others will investigate it.  

Low or Zero Carbon Goals 

Problems remain in attempting to account correctly 
for greenhouse gas emissions and sequestration. 

Some effects appear to be significant but are outside 

the terms of UK policy. An example is the true 

greenhouse gas emissions arising when wood is 

burned - rather than left standing or otherwise 

sequestered - compared to when fossil fuels are 

burned.  

We recommend that the UK adopts a more unified 

and accurate national approach as a matter of 
urgency. The aim should be to guide practitioners 

towards meeting the UK's climate change targets 

effectively and affordably.  

In the short term, it is likely that some market sectors 

would be adversely affected by a more accurate 

system of accounting for greenhouse gas sources and 
sinks. However, this does not negate the case for 

changing the system to make it more accurate.  

Replication 

The project is a potential model for other low-impact 

rural housing, in site-specific designs. It is 

particularly relevant to homes outside built-up areas 

with limited mains services. Farmers, smallholders 

and self-builders constructing rural ‘replacement 

dwellings’ may be especially able to utilise the 

information being published on the project (Olivier, 

2016).  

The authors consider that more buildings should be 

constructed to refine the technology used here, 

learning from the experience of this project, most of 

which was positive. A dwelling with similar aims to 

this one has been constructed in Cropthorne, 

Worcestershire (Coe, 2009-16).  

The two projects differ in detail, and differ in 

appearance, but the inherent technologies are similar. 

With advances in glazing, the Cropthorne dwelling 

was able to utilise passive solar more fully than this 

project. All the glass in its south-facing windows is 

low-iron; i.e., including the low-e panes, not just the 
outer clear pane.  

Many of the methods employed in this project could 

be usefully applied to existing masonry buildings, 

especially in those areas of the UK with no natural 

gas. These include buildings with 'hard to heat' solid 

walls. 

Modified Construction 

We would favour replacing the strip footings and 

lightweight masonry foundation used here by a 

concrete raft resting on rigid insulation, normally 

EPS or XPS foam. This approach has become more 

common on Passivhaus-compliant buildings in any 

case. It is speedier and less weather-sensitive than 

laying masonry.  

We remain happy with the structural use of concrete. 

It provides an effective air barrier and high thermal 

capacity in a relatively thin wall; i.e., 150 mm. The 

embodied energy of a correctly-reinforced cast first 

floor is moderate. Being airtight, they provide good 

acoustic insulation between the levels of a detached 

dwelling.  

We would, however, welcome wider access to re-

usable formwork systems; i.e., steel, not timber, for 

small buildings of this kind. Like insulating concrete 
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formwork (ICF), they are well suited to self-build 

projects; unlike ICF, they yield a wall with exposed 

internal thermal mass.  

We favour replacing ‘Larsen trusses’ by continental 

directly-rendered external insulation, usually with 
adhesive-fixed EPS foam and acrylic render. This 

approach, used here on the borehole pump house, 

was very straightforward.  

'Larsen trusses' as utilised here are perfectly sound; 

they work well in Canada. But a few slight glitches 

were encountered, due to poor UK timber quality and 
the lack of reliable equipment to mechanically; i.e., 

quickly, fix them to cast concrete walls. Employing 

engineered wood and modified wood might avoid 

some of the issues experienced. 

The revised wall which we would suggest is similar 

to a standard new German house wall. A minor 
difference is that German mass walls tend to be of 

fired clay blocks, calcium silicate blocks or calcium 

silicate panels, whereas in this project the mass wall 

is concrete. Some UK projects have utilised dense 

concrete blocks. However, the wall contains the 

absolute minimum number of layers and seems to 

simplify wall construction as far as anyone 

reasonably can. See Figure 3.  

 

Figure 3. New German House Wall. 
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ABSTRACT 
This paper follows the progress of how an affordable 
and sustainable design for 6 straw-bale ‘self-build’ 
houses was developed by an ecologically driven 
architectural practice in Devon. The aim of the 
project was to develop a low energy, environmental 
design with natural materials and renewables with the 
overarching concern being to mitigate the risks in 
using a “self- build” approach whilst retaining 
affordability.  
The project aimed to deliver a design and 
methodology for the Community Land Trust to 
enable further lower cost sustainable houses to be 
delivered in high value rural areas. The planning 
target was for Code for Sustainable Homes level 4 
but the aim was to exceed energy performance to 
deliver low energy bills. 
The paper reviews how the construction 
methodology was adapted, the suitability of design 
for a self-build model, success of design features 
such as the sun-room with thermal mass wall, build 
and project costs. The paper also summarises the 
findings thus far including the quality of the build 
and energy performance achieved, difficulties in 
agreeing on a common heating system, and 
performance against the initial objectives of 
achieving superior houses in design and energy 
consumption at an affordable price.  
The houses are being completed on site during spring 
2016 and summer performance will be available for 
the ZCB conference. The learning will assist other 
community led initiatives develop future low energy 
affordable designs. 

INTRODUCTION 
This paper reviews the learning from a six house 
development of detached straw-bale houses in 
Broadhempston, Devon based on a self-build concept 
for affordable homes. The architects were initially 
part of a wider team of specialists, including funding 
facilitation and straw bale construction. The initial 
concept was to work with South Devon College and 
other technical colleges to offer training for self 
builders tied into local self build schemes. This 
involved building a prototype house at South Devon 

College for on-going monitoring and learning. 
However, the College Scheme was slow in being 
developed and the brief for the first community land 
trust (CLT) was progressed as the first of its type 
where funding had been granted. It was accepted 
there was a great deal of learning on the scheme but 
it had to be progressed or funding could be 
withdrawn. 
 

 
Figure 1 Concept Design showing trombe wall 

 

PROJECT APPROACH 
The aim of the project was to develop a design and 
build process for a low energy affordable house 
driven by a community trust whereby affordable 
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houses can be delivered for future community land 
trusts. The CLT also had the goal of supporting the 
community by including self-build where possible. 
The initial concept for the straw bale houses used a 
structural bale system to minimise the need for 
outside input into the house design. However, the 
realisation that the structural integrity over the 
lifetime of the home could be assured with a timber 
frame with straw infill meant that the aspirations of 
the self-build team had to be adapted after a false 
start. 
The key considerations were cost, risk and 
deliverability by a self build group. The original 
house design was too big and needed to be reduced in 
size whilst maintaining the low energy aspirations. 
This involved removing a rammed earth central wall 
and replacing it with a simple trombe wall design at 
the back of the sun room which also had to be 
reduced in size. Planning had to be re-submitted at 
risk, while the technical drawings were produced. 
Key high risk items such as the foundations, timber 
frame and windows were tendered and subcontracted 
out to specialists. Costs for the scheme amount to 
£666 per sqm. or around £80K construction costs per 
house. Total project costs, including all fees, land, 
infrastructure and legal costs totalled around £150K 
per house. 
The self build procurement route puts the 
management of the scheme in the hands of the group 
where they are both client and contractor. However, 
despite LED’s role in administering the construction 
process, the down side to this was the extent of 
‘decision making’ on site. Many decisions were 
uncontrolled by the conventional administration 
process and led to mistakes and abortive work or the 
design team needing to ‘justify’ aspects of the build. 
The largest of the changes was the energy strategy. 
Despite sound guidance on energy strategies, 
different households took their own view and worked 
with individually appointed renewables providers or 
other conventional mechanical installers. This paper 
reflects the outcome and learning of that process. 
Part of the original design concept was based on very 
simple ‘low tech’ sustainability and included rammed 
earth walls and floors. However, this was considered 
to be too risky in terms of programme and integration 
of heating systems. The project delivery strategy and 
timing relied on the project coming in on time and 
coming out of the ground with a reliable slab on 
which to build the frames before the winter. This was 
key to getting the building weather tight in order for 
the straw baling to continue internally. 
The design entails a south facing sun room with 
venting to allow solar gains into the main living areas 
and control the sun-room temperatures. This design 
attempts to use a thermal mass wall as part of the 
energy efficiency but some owners wanted more 
glazing instead of a thermal wall and some houses 
were adapted on site. 

 

 
Figure 2: Initial ventilation design concept 

 

 
Figure 3: 3 bedroom design stage 3D 

Specifications 
The dwellings are either 3 or 4 bedroom designs with 
the 4 bedroom design having an enclosed 
utility/lobby space and the 3 bed designs having an 
open porch. 
The wall structure comprises internal lime render or 
plasterboard, 350mm thick straw-bale in a ladder 
system laid on edge to improve the conductivity, 
100mm earthwool slab insulation in timber frame, 
12mm OSB sheathing board, battened ventilation 
space, membrane and 25mm woodwool board and 
external lime render.  
The roof consists of a wood ibeam structure with 
350mm of earthwool insulation finished with slate 
tiles and photovoltaic panels and the floor suspended 
block and beam floor with 120mm celotex insulation 
below 65mm screed. 
 

112



 
Figure 4 Straw-bale construction 

 
 

U values W/m2K 

wall 0.11 
roof 0.10 
floor 0.15 
windows 1.5 and 1.3 rooflights 
y 0.0775 

Air test 5.48 m3/h.m2 average 
U values 0.11 

Table 1 U value and build specifications 

 

PERFORMANCE RESULTS 
The predicted energy consumption from SAP 2012 
varies across the houses as shown in Table 2 due to 
the variation in the final heating systems and amount 
of PV on each house. The house heated floor area is 
121m2 and SAP ratings are either B or A with one 
house without PV achieving a C rating. The Fabric 
Energy Efficiency (FEE) achieved is between 48-51 
kWh/m2  which pitches the design at Code 4 level in 
the Code for Sustainable Homes for a detached 
house, needing <46 kWh/m2 for a code 5.  
 
 

 
DER 
kgCO2/year/m2 

Total 
kgCO2/year 

Plot 1 12.03 1241.7 
Plot 2 11.18 1132.3 
Plot 3 7.83 728.8 
Plot 4 6.4 645.1 
Plot 5 -4.71 -589.2 
Plot 6 20.3 2328.5 

Table 2 DER & total CO2 emissions (SAP) 

 
 
The performance results are limited further by not 
being able to fund more accurate thermal bridging 

calculations for the junction details and accredited 
details have been used with a y value of 0.078. 
 

 
Figure 5 SAP and EI ratings by plot 

 
The air tests shown are the first pass and are likely to 
improve but show consistent performance despite 
using novice straw-balers. The houses use natural 
ventilation and do not require MVHR. 
 

Heating approach 
The self-build team were severely constrained by 
budget after the false start and decided against 
adopting a communal Ground Source Heat Pump 
(GSHP) or biomass scheme which would have 
provided RHI payments for 20 years. The heating 
scheme could have increased the SAP rating and 
controlled the choice and quality of the system. The 
decision to save money meant that each owner went 
in different directions and installed affordable 
individual systems, some of which are down-rated by 
SAP due to fossil fuel emissions on LPG and default 
efficiency ASHPs on grid electricity. 
Plot 5 achieves an A rating due to a biomass boiler 
with a back boiler to thermal store being designed. 
Plot 2 is also an A rating with a gas boiler not using 
the ASHP system. Plot 4 uses single glazing in the 
thermal wall but still achieves a B rating with a 
biomass room heater and higher PV than the other 
plots. Plot 6 has no PV. A GSHP or biomass system 
or either communal or individual biomass systems 
would have cost about £8k- £10k per house with A 
ratings being achieved for the development. 
The adoption of a hybrid ASHP designed to provide 
hot water from the heat pumps and the heating from 
the gas boiler required LPG to be installed. The 
delivered COP remains to be proved and the 
efficiency data was not available for the product 
used. 
Two houses use biomass for room heat with the log 
boiler version providing underfloor heating in one 
house. The comparison of the practicality of each 
system and energy costs will provide further learning 
for this type of self-build approach. 
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Embodied carbon 
The embodied carbon of straw-bale is very low when 
compared with other construction methods and our 
calculations based on published data (Hammond & 
Jones, 2208) indicate that the carbon is around 3,500 
kgCO2 compared with a brick-block figure of over 
14,800 kgCO2 for a 350mm thick wall using 333 
kgCO2/m3 (Jankovic & Eberlin, 2014). These figures 
are estimates but indicate an 80% reduction in the 
embodied carbon which currently gains no value 
commercially. 
 

DISCUSSION 
Company 1 took on the traditional role of contract 
administrator, but also provided a Professional 
Consultants Certificate warrantying the completed 
work for 8 years. The most challenging aspect of this 
came from managing design changes on site where 
the self builders were in the role of both client and 
contractor. The two main areas of design change 
came from differences in personal preference for 
services across the six houses, daylight design and 
the extent of insulation, where straw bales were 
removed below windows to create window seats. We 
were never properly consulted about these changes 
and were expected to simply accept these changes 
without any consideration on the overall performance 
of the house or impact on Building Regulations 
compliance. Due to the programme and financial 
pressures, the Building Regulations standards were 
used as a fall back position.  
This was a clear reflection on not having to meet and 
CfSH or Passivhaus certification targets. The initial 
low energy design criteria, therefore, became a sort 
of buffer zone, giving the self builders room to drop 
standards in certain areas providing it complied with 
building regulations. This tested our role as both low 
energy and community architects, where energy 
efficiency was paired off with serving the self 
builders and helping to complete on time, despite 
variations from approved drawings. 
The impact of the lower cost heating systems adopted 
by each plot will need to be monitored to evaluate the 
performance. The returns of a communal heating 
system, if capital could have been borrowed to fund 
this part of the project, could have resulted in RHI 
payments over 20 years with a 4-5 year payback and 
over 20% ROI. In considering how to improve the 
quality of the house and heating systems the issue of 
choice for each self-builder adds complexity and the 
opportunity for things to go wrong. In addition, 
decisions to remove part of the thermal envelope 
adjacent to the utility wall after the building control 
officer decided that a short un-insulated section of 
under-floor pipe, meant this was effectively a heated 
space has further reduced the fabric energy 
performance. 
 

It is difficult to educate a varied group of self-
builders as to the optimum system for their needs and 
decision by committee proved ineffective despite 
commissioning a study on renewable options. 
Energy monitoring should be carried out to assess the 
energy consumption, effectiveness of the sun-room 
ventilation system at capturing solar gain, evaluate 
the heating performance and comfort factors for the 
occupants. Including heat loss images taken during 
the winter months would help to evaluate the 
consistency of the straw-bale and losses through 
junctions. 
 

CONCLUSIONS 
The project has delivered six affordable, attractive 
houses within the budget for the Community Land 
Trust and provides an example of a process that 
could deliver further affordable low carbon houses 
for communities. The straw-bale approach provides 
opportunities for local employment and the approach 
has significant lower embodied carbon savings 
compared with traditional brick and block for 
housing associations. 
 

 
Figure 6 Site photo south facade 

The abandonment of the Code for Sustainable Homes 
during this project had a negative impact on 
completion of the ecological improvements to the site 
and leaves the drainage and ecology to the BCO. The 
savings on delivering the Code certification have 
allowed the funds to be used on the build but the 
beneficial aspects of the Code should perhaps be 
followed up as part of planning requirements at a 
lower cost. 
Errors in the early stages due to mis-placed 
enthusiasm for a structural straw-bale design have 
meant inaccurate costs and some re-work which 
could be avoided on future schemes therefore 
allowing funds to be spent on further improving the 
houses. 
On the whole we are very pleased with the result, 
however, we consider we have learned a great deal 
about how a little extra management of the scheme, 
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and less ‘choice’ by the self builders could have 
achieved an exemplar sustainable scheme. 
 
  

NOMENCLATURE 
ASHP: air source heat pump 
COP: Coefficient of performance 
GSHP: Ground Source Heat Pump 
MVHR: mechanical ventilation with heat recovery 
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ABSTRACT 

Whether national or international, the current 

construction process – both in economic, 

environmental and social terms - reached its limits. 

Worldwide there are no other industries which hold 

on to old traditions for so many years, as the 

construction industry still does. The development - 

both sides of planning, as well as execution - of new 

processes, new tools, new materials and new methods 

almost stands still. Wood as a renewable material 

will play an important part in the future building 

industry. It allows to pre-fab big size modules in high 

quality and low weight, which can especially be 

produced locally. This means less waste, less 

transports, local workmanship and high quality. Each 

building based on wood is a carbon storage building 

and therefore good for our environment and 

healthintroduction 

 

INTRODUCTION 

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. To just 

modernise existing processes, for example by 

digitising the classical construction process – what 

nowadays is often erroneously understood to be BIM 

(Building Information Modelling) – is not sufficient. 

Rather, we need a completely new approach to 

“construction” as we know it today. The objective is 

to create a digital platform for the collection of all 

relevant information on building projects, statutory 

conditions, building materials, building components 

and stakeholders in the project so that it is available 

and can be used and developed by all. This affects all 

those involved – tradesmen, engineers, architects, 

authorities, service providers, contractors, customers 

and, above all, the timber industry.  Because timber 

is an essential component of any timber hybrid 

construction system, and hence the most important 

building material in this new world of construction. 

 

WHERE WE ARE NOW? 

The first issue is the fact that environmental pollution 

and consumption of resources has risen dramatically 

in recent decades owing to the production and 

consumption of products and services. 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 consumption of natural resources both in 

production and consumer goods. For this reason, a 

move away from the existing patterns of utilisation of 

natural resources towards sustainable development is 

mandatory. The key focus of better environmental 

management must be on a reduction in the total 

quantity of resources consumed, rather than a 

reduction in individual pollutants.1 

 

The global construction industry, with its 

conventional construction methods, is responsible for 

30 to 40% of today's resource and energy 

consumption and 40% of the current volume of waste 

and CO2 emissions.2 This makes it very clear that 

there is an urgent need for action, particularly in the 

building industry. Over the entire life-cycle of 

buildings – from the design and concept via 

construction, maintenance and use through 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. 

                                                           
1 BRIX report for Rhomberg GmbH on 23 December 

2010 

2
 UNEP SBCI Buildings and Climate Change, 2009, p. 5  
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The Rhomberg Bau Group, based in Austria, has 

been focusing on this issue for over ten years and, as 

a first step, has created a construction system – the 

LCT (LifeCycle Tower) –which combines two 

essential components of a holistic construction style 

that makes efficient use of resources – timber 

construction and system construction.  

 

WHY TIMBER? 

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 first 

building worldwide using the LCT system – 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. 

 

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. 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. This carbon dioxide, which has been 

removed from the atmosphere, is retained by timber 

throughout its lifecycle, thus reducing the substance 

that is considered the main cause of the greenhouse 

effect. Put another way: growing timber uses the 

process of photosynthesis to absorb carbon dioxide, 

and the harvested timber stores it.3 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.4 PE International carried 

out a study in parallel to the LCT research project5, 

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 life-cycle 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 construction sector and stores 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 

un-encapsulated 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 

                                                           
3 Kolb, J.: Systems in timber engineering: loadbearing 

structures and component layers, p. 17 

4 Colling, F.: Timber construction: principles and design 

aids, p.1 ff. 

5 The study presents the results of a CO2 assessment of 

the LifeCycle Tower as the basis for a "Product Carbon 

Footprint" 
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and contribute to a room climate that supports good 

health.6 

 

WHY SYSTEM CONSTRUCTION? 

The LCT system used by Cree GmbH is a 

standardised modular system with universal 

applicability. In contrast to other timber construction 

projects, Cree is taking a top-down approach in 

which all components have been designed such that 

they can be adapted to changes and regulations in the 

respective countries should the concept be used in an 

international project. In addition, the LCT system 

components can be manufactured 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 IZM7, 

are office buildings. In addition, the LCT system has 

been used for the upward extension of the head office 

of Wagner GmbH in Nüziders and for an office and 

apartment building in Memmingen, Germany. 

However, the modular prefabricated timber 

construction system can also be used for hotels, 

restaurants, retail and educational buildings. With 

highly precise prefabrication methods, the various 

modules can be designed flexibly, and 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.  

 

By comparison with conventional construction 

methods, the use of timber reduces the “ecological 

backpack” by half: according to the renowned 

chemist and environmental researcher Prof. Friedrich 

Schmidt-Bleek, every product has an “ecological 

                                                           
6 Moser, M; Avian, A; Grote, V; Mayrhoffer, M: School 

without stress - wood creates a good school climate. 

Holzcluster Steiermark Future Conference; 25 March 

2010; Graz, AUSTRIA. 2010 

7 Illwerke Zentrum Montafon, Vandans (AT) 

backpack”.8 For example, in order to produce 

1 kilogram of steel, an average of 8 kg of rock and 

fossil fuels has to be taken out of the earth, for a 

kilogram of copper it is 348 kg, while the “real” 

weight of one kilogram of aluminium is 37 kg. In 

contrast, the “ecological backpack” of timber is about 

1.2 kg – which means that for 1 kg of timber, only 

0.2 to 0.4 kg has to be consumed in addition. Prof. 

Schmidt-Bleek, in his publications, demands 

dematerialisation by a factor of 10. In his concept of 

the “ecological backpack”, he has developed the 

MIPS9 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 life-cycle 

(production, use, disposal and 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 replaced by more resource-efficient 

materials. 

 

By contrast to 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. In addition, a comprehensive energy 

supply concept was developed which reduces the 

energy requirement to the minimum while fully 

covering the users’ needs. This makes it possible, 

depending on conditions and requirements, to 

simplify the technical services installations, in line 

with what is sometimes called a “less tech” approach. 

Conventional energy sources such as heating oil or 

natural gas are avoided completely. 

 

LEARNING FROM OTHER INDUSTRIES 

The predominant method used today in building 

construction can still be compared to what in other 

industries is referred to as prototype construction. 

                                                           
8 Schmidt-Bleek, Friedrich (Ed.) (2004): The ecological 

backpack: economy for a future with a future; 1st ed.; 

Stuttgart [etc.] : S. Hirzel publishers 

9 Material Input per Service Unit 
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This means that each building is fundamentally 

designed from new. Experience gained from previous 

projects is mostly not utilised, and is therefore lost. 

Other industries – above all the automotive industry 

– are clearly more advanced than construction; items 

such as chassis, engine and car body are standardised 

and modular, and can therefore be produced quickly, 

cost-efficiently and in a resource-efficient manner. 

Nevertheless, it is possible to differentiate cars and 

adjust them to specific requirements using different 

trim characteristics, colours or materials. With the 

help of a “car configurator”, customers can configure 

their own dream model and order it at the push of a 

button. In the near future, house purchases will take 

place in the same way – the client configures a 

building at the computer, views it with the help of 3D 

glasses in order to design details and furniture and 

fittings, and then orders via mouse-click. However, 

we are not there yet. But that’s just a question of 

time. 

 

THE NEXT STEP – CONSTRUCTION 4.0 

And this time will arrive faster than we think. The 

reason for this is also the logarithmic way of man’s 

thinking10 – in order to anticipate the world in one 

year’s time, we don’t have to look one year into the 

past, but ten. The pace of development is speeding up 

immensely, aided primarily by technical 

development and digitalisation. Therefore, the time 

of Construction 4.0 is right now; timber construction 

or hybrid timber and system construction have 

created the prerequisites and best starting point for 

the next step. This is driven by the Sharing and Open 

Innovation paradigms. 

 

The fulcrum of this new construction paradigm will 

be an interdisciplinary, digital and interactive 

platform. A type of cybernetic table for everything to 

do with the “design, construction and operation of 

buildings”. This accommodates all information, 

contacts, products, forms and case examples from the 

world of system-based hybrid timber construction. 

And it will undergo continuous development; every 

newly developed construction element, every 

successfully completed project, each new producer, 

architect or engineer will enrich the platform, fill it 

with content, thereby expanding the knowledge of all 

those sharing in the cybernetic table. This means that 

in future knowledge will not be subject to copyright, 

but will be owned collectively for the benefit and 

advantage of timber construction and all 

stakeholders. 

 

                                                           
10 Von Baeyer, Hans Christian: The Informative 

Universe. The New World View of Physics. C.H. Beck 

Publishers p. 103 

The platform will be subdivided into a number of 

different project areas. There will be country areas, in 

which the statutory guidelines for official approvals 

are deposited. There are virtual meeting areas for 

architects and engineers, where they can meet, 

exchange ideas and found virtual companies. There 

are product shops, where existing construction 

elements can be viewed – including all information 

on materials, costs, their ecological footprints and 

manufacturers’ worldwide contact data. In addition 

there will be top performer lists, which are computed 

on the basis of feedback and customer evaluations; 

for example, the best projects – including the 

information on construction elements and the 

manufacturers involved – the best timber architects, 

the best structural engineers or the best fire safety 

experts. All this knowledge, experience and contact 

information on the platform is available to all users. 

Without limitation in terms of time and space. 

 

We will say goodbye to the contemporary 

construction process – in-process design will no 

longer exist. It will simply become superfluous. On 

the other hand, the architect’s task will become more 

demanding in the early stages – in terms of social 

context, urban design and building design. This is 

already the case in shipbuilding and in the 

automotive industry – the engineers and designers of 

a yacht or cruise ship have no further influence over 

their drawings once they have been submitted to the 

shipyard.  And why should they?  

To minimise and limit development and production 

costs and the associated risks, shipbuilders and 

shipyards are always encouraged to optimise their 

facilities and processes during the entire life cycle. 

Through the aid of digital simulation of single or 

multiple assemblies, the entire process and process 

steps are tested and optimised in the preliminary 

stages, before actual production starts.  

This consistent and most of all disciplined approach 

shortens previously known development times in the 

shipbuilding industry and at the same time improves 

return on investment. These disciplines coordinate 

and synchronise simultaneously from the start 

through the usage of interactive software solutions. 

The topic of sustainability in the shipbuilding 

industry, where product life cycles can be up to 100 

years, has also completely changed. Due to global 

supply chains, highly precise progressive processing, 

production technologies, and the challenge to 

separate the assembly to different locations and 

institutions, this industry has become more and more 

complex in previous years. As a result of this, new 

instruments and tools that enable an early start in the 

planning of production have been created to maintain 

a complete overview despite these challenges. 

 

 “Virtual modelling” of ships, in particular, replaces 

extensive timely and financial mock-ups and enables 
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parallel and systemised planning, training, production 

and assembly. In this way the digital production 

solutions of important assembly facilities including 

all fabrication, supply chain and final assembly 

locations are connected with the pre-defined master 

product and process structure. An integrated digital 

environment ensures the fabrication of the right 

product in the right quantity, adequate quality 

standards and suitable performance requirements 

before the start. Even after completion and delivery - 

the handover - the ships stay permanently connected 

with the supplier, in order to recognise possible 

problems at a very early stage and to enable faster 

and more cost effective maintenance and alteration 

provisions. 

In order to make this happen it is necessary to create 

a complete digital twin of the whole building with all 

components and module. Experts can simulate and 

optimize directly every new product, situation and 

decision on the twin. Typical structural designs, 

mechanical, electrical and plumbing designs are thing 

of the past. This means the contemporary 

construction process, from the design and 

construction aspects are no longer exists with the 

exception of prototypes. All standardised buildings 

are able to fulfil the requirements for a digital design 

and building process. In fact, there are no reasons to 

have a comprehensive planning and design approach 

during construction. Every detail, every workshop 

planning, every bill of material is finished and 

available, before the first excavator starts working. 

This digitalization changes the production – 

especially pre-fab process - completely.  With the 

simulation of every production process on the digital 

twin, it is obviously to prepare a typically static 

method statement. The twin itself allows all involved 

companies and person to make trainings, optimize 

their process and reduce failures. On the platform, we 

store all health and safety instructions and connect 

these with the twin. With each new realization and 

production of module and building, we optimize the 

process and the material input for each new own. 

Therefore, every electrical meter for CO2, 

temperature, moisture content and electrical parts like 

water pumps, motion sensors, etc. have an IP 

address. Thereby we get some principle information 

(e.g. power input, serial number, load changes, age, 

etc.) from each building and have always a current 

state. In combination with the Internet of Things 

(IoT) the building automation will happen in the 

cloud and it is much easier to optimize the operation 

and maintenance costs.  Right now with one hourly 

basis of a skilled worker, we can heat a typical flat 

for minimum one month. Just with the information in 

comparison to other buildings, we have the chance of 

a predictive maintenance. Heating, cooling, 

ventilation, as also cleaning and using of space is 

much easier by knowing the status. All these 

information are available on the cloud for the 

building automation and are available to individual 

apps and software application for every tenant.  

 

 

The functions of architects and building designers 

will change. New players will become part of the 

process – from IT, from community management, 

from other areas which up to now have been 

completely excluded. Currently, Cree GmbH is 

working and negotiating with the supplier of holistic 

lighting solutions, the Zumtobel Group, the Bosch 

electronics corporation, the aviation-based Dassault 

Systémes and with the BIMobjects IT service 

provider. These are all companies which hitherto 

were not particularly involved in construction. Let’s 

call it the “Uber principle” of the construction 

industry – the rules are being redefined. 

 

In brief: The Cree platform, which is available on 

BIMobject11, holds everything available at any time 

and from anywhere, and to all interested and 

registered users. And this is where timber comes into 

play, because this change in the construction process 

and in building heralds enormous opportunities for 

timber construction: 

 

Opportunity 1: Timber hybrid construction makes 

prefabrication possible. Accurate to the millimetre, 

no on-site work is required. In addition, building 

components are fitted with electrical and services 

installations at the factory. 

Opportunity 2: Owing to its weight, timber has no 

competitor when it comes to transport and handling 

on site. 

Opportunity 3: Timber can be used the world over – 

either because of the ease of transport or because 

forests and timber mills are in the direct vicinity. It 

has an inestimable benefit to local business. 

Opportunity 4: Timber system construction reduces 

costs, especially when using the platform: the design 

becomes easier and more cost effective since existing 

details can be used for new designs. Approvals will 

be obtained quicker, because of the existing 

precedents. Offers and prices are becoming 

comparable. 

                                                           
11 BIMobject, www.bimobject.com  
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Figure 1: Cloud and open platforms 

 

CONCLUSION 

Timber hybrid construction, modular, system-based 

building and the cybernetic table create the boundary 

conditions necessary to make the construction 

industry more sustainable and more efficient, and to 

produce better quality. In addition, there will be 

greater focus on productive design instead of 

continually repeating efforts to solve identical 

problems. Owing to its experience in the above areas, 

Cree has the competence to create and manage the 

digital construction platform. 

 

Never before has the opportunity been so great for 

introducing the vitally important change to the 

construction process, including construction with 

timber for a more sustainable, more comprehensive, 

more resource-saving, more cost-efficient and 

therefore better process. If all architects, structural 

engineers, specialist engineers and tradesmen who 

have recognised the potential of timber and are 

prepared to move forward, come together now, then 

no lobby in the world will be able to stop this 

movement. 
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ABSTRACT 
Following growing awareness concerning indoor air 
quality and energy efficiency, two different solutions 
became prominent in this research field: latent heat 
storage capabilities (for energy savings) and 
photocatalytic mortars (for elimination of air 
pollutants and self-cleaning). Indoor air quality in 
buildings is now going far beyond the simple indoor 
temperature regulation. Aspects like contamination of 
the indoor air by pollutants, are gaining importance 
and being included into building regulations. These 
functionalities, heat storage and self-cleaning, have 
been always considered separately, so the products 
available so far only include one. With the increasing 
demand for new and more innovative materials, future 
research will tend to include several functionalities in 
one single product. 
Within this work a new multifunctional mortar 
combining energy storage, self-cleaning and air 
depolluting capabilities has been developed. The 
paper discusses the manipulation of mortars 
microstructure, by studying the microstructural 
modifications with different amounts of PCM (phase 
change material) and nanoparticles of titanium 
dioxide. Using the correct combination of both 
additives, the mechanical strength will not be 
compromised. The paper demonstrates that it is 
possible to develop new advanced mortars for building 
applications, more complex and with multiple 
functions, opening a new field of opportunities for the 
construction sector. 
 

INTRODUCTION 
A study conducted by Tong et al in 2016 demonstrates 
how indoor air quality is affected by external pollution 
in urban environments (Tong, Chen et al. 2016). 
Indoor air quality and thermal comfort can have a 
significant impact in human health and productivity 
(Jantunen 2007, Nicol and Humphreys 2007). Good 
comfort levels are usually settled at the design stage 
by introducing solutions for climatic control (heating 
and cooling) and ventilation systems. The main 
problem lies in the need to increase the air renovation 
rate to achieve lower particulate and pollutant 
concentrations. This outdoor air has a different 

temperature and this will force the heating or cooling 
systems to use energy to re-establish thermal comfort. 
Construction materials can play an important role in 
reducing the final energy costs and increasing indoor 
air quality (Lucas, Ferreira et al. 2013, Lucas, Ferreira 
et al. 2013). Traditionally this can be made by using 
materials with better insulating properties and lower 
emissions (Petter 2011). However, this does not solve 
the problem of having outdoor pollutants inside the 
building neither contribute effectively to eliminate 
them without ventilation. Recent research in the field 
of functional construction materials resulted in new 
solutions, such as heat storage and self-cleaning, for 
indoor air cleaning and thermal control. An important 
limitation however of these new materials, is the 
inability to provide more than one functionality at the 
same time, what limits the application of these 
products in the construction industry. 
This works focus on the development of a new type of 
mortar with combined depolluting, self-cleaning and 
heat storage properties aiming, in particular, 
application for building’s renovation. This solution 
reduces air renovation rates while maintaining good 
quality levels for the indoor air, leading to lower 
energy demands for heating/cooling. 

Photocatalytic, self-cleaning mortars 
The photocatalytic effect of titanium dioxide has been 
known for more than 70 years (Goodeve and 
Kitchener 1938). The most common crystalline forms 
of titanium dioxide are anatase and rutile. The anatase, 
for its excellent photocatalytic abilities, is widely used 
in air and water cleaning systems (Diamanti, Paolini 
et al. 2015). 
Titanium dioxide has a band gap energy of 3.2 eV, 
corresponding to a wavelength of 385 nm. Electron-
hole pairs are generated when titanium dioxide is 
irradiated with light within this wavelength. Equations 
1 to 3 show the 3-step reaction process involved in 
photocatalysis (Fujishima, Zhang et al. 2008): 
 



TiO2  hf TiO2 e
  h            (1) 



e O2 O2
              (2) 



h H2OHOH            (3) 
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The high oxidizing and reducing ability of TiO2 makes 
it unique for photocatalytic applications. It is 
commonly used in degradation of organic pollutants 
and aromatic compounds, solar energy conversion, 
self-cleaning and anti-fog surfaces. 
TiO2 exhibit a good efficiency when it comes to 
remove several air pollutants. It works best for 
concentrations between 0.01 and 10 ppmv, presenting 
itself as a good solution for indoor air cleaning, with 
concentrations falling within this range. The 
possibility to incorporate titanium dioxide 
nanoparticles in construction materials (cement, 
plaster, concrete, etc.) has been investigated and its 
feasibility has been demonstrated (Maury and De 
Belie 2010). 
The photocatalytic reaction takes place on the surface 
of these materials where the adsorption of the gaseous 
pollutants occurs. Later, with the removal of the 
reaction products from the active sites, the catalyst 
becomes active again, making it capable of 
accomplishing a new photocatalytic cycle. 
In this study, a common pollutant in urban areas NOx, 
was selected to determine the mortars’ photocatalytic 

efficiency (Ballari, Hunger et al. 2010). The 
degradation of NOx can be divided in several 
chemical reactions: 
 

NO+OH·®NO2 +H +            (4) 
  32 NOONO             (5) 

NO2 +OH· ®NO3
- +H + ®HNO3          (6) 

 
The O2- and OH radicals are formed during the 
activation process of the photocatalyst as described in 
reactions 1 to 3, react with the pollutant gas producing 
NO2 and HNO3.  

Latent heat storage in PCM-mortars 
The application of materials that can contribute to 
reduce energy demand is considered one of the top 
priorities for both new and renovated buildings. 
Materials with latent heat storage capabilities can 
contribute to save energy by reducing the operation 
time of the heating and cooling systems (Sharma and 
Sagara 2005). Several companies already have 
commercially available cement and gypsum-based 
mortars with heat storage capability, however, these 
products are destined for new buildings only. The 
development of a mortar with a suitable composition 
for historic buildings will improve their energy 
performance helping them to fit into new buildings 
regulations (Lucas, Ferreira et al. 2010). 
Phase Change Materials (PCM) are formed by a 
capsule of polymethyl methacrylate (PMMA) 
containing paraffin waxes which are able to store and 
release heat. When the temperature inside the room is 
higher than the phase transition temperature (Tg) of 

the paraffin, an endothermic reaction occurs and heat 
is stored. If the temperature decreases below Tg, the 
same amount of heat will be released through an 
exothermic reaction. 
Heat storage and self-cleaning have been always 
considered separately. With the increasing demand for 
new and more innovative materials, future solutions 
will necessarily pass by including several 
functionalities in one single product (Salonitis, 
Pandremenos et al. 2010). In this work a 
multifunctional mortar combining energy storage and 
self-cleaning capabilities was developed through the 
study of the microstructural modifications with 
different amounts of PCM (phase change material) 
and nanoparticles of titanium dioxide. The paper 
demonstrates that with careful manipulation of the 
mortars’ internal structure it is possible to develop 

new advanced mortars for building applications, more 
complex and with multiple functions. This opens a 
new field of opportunities for the construction sector. 
 

EXPERIMENTAL 
Materials and formulations 
The mortar mixture was prepared using hydrated lime 
as binder and sand as fine aggregate. The phase change 
material (Micronal DS 5008) comprises a paraffin 
mixture encapsulated in a polymethylmethacrylate 
(PMMA) shell, with an average particle size of 6 µm, 
transition temperature of 23ºC and enthalpy 135 kJ/kg. 
The titanium dioxide, a photocatalytic additive, is a 
commercial product (Evonik P25), consisting of 85% 
of anatase and 15% rutile having a specific surface 
area of 50±15 m2 g-1. It was added to the mixtures 1 
wt.% of a plasticizer (Glenium 51), with a density 
around 1.067-1.107 g/cm3 and a total solid content of 
28.5 - 31.5 wt.%. Mixing water content was keep in a 
level that assured proper workability for each 
composition. Lucas et al. studied the effect of PCM 
and TiO2 in lime, gypsum and cement based mortars. 
Supported by these previous works the compositions 
tested in this paper contained 20 to 30% PCM and 2.5 
to 5% TiO2. The mortars have a constant binder 
aggregate ratio of 1:2 (weight). 
The samples for the mechanical strength tests were 
prepared following the procedure described in the 
European Standard EN 1015-11. The tests were 
carried out after a curing time of 90 days in storage 
conditions with a temperature of 20 ºC ± 2 ºC and 65% 
± 5% of relative humidity. The pore size and pore 
distribution were determined using a mercury 
intrusion porosimeter (AutoPore IV Micromeritics) 
working in the pressure range from 4 kPa to 228 MPa 
and intrusion in pores between 6 nm and 360 µm. 
The test developed to assess the heat storage capability 
was designed to simulate as closely as possible the real 
application conditions. Test cells placed inside a 
climatic chamber were submitted to a specific 
temperature cycle. The minimum temperature of 10 
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°C was the starting point and the maximum value of 
40°C was reached at a constant rate of 0.5 ºCmin-1. 
The highest and lowest temperatures were kept 
constant for 10 minutes and this cycle was repeated 
during 24 hours. The test cells made with an insulating 
material (extruded polystyrene) were coated on the 
inside with a mortar layer of 3 mm. During the test, 
thermocouples placed outside and inside the boxes to 
monitor the temperature inside the cells with PCM and 
the reference sample box. The temperature cycle 
forces the PCM to change phase (around 23 to 25 ºC) 
and it is possible to determine the impact of the heat 
storage capability of the mortar. The multifunctional 
mortars were submitted to cyclic thermal tests to 
determine if the use of multiple additives can 
influence the thermal behaviour. 
To conduct the photocatalytic test, a specific setup 
using NOx as pollutant was developed. NOx is a 
common pollutant gas present inside buildings and in 
urban areas in concentrations around 1 ppmv. This 
value was selected as the initial concentration for the 
laboratory tests conducted in this study. Several 
authors also used this concentration and this would 
facilitate comparisons with related studies. NOx (10 
ppmv) was diluted in standardized air, to obtain the 
desired concentration. Gas inlet measured with mass 
flow controllers was injected to the chamber at a 
constant flow rate of 1 l/min. The reaction took place 
inside the stainless steel chamber. The cylinder with a 
35 dm3 capacity is completely sealed and the glass 
window on the top allowed the light from the 300-
Watt solar lamp (OSRAM UltraVitalux), placed at 1m 
from the sample, to irradiate the mortar. During the 
tests, a thermocouple and a humidity sensor monitored 
temperature and relative humidity and the values 
remained steady at 20 0C and 40% respectively. 
Excessive temperature can affect the photocatalytic 
measurements making difficult to distinguish the 
degradation effect from an overheating phenomena. A 
chemiluminescence analyser (AC-30 M, Environment 
SA) measured the concentration of the outlet gas. 
A blank reference and TiO2 containing samples were 
tested at NOx concentration in air of 1 ppmv after 
stabilization to ensure complete saturation in order to 
prevent any absorption effect from the sample and 
reactor walls. 
The photocatalytic efficiency was determined by 
equation 7 
 

           (7) 

 
where, 
[NOx]TiO2 is the final pollutant concentration after the 
irradiation test 
[NOx]blank is the NOx concentration for the blank test 
(0% TiO2). 

RESULTS AND DISCUSSION 
Mechanical strength and pore distribution 
The mechanical strength is higher for the formulation 
with maximum content of PCM (30%) and 2.5 % of 
titanium dioxide, as shown in Figure 1. If we compare 
the results when the additives are used separately with 
the combined formulations, it can be concluded that, 
generally, the combination of two additives present 
better results. 
 

 
Figure 2 – Mechanical strength of the compositions 

tested 
 
This can be a consequence of better particle packaging 
inside the mortar matrix, but also resulting from a 
fluidizing effect of PCM, that allowed the introduction 
of TiO2 without degrading the hardened state 
behaviour of these samples with combined additives. 
Combining microcapsules (PCM) with nanoparticles 
(TiO2) results in complex internal microstructures  
(Figure 2). 
 

 
Figure 2 – Internal microstructure of a mortar 

containing PCM and TiO2 

 
The analysis of pore size distribution contributes for a 
better understanding of impact on the mortar 
microstructure. For 2.5% of photocatalytic additive 
(Figure 3), increasing the PCM content reduces the 
macropores (above 5 µm) and lead to an increase of 
micropores (0.5 to 5 µm) and nanopores (below 0.1 
µm) achieved by better accommodation of additives 
into the internal microstructure. 
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Lucas et al., have observed this effect in PCM 
containing mortars and it is noticeable in the PCM 
mortars pore distribution in Figure 4 (Lucas, Ferreira 
et al. 2013). PCM act as counterbalance for the 
detrimental effect of titanium dioxide nanoparticles as 
a very fine material addition. According to Figure 5, 
the compositions containing only titanium dioxide 
exhibit a high content of pores above 10 µm however 
when PCM is added, these pores are eliminated. 
 

 
Figure 3 – Pore distribution for mortars containing 

20-30%PCM and 2.5% TiO2 
 

 
Figure 4 – Pore distribution for mortars with 0-30% 

PCM 
 
With 5% of TiO2, the compensation from the PCM 
microcapsules is still evident, though less effective, 
due to the excess of nanoparticles (Figure 6).  
 

 
Figure 5 – Pore distribution for mortars with 0-5% 

TiO2 
 

The high volume of macropores present in the 20% 
PCM formulation disappeared when PCM content 
increases and the volume of nanopores become 
higher.However, a parallel effect occurs with 5% 
titanium dioxide that was not present with 2.5%, the 
presence of a high porosity, above 8 µm. These bigger 
pores can explain why the composition with 2.5% 
TiO2 and 30% PCM performs better compared to the 
5% TiO2 and 30% PCM combination, since total 
porosity and average pore size are similar in both. 
 

 
Figure 6 – Pore distribution for mortars containing 

20-30%PCM and 5% TiO2 
 
Tables 1 and 2, show that pore size distribution plays 
a more important role in mechanical strength than total 
porosity and average pore size. The ideal combination 
that has achieved better mechanical strength was the 
mortar with 30% of PCM and 2.5% of titanium 
dioxide. 
 

Table 1 – Average pore size and total porosity for 
PCM/TiO2 compositions with 2.5% TiO2 

 % Pore average 
size (µm) 

Total porosity 
(%) 

TiO2 2,5 
0,076 31,6 

PCM 20 
TiO2 2,5 

0,088 36,3 
PCM 25 
TiO2 2,5 

0,068 31,6 
PCM 30 

 
Table 2 – Average pore size and total porosity for 

PCM/TiO2 compositions with 5% TiO2 

 % Pore average 
size (µm) 

Total porosity 
(%) 

TiO2 5 
0,095 39,0 

PCM 20 
TiO2 5 

0,094 35,8 
PCM 25 
TiO2 5 

0,067 33,8 
PCM 30 
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Latent heat storage 
Figure 7 and Figure 8 exhibit the behavior of the 
PCM/TiO2 mortars when submitted to the test in the 
climatic chamber. For mortars containing 2.5 % of 
TiO2, when the temperature increases, the efficiency is 
similar for 20 and 30% of PCM, which can be 
observed by the same temperature reduction relative 
to the outside temperature. 
 

 
Figure 3 – Thermal tests for the 2.5% TiO2 mortars 

with 20-30% PCM 
 

 
Figure 4 – Thermal tests for the 5% TiO2 mortars 

with 20 to 30% of PCM 
 
During the cooling cycle in this simulation, the 
composition with 30% is slightly more effective. A 
change in the internal porosity does not play an 
important role, because the amount of nanopores 
(below 0.1 µm) is the same for both mortars. The 
porosity between 0.5 and 1 µm present in the 30% 
PCM mortar is high enough to assure an effective heat 
exchange, since the critical limit to delay the heat 
transfer in PCM mortars is below 0.5 µm (Lucas, 
Ferreira et al. 2013). 
When the amount of titanium dioxide nanoparticles 
increase to 5% an interesting phenomena appears. The 
mortar with 20% PCM is more efficient than the one 
with 30%. This event shows the importance that the 
internal pore distribution play in the heat transfer. The 
strong reduction in macropores for the 30%PCM-
5%TiO2 composition, when the content of nanopores 
(< 0.1 µm) and micropores (0.5 to 5 µm) remains the 
same, determines the heat efficiency differences 
between this composition and the 30%PCM-

2.5%TiO2 formulation. However, an improvement in 
latent heat storage performance for the mortars with 
5% of TiO2 is not enough to compensate the loss in 
mechanical strength. It is clear that a good 
compromise between hardened state properties and 
heat transfer must be advantageous for the durability 
of the mortar. 

Photocatalytic efficiency 
The photocatalytic tests demonstrate that an increase 
in the titanium dioxide content does not necessarily 
translates into an increase in efficiency (Fig. 9) 
(Lucas, Ferreira et al. 2013). The excess of catalyst 
contributes in fact to a decrease of the degradation rate 
in 5% compositions. While for the 2.5% of TiO2, an 
increase in PCM does not compromise the overall 
photocatalytic efficiency, when using 5%, the increase 
in PCM reduces the degradation rate. The strong 
decrease in pores above 1 µm for the composition with 
30% of PCM diminishes the amount of catalytic agent 
exposed to the NOx and can explain the difference for 
20 to 30% PCM, when the TiO2 content remains the 
same. 
 

 
Figure 5 – Photocatalytic tests of the TiO2/PCM 

mortars 
 

CONCLUSIONS 
The results presented in this work confirmed that 
microstructural modification can open new 
possibilities in the development of construction 
materials with multiple functionalities. Combining 
micro and nano-size components does not necessarily 
mean that hardened state properties will be 
compromised. It was demostrated in this paper that a 
good understanding of the microstructural changes 
involved can lead to an optimization of compositions 
without compromising their functionality. This opens 
a new field of opprotunities for new, innovative and 
sustainable materials. 
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ABSTRACT 

Deployment of fuel cells (FCs) in buildings and 

vehicles is essential to achieving carbon emission 

targets nationally in the UK, and globally. FCs are 

electrochemical devices using fuels such as 

hydrocarbons or hydrogen, to output useful electric 

current and heat. Commercialisation of FCs is 

dependent on mass manufacturing to achieve 

challenging cost targets; technology performance 

was already proven. This paper describes a cost-

competitive 0.5kW micro-tubular solid oxide fuel 

cell (mSOFC) system and compares it with market 

competitors. This technology can displace common 

domestic boilers with micro combined heat and 

power (CHP), for distributed heat/energy generation 

and zero emissions using hydrogen. 

 

INTRODUCTION 

 

Fuel cells offer a growing business opportunity to 

develop revolutionary energy generation products for 

the lucrative global low carbon technology market. 

The fuel cell industry grew to $2.2 billion in 2014, up 

from $1.3 billion in 2013 (Curtin et al., 2014). The 

UK is uniquely positioned in the sector, benefiting 

from an advanced materials community with a strong 

record in developing fuel cell technology. As well as 

transport, distributed stationary and portable power 

markets such as aerospace, autonomous vehicles, 

portable power, on-board auxiliary power units for 

vehicles and remote power, fuel cells are now being 

manufactured and commercialised in Europe, the US 

and Asia as domestic boiler replacements/augmented 

distributed power generators (Dodds et al., 2015).  

 

The UK represents the largest single boiler market in 

Europe, at 1.5 million boiler sales per annum, and 

75% are combi boilers. Such boilers are efficient and 

compact but produce lower hot water flow rates than 

storage systems, and no baseload electricity, a key 

part of the fuel cell proposition. They are more 

complex and prone to failure than traditional tanked 

water heaters and 2-4 times more expensive. At 

present the 4 major boiler manufacturers and others, 

have therefore begun to develop or buy up viable fuel 

cell CHP products (Ellemla et al., 2015). This is 

based on the prediction that global domestic boiler 

market to 2017 (Figure 1) and beyond will continue 

to grow, as gas networks expand across the world. 

 

 
Figure 1 – Global domestic boiler market to 2017. 

 

Technology Overview 

Fuel cells typically use hydrogen as fuel to generate 

electricity, heat and water, efficient electrochemical 

processes. The only emission from generating 

electricity in hydrogen FCs, is heated water (emitted 

largely as vapour). Even when natural gas or another 

hydrocarbon fuels are used, the process is efficient 

compared to other technologies, so pollution per unit 

of fuel improves compared to existing boiler 

technology (Staffell, 2010). Domestic combined heat 

and power (CHP) applications (Figure 2), target 90% 

efficiency, comparable with condensing boilers.  

 

 
Figure 2 – Domestic FC CHP system (Staffell 2010). 
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CHP installations have been driven by the need to 

increase grid resilience, to ensure homes and 

companies have a reliable access to power. The clear 

advantage of fuel cell CHP compared to other 

heating technologies for the residential sector is the 

onsite production of electricity, enabling efficient, 

clean distributed power generation with graduated 

energy infrastructure investments (Dodd et al., 2015). 

CHP system owners can then sell excess electricity to 

the grid, recover the system cost over time and create 

a virtual power plant (Ofgem, 2015). 

 
The economies of mass produced FC based CHP are 

yet unknown. Proton Exchange Membrane (PEM) 

based FC CHP systems are only marketed in limited 

numbers, while SOFC production costs remain 

unproven (Ellemla et al., 2015). SOFC was 

demonstrated in CHP prototypes however.  The first 

micro-tubular SOFC (mSOFC) patents by Kendall 

and Kendall, were purchased by Accumentrics in the 

1990s for this purpose and subsequent patents have 

been assigned to Adelan to develop CHP prototypes 

(Kendall et al., 2015). mSOFC increase the cell 

power density, scalability and mechanical strength of 

stacks. Smaller diameter tubes are also beneficial for 

better thermal shock resistance and shorter start-up 

times. A key advantage for commercialisation is the 

known low cost materials and the potentially low 

cost mass production using traditional and emerging 

techniques (Jamil et al., 2015). 

 

 

Figure 3 – Microtubular solid oxide FCs, mSOFCs. 

 

State-of-the-art FC CHP 

Japan installed the most domestic FC CHP, where 

100,000 units were installed by 2015 (Nishizaki 

2011). The US and South Korea have developed FC 

technologies, some of which have been integrated 

into CHP applications. Recently, Europe has invested 

heavily in fuel cells recently through a multi-billion 

euro programme, matching public and private funds. 

The current FCH2 JU programme runs from 2014-

2020, and has a total budget of €1.33 billion, 

provided on a matched basis between the EU 

(represented by the European Commission), industry, 

and research funding. As a founder member of FCH 

JU, Adelan is networked into the fuel cell CHP 

community which is most active in the active 

ene.field project (www.enefield.eu), Europe’s largest 

demonstration project for FC- based micro-CHP (fuel 

cell based micro combined heat and power) systems. 

 

Costs and Market Competition in FC CHP 

Alternative technologies in the marketplace include 

stoves, condensing boilers, biomass boilers, engine 

based mCHP, heat pumps and solar thermal;  

microgeneration technologies including solar PV, 

micro wind turbines and engine based mCHP; and 

centralised power plants including gas CCGT, wind 

farms, hydro-electric and coal fired power plants. FC 

mCHP performs well in terms of efficiency and 

pollutant emissions against all identified competitors, 

however is much more expensive due to low 

production volumes. The installation of a fuel cell 

mCHP unit is very similar to conventional heating 

technologies and causes very little disruption to the 

premises.  

 
The key barrier to fuel cells in the boiler market is 

therefore cost. The capital expenditure (CAPEX) 

costs of fuel cell CHP in residential domestic 

buildings were high initially and have dropped as 

installation (production) increased, based on the 

published results of the ENEFARM project in Japan 

(see Figure 4). There was an 18% drop in fuel cell 

CHP unit cost with every factor ten increase in 

production, meaning it will take ten more years to 

reach the level of gas boiler prices.  

 

 
Figure 4 – CHP costs reduced with increasing system 

installations, in ENEFARM, Japan (Staffell, 2010). 
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Addressing cost barriers is key in developing a FC 

CHP system to satisfy the market. A recent project 

(www.bham.ac.uk/NewGenSOFC) examined the 

costs case for the emerging mSOFC technology, to 

reduce the system costs through mass manufacturing.  

This paper establishes the current costs of FC CHP 

systems on the market and predicts the costs of a 

novel mSOFC system, based on current costs and 

predicted mass manufacturing costs. 

 

METHOD 

A comprehensive review of commercially available 

FC CHP systems was conducted for NewGenSOFC 

project (Marie Curie IAPP Contract No: 612407).  A 

standardised procedure took performance and sales 

data from commercial systems based on product 

specification sheets and company brochures.  

 

A new FC CHP system was defined by Adelan for 

the NewGenSOFC project following discussion 

amongst the Partners. The purpose of our project was 

to review the existing systems, the boiler market and 

develop something compatible with existing boilers, 

not to build a whole boiler.  We planned a small 2kW 

SOFC to augment an existing building heating 

system with a small box attached to the hot water 

pipe plus connection to electrical system.  

 

The system is a 500We FC stack, with balance of 

plant (BoP) that can be integrated with existing boiler 

technology. This system contains a 0.5 kWe mSOFC 

stack, desulphurizer, air filter, CPOX reformer, 

AC/DC converter, blower, preheater and combustors. 

The stack was made up of 100 mSOFC tubes to 

generate up to 700W, dependent on parasitic losses 

by BoP. The breakdown of electrical and heat outputs 

in the 0.5 kWe FC is 0.5kWe electrical and 1.5kWth 

heat. 

 

The NewGenSOFC system design and cost regime 

was informed by Adelan prototype systems, using 

tested components and established off-the-shelf 

costs. The principles behind the prototype were to 

design: (1) a simple system to minimise costs, (2) a 

suitable device for the residential sector, (3) a 

stackable unit (e.g. could be run in series for blocks 

of flats), (4) a down-sizable system so smaller 

markets can be addressed first.  

 

The system design was costed by Adelan in Scenario 

1. The major cost in the system was known to be the 

FC stack costs, based on existing mSOFC tube 

component suppliers. The authors therefore 

calculated the FC materials only stack costs as 

Scenario 2 (from powder suppliers UCM, Germany 

and Hart Materials, UK). In Scenario 3, x2 material 

costs was used to represent the costs of low volume 

manufacture of stack components. Costs were valid 

for July 2016 at current exchange rates.  The costs of 

BoP (i.e. non-stack elements of the system) were 

kept constant for all scenarios to understand how 

mass manufacture of the FC stack components would 

affect the system price. Labour costs are not included 

in any costs except the Scenario 3.  
 

RESULTS 

Currently available and emerging fuel cell mCHP for 

residential applications are listed in Table 1. The key 

findings from the table are summarised here: 

- Japan are leading the way in terms of FC mCHP 

deployment and cost reductions. The technology 

of choice is PEM, however next generation 

systems are utilising T-SOFC technology and they 

have moved towards smaller systems (<1kWe) 

- The cheapest system so far is Elcore (Germany) 

HT-PEM with very low power output (300W) at 

€9,000 (~€30,000/kWe) 

- Europe has emerged with some leading FC 

technologies supported by the FCH JU; US shown 

some interest in mCHP, but mostly focused on 

large–scale generation 

- The average electricity output of systems is 

1.35kWe 

- The average heat to power ratio is 1.4. 

- The average system cost is €32,558 per kWe. The 

current cost per kWe for the proposed Adelan CHP 

system based on components is €10,000 at current 

prices and €4,000 at low mass production rates of 

mSOFC tubes (excluding labour). 

- The majority of FC mCHP devices are floor 

standing units, with the average dimensions of: 

740mm x 504mm x 1271mm (w x d x h) and 

average weight of 171kg. 

 

The current predicted costs of the NewGenSOFC FC 

CHP system are presented in Table 2. 

 

Table 2 

Scenario 1:  NewGenSOFC 0.5kWe FC CHP system 

component costs, using current suppliers.  

 

 SYSTEM COMPONENT SCENARIO 1 COSTS 

mSOFC tube costs £4,500.00 

Catalysts £84.00 

Wiring £40.00 

Insulation £20.00 

Foam £6.75 

Sulfur trap £80.00 

Valves £203.00 

Gas Fittings £90.50 

Sealant £14.68 

Tape £10.00 

Blower 1 £50.00 
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Blowers 2 £19.96 

Temperature sensors £90.40 

Controller £133.00 

Heat exchanger £62.90 

Ignition £25.57 

Burner £37.32 

Box £100.00 

Total Component Costs £5,568.08 

mSOFC stack cost as a % of 

whole system costs 
81% 

 

The results of the three costs scenarios for 

NewGenSOFC are presented in Table 3. 

 

Table 3 

Three cost scenarios for NewGenSOFC 0.5kWe FC 

CHP system using: (1) current suppliers, (2) material 

costs only and (3) low volume manufacturing. 

 

 
1 2 3 

mSOFC tube 

costs £4,500 £222 £444 

Tube cost 

reduction (%) 0% 95% 90% 

Total System 

Cost £5,568 £1,290 £1,512 

mSOFC stack 

cost as a % of 

whole system 

cost 

81% 

 

 

17% 

 

 

29% 

 

 

System cost 

reduction (%) 

- 

 

71% 

 

65% 

 

 

It is clear that the material costs of the mSOFC tubes 

and stack is a small fraction of the current supplier 

tube costs (5%). Batch processing, R&D costs and 

infrastructure investments of developing production 

can be expensive and may justify the market price of 

existing suppliers. However, even at low volume 

mass production rates (Scenario 3, which is in line 

with independent reviews), prices of tubes are 

predicted to fall by 90%.  This reduces the overall 

system costs by 65% because in the current pricing 

regime, the tubes represent 81% of the system costs. 

 

DISCUSSION 

Prototype component costs are off-the-shelf costs and 

therefore predicted to lower with better sourcing and 

increased volumes. However, labour is not costed 

here, except in the price of the tubes (the cost price 

from both the current suppliers and predicted costs 

do include the labour costs). The system cost is not 

inclusive of an integrated boiler, which means that 

either the additional cost of a boiler must be added to 

the total system cost, or at the least the reader needs 

to be aware the system described above is not a final 

mCHP product. Indeed, this is a simple system. It is 

maybe not as sophisticated as other systems currently 

on the market, but they tend to be bulky and over-

engineered as early prototypes. It was predicted that 

the lifetime of the mCHP stack will be 10,000 hours, 

meeting the current industry standards for market 

entry fuel cell mCHP products. 

 

Even though theoretically SOFC seems like a good 

choice for mCHP applications due to their high 

efficiencies and operating temperatures, so far the 

market is dominated by PEM technology. This is 

largely due to the increased investment in PEM by 

the car industry (PEM is the preferred technology for 

propelling vehicles), quicker start up times typically 

associated with PEM technology, cleaner emissions 

and their ability to turn on and off (known as 

cycling), allowing them to follow heat demands of 

buildings. These, among other external factors, have 

led to the deployment of 120,000 PEM based micro 

CHP devices in Japan as of 2015, with targets of 5.3 

million household installations by 2030.  

 

However, with the next generation of SOFC 

technology – including mSOFC – the start-up times 

can be dramatically reduced. mSOFCs ability to run 

on a selection of hydrocarbon fuels increases the 

potential market share dramatically, as for example, 

many countries around the world already have a 

natural gas pipeline infrastructure, and are not yet 

ready to move to hydrogen.  SOFCs are therefore a 

transitional natural gas technology capable of moving 

toward the zero emission hydrogen economy. 

 

CONCLUSIONS 

FCs are now being marketed as zero emissions 

solutions for buildings. The most developed systems 

are based on PEM FC technology. SOFC remains a 

promising low carbon and zero emission technology, 

which is fuel flexible. While early steps have already 

been made to demonstrate the technology 

commercially, a resilient commercial case requires a 

better understanding of the costs model structures of 

both mass production and the market.  Here we show 

that the material costs are very low and that even low 

mass production rates are predicted to significantly 

reduce system costs. The challenge to Adelan and 

similar fuel cell companies is to realise the 

commercial value of the IP and technology by better 

controlling the costs of producing stacks.  Innovative 

manufacturing approaches will be required now to 

deliver systems to the challenging CHP market, at 

competitive prices. 
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Table 1 Residential FC CHP units on the market or being developed
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Fuel cell type 
PEM PEM PEM PEM PEM 

HT-

PEM 

HT-

PEM 

SOF

C 
SOFC SOFC 

T-

SOFC 
SOFC T-SOFC mSOFC 

Country of origin DE JP JP DE CA DE DE DE IT CH JP IT US UK 

Electric output (kWe) 
1 0.25-0.7 0.3-0.7 0.75 

0.25-

1 
1-4.6 0.3 1-4.6 2 1 0.7 2-2.5 1 0.5-0.7 

Thermal output 

(kWth) 
1.7-20 0.25-0.9 4.7 1-19 

 
9 0.7 1.5-7 0.3-1 1.8-20 0.62-40 

 
(20) 1.25 

Hot water flow 

return (°C) 
60/40 60 60 40 

  
<75 

 
50-60 <75 70 30-70 - - 

Electrical efficiency 

(%) 
32 35 40 37 35 35 33 35 60-75 30-35 46.5 50 >30 >45 

Overall efficiency 

(%) 
95 80 93 90 

 
80 93 80 85 95 90 90 80-90 >90 

Heat/Power ratio 1.7 1.3 1.4 1.3 
 

2 2 1 0.5 1.8 1 
 

- 2.5 

Hot water storage 300 200 200 170 
    

200 
 

90 300 - - 

Service interval in x 

1000h 
4-6 80 4 60 

    
1 year <40 

10 

years 
1 year 1 year >1 

Noise dB(A) 
 

37 41-43 45 
    

45@1m 30@1m 
 

<50  
 

Start up time (min) 240 60 
      

1200 1440 
  

<60 <30 

No. installed 
 

4000+ 60 
    

100 623 
   

 0 

Cost (€) 
 

15,346 26,131 36,000 
  

9,000 
 

25,000 
 

29,000 
 

 6,600 

 

                                                           
1 Sources: product specification sheets and company brochures. 
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ABSTRACT 

The problem of air pollution in northern China has 
become increasingly serious. The frequent occurrence 
of fog and haze forces people to pay more and more 
attention to the indoor air quality. To investigate the 
influence of the haze and the energy consumption of 
the air purifier in Beijing, this paper measures the 
indoor pm2.5 value, analyses the official data of 
outdoor pm2.5, summaries questionnaires from some 
residential areas, and uses different zero-carbon 
technologies to improve the air quality. With the 
investigation, it is predicted that within the next two 
or three years, there will be 72.8% families using the 
air purifier to improve indoor air quality. Besides, it 
can calculate the annual energy consumption for air 
purification in the residential building of Beijing, The 
significance of this paper is to increase the awareness 
of haze severity. The damage of haze not only 
endangers the health condition of humanity, but also 
wastes considerable energy.  

INTRODUCTION 
In China, with the growth and development of large 
urban population, both the air quality and the haze in 
the city are getting worse. (ZHANG, S. HUANG, Y. 
2010) Therefore, more and more companies call for 
energy saving, emission reduction, and low carbon 
living. In the architecture area, companies pay more 
attention to the zero-carbon building and energy-
efficient building, but those buildings have no help to 
improve indoor air quality. The reason is that those 
buildings largely rely on the outdoor environment to 

adjust air quality passively. We randomly interviewed 
100 families, which is a sample of the population of 
Beijing, to observe the citizen’s behaviour pattern, 

knowledge of haze and average electric usage to 
improve the indoor air quality. Based on the interview, 
in northern China, to handle the frequent occurence of 
haze, people choose to close all windows and doors to 
prevent the haze in winter. At the same time, more and 
more people use indoor air purifiers and humidifiers 
to improve the indoor air quality. Although it mitigates 
the hazard of indoor air quality, it also increases 
building carbon emissions at the same time. In this 
article, according to the interivew, we study the indoor 
air quality of Beijing, a typical city in north China, and 
then detects and analyses the energy consumption. At 
last, this article tries to use different zero-carbon 
technologies to improve the air quality of Beijing in 
winter, which will ultimately reduce buildings' carbon 
emissions. These technologies can be used in zero-
carbon buildings and create an energy virtuous circle. 
(ZHANG, Y., 2012.) 

INDOOR AIR QUALITY ANANLSIS 
Modern zero-carbon building in north China is in an 
embarrassed situation to improve air environment. 
(CHANG, J. 2009) The northern cities often surround 
with haze, especially in the winter heating period, as 
shown in figure 1. It is difficult to open windows to 
improve indoor air quality during the winter, since the 
air quality is much worse outside than indoor. To solve 
this problem, we should give more and more attention 
to control air pollution and reduce the energy 
consumption in various industries. One efficient way 

0
20
40
60
80
100
120
140

pm2.5 pm10

 Figure 1． Annual average concentrations of the main pollutants in each district in Beijing 
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to reduce energy consumption is zero or low carbon 
technology. Zero-carbon technology that regulates 
indoor air quality aims to reduce zero carbon building 
or zero-energy building CO2 emission. It avoids 
creating a vicious cycle that regulating indoor air by 
bringing massive energy consumption and more 
carbon emission, which is an urgent problem for 
current China to solve. (CHENG, L. 2016) 

Indoor air quality regulated energy 
There are two main energy consumptions to regulate 
indoor air quality in China. The first one is air 
purification, and the second one is regulating air 
humidity. 
According to the "Beijing 2014 National Economic 
and Social Development Statistics Bulletin", there are 
21.516 million permanent population in Beijing 
(~6.15 million families), at the end of 2014. We 
randomly interviewed 100 families, which is a sample 
of the population of Beijing, to observe the citizen’s 

behaviour pattern, knowledge of haze and average 
electric usage to improve the indoor air quality. Based 
on the analysis of questionnaire data, each family 
possesses an air purifier, the average power of air 
purifier is 50W, and each air purifier works for 5.6-9.6 
hours per day. Therefore, we can calculate that, on 
average, each Beijing resident home consumes 130.2 
- 234.1 million kW·h energy by using its air purifier. 
 Besides air purifier, there are average 1.4 humidifiers 
per family. Each humidifier is ~35W, and works for 6-
8 hours per day, and Beijing heating period is about 
120 days. Therefore, the winter total power 
consumption of air humidifier during winter in Beijing 
is about 216.9 ~ 289.2 million kW·h. By adding these 
two parts, energy used to regulate indoor air quality in 
Beijing is about 347.1 ~ 523.3 million kW·h, as shown 
in table1, which is equivalent to an average of 381,810 
- 575,630 tons CO2 released into the atmosphere.  
Furthermore, with the improvement of residents’ 

environmental requirements and increasing awareness 
of air quality level, air purifiers and humidifiers will 
be even more widely used than expected. It will 
consume more energy, and greatly increase building’s 
CO2 emission. 

 LOW CARBON DESIGN METHODS 
Negative ions of plant air purification   

The criteria of fresh air’s anion concentration given by 
the World Health Organization is 1 000 ~ 1 500 
ion/cm3. In natural state, the indoor air concentration 
of negative ions is under this criteria. For example, the 
average concentration of negative ions within the 
office in the city is 286 ion/cm3, 231 ion/cm3 in city 
apartment, and 900 ion/cm3 in the suburban office. 
Based on these data, in many situations, the 
concentration of negative ions of the indoor air is 
unable to meet clean air standards for the human 
health needs. In the contrary, in the natural  
environment, for example the Forest Pack, the 
concentration of negative ions can be up to 3000 ~ 
10000 ion/cm3. (WU, R. HUANG, 2011) The high 
negative ion concentration is attributed to the plant. A 
plant can not only absorb the harmful substances in the 
environment, but also release of negative ions that can 
improve air quality. 
South University of Forestry & Technology has tested 
PM2.5 / PM10 and the concentration of negative ions 
relationship, the following conclusions: First, the daily 
variation pattern of the concentration of indoor air 
negative ion and PM2.5: the concentration of negative 
ion decreases with the increasing concentration of 
PM2.5 and vice versa. Negative ion concentration is 
significant negative correlated to the concentration of 
PM2.5. Second, the daily variation pattern of the 
concentration of indoor air negative ion and PM 10: the 
concentration of negative ion decreases with the 
increasing concentration of PM10 and vice versa. 
Negative ion concentration is significant negative 
correlated to the concentration of PM10. 
Air environment deterioration was mainly due to the 
imbalance between positive and negative ion and 
harmful gases, smoke, dust, viruses, bacteria, etc. 
contained in the air. On the one hand, negative ion can 
adjust the balance between positive and negative ion. 
On the other hand, it can play a role to clean air, which 
includes three aspects: 1. reduction. Negative ion can 
restore the reactive oxygen coming from the pollutants, 
nitrogen oxides, cigarettes and other source. Second, 
the adsorption. It can absorb dust, smoke, viruses, 
bacteria and other biological suspensions in the air. It 
also can make pollutant into heavy ion contamination 
and sedimentation to purify air. Third, neutralization 
of harmful gases. Negative ions can react with the 
odor source molecules, attached to the interior walls 
and ceiling, such as benzene, formaldehyde, ketones,  

ITIM AVERAGE NUMBER 
OF USES 

AVERAGE USE TIME 
h/d 

AVERAGE POWER 
W 

ANNUAL 
CONSUMPTION 

106 kW·h/yr 

Air Purifier 1.0 5.6-9.6 50 130.2-234.1 

Air humidifier 1.4 6.0-8.0 35 216.9-289.2 

Table 1  
Beijing indoor air quality regulate energy consumption 
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ammonia and other gases, to effectively eliminate 
pollution（DING, X. ZHANG, W. 2015）. 
The principle of air purification using negative ions is 
the negative correlation between the negative ion 
concentration and the PM2.5 concentration. Anions in 
the air can lead the impurities in the air to move down, 
realizing the purification of air. Currently, the indoor 
negative ions are generated by negative ion generator 
(TIKHONOV V P, 2002), but the ordinary negative 
ion generator leads to high-level energy consumption 
and CO2 emissions. As plant can efficiently generate 
negative ion as well as absorb CO2, it is a standard zero 
carbon process that can solve the contradiction 
between air purification and high-energy consumption 
and CO2 emission perfectly.  

Table 2 
Generated air ions of different plants 

 
Release of negative ions from plant can be 
significantly improved through applying pulsed 
electric field stimulation to the plant rhizosphere soil 
(WANG, L. LI, S. 2009), as shown in table 2. The 
number of negative ions generated by single plant 
(Begonia argenteo-guttata, 830790 ions/cm3; Ficus 
elastic, 367670 ions/cm3; Chamaecyparis pisifera, 
280180 ions/cm3) is much higher than those generated 
by ordinary metal anion generator (40000 ion/cm3), 
while the energy consumption is only 1/7 of the 
existing air purifiers. The concentration of negative 
ions generated in the plant under normal probably 
between 130-500 ion/cm3 (DING, X. ZHANG, W. 
2015). Another advantage of using negative ions of 
plant is the plant can absorb CO2 which can realize 
zero carbon emission. Air purification by plant can be 
efficient for zero-energy building, especially for 
biomass zero-energy building. Moreover, the energy 
consumption during electric field stimulation can be 
replaced by the energy generated by plant itself or 
solar energy directly. In winter, the transparent cavity 
in the walls as a greenhouse can be maintained plant 
growth temperature. For example the figure 2,3 shows. 
Anion is very helpful to the human health. It has the 
function of sterilization, removing dust, promoting 
human metabolism, enhancing immunity and other 
effects, which is often referred as the air "vitamins." 
This principle can be used in both ordinary building 
and zero-energy building design. At present, most 
researches focused on concentration distribution of the 
negative ions in different outdoor environments, few 
study studies the negative ions released by indoor 
plants.  

The strategy of generating negative ion by plant is 
compatible to the existing zero-energy building. 
Combined with solar technology, biomass gasification 
technology (Figure. 4), it can optimize the energy 
cyclic process in zero-energy building. In China, with 
the improvement of related policies and technology in 
the foreseeable future, biomass and other renewable 
energy industry will develop rapidly, and play an 
increasingly important role in the energy structure. 
Botanical negative ions achieves purification of the air 
and CO2 fixation simultaneously. Most of these fixed 
carbon will go back to nature in a short period through 

ITIM 
NEGATIVE IONS 

CONCENTRATION 
lon/cm3 

Begonia argenteo-guttata 830790 

Ficus elastica 367670 

Chamaecyparis pisifera 280180 

Figure 2 
Window of negative ion by plant air purification 

Outdoor air purification 

Figure 3 
Window of negative ion by plant air purification 

Indoor air purification 
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natural decay, burning and other process. In this cycle, 
the CO2 fixed by plant equals to the amount of CO2 
released. The total amount of carbon conserves 
throughout the process, thus achieving zero carbon 
emissions. Direct combustion and gasification are two 
main modes in biomass power generation in China. 
The raw material mainly comes from agriculture, 
forestry and industrial waste, etc. Using plant to 
generate negative ions can purify air while providing 
resources for the biomass raw material, which can 
significantly reduce the building energy consumption. 
Plant sources not only produce more negative ion, but 
also effectively reduce the indoor CO2 concentration. 
After running 8 h in an ordinary bedroom with plant, 
indoor CO2 concentration can be reduced by 13.32% 
and 29.45% in the condition with and without people, 
respectively, which is 2.2 times more efficient than 
that with no plants. However, it should be pointed out 
that, not all the plants can produce negative ions and 
fix CO2 equally efficiently. Fortunately, most 
ornamental plant  in ordinary households, for example 
Agave americana, (WANG, Y. DENG, C. WANG, B. 
et al. 2014) have a good performance under electrical 
field stimulation with appropriate intensity and 
frequency. Moreover, it has revealed that electrical 
field stimulation is helpful to the  photosynthetic 
oxygen evolution and moisture evaporation, so that 
plants grow better. 

SPONTANEOUS EVAPORATION 
HUMIDIFY 
Spontaneous evaporation humidify (ZED) stimulates 
the mechanism of plant growth in the water to achieve 
naturally zero-carbon air humidification. It use the 
natural principle of water evaporation, that is the 
amount of evaporation increases with the enlarge of 
evaporation area. (YANG, H. 2008) It   modeled on 
the Figure5 shows the corresponding product, 
“Artificial flower air humidification”, produced based 
on this concept.  “Artificial flower air humidification” 
flower structure includes the inner support material 

and the external water absorption layer. Petals and 
leaves are water absorbent material, which are 
connected with the stem water absorption layer (as 
shown in Figure 6). When putting the flower stem into 
the water, due to capillary action, water will 
automatically flow up to the top petals along the outer 
water absorption layer and naturally evaporate into the  

Figure 4   Concept of negative ion by plant purification 
 
 

Figure 5 
Artificial flower air humidification 

Figure 6 
 Artificial flower air humidification schematic 

structure 
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room air. The moisture evaporate will reduce the water 
concentration in petals, which makes the water in the 
bottom continuously flow up to the petals through the 
water absorption layer, and then evaporate again, 
realizing spontaneous water evaporation. “Artificial 
flower air humidification” enlarges the area of the 
water evaporation through its multilayer petal, while 
both sides of petal can effectively evaporate water to 
the air. Therefore, “Artificial flower air humidification” 

can effectively increase the humidity of the room. 

The effect of artificial air humidification 
After consecutive trials in three heating period, this 
type of "zero-energy" air humidification technology 
demonstrates good performance. During the 
experiment, a vase with 20 artificial flower air 
humidification were placed in a 42 m³ room with air 
temperature at 18 ℃ and relative humidity of 30%. In 
that case, the relative humidity can reach 50% in 3 
hours. This result shows only 1-2 vases in a room are 
able to generate appropriate humidity for a 
comfortable life, and no energy consumption and CO2 
emission are involved in this process. 
We further interviewed 100 families in different areas 
to investigate the methods those were used to increase 
the indoor air humidity. Besides traditional humidifier 
as a main method, it is found that most family used 
some other simple ways as complementary 
approaches to increase air humidity, such as placing 
the washbasin or hanging wet towels and clothes in 
room. These methods are energy-saving and solve the 
problem in the shortage of traditional humidifier, but 
they are not so efficient and most importantly these 
wet towels and clothes are not beautiful enough. 
Compared with these methods “Artificial flower air 
humidification” is not only zero-carbon emission, but 
also attractive. 
To compare the wetting effect of difference positions, 
we did an experiment in January 7 - 29, 2015. We 
selected planar textile wet source with the size of 2000 
*700mm and 1000 * 500mm, arranged them in the 
same space under different vertical height of the 
vertical surface, as the table3 shows, and then 
measured indoor temperature and humidity field 

respectively by the same manner and to the water 
supply of water. 
By comparing the average humidity and maximum 
humidity of each group, we find that the layer’s 

maximum humidity values were within 2.3% and each 
group average humidity values differ is less than 2.5%, 
the same temperature difference is within 0.5 ℃. We 
find that the size of the source and the amount of wet 
water under the same circumstances. The same 
location of different vertical height of the wet 
humidifying source was no significant difference. By 
comparing each group with the initial humidity up to 
40% of, we f that when the source is wet vertical upper 
position, the intermediate interior layer and humidity 
from space to non-human comfort comfortable 
humidity takes longer, when the indoor humidity is 
maintained at more than 40%, time segment is the 
shortest vertical. Wet source is located in central 
position with the shortest time-consuming. The source 
is located in the vertical wet when the lower position 
maintain a comfortable indoor humidity longest 
period of time. From indoor water molecules, during 
the migration of indoor humidification, bottom water 
molecules is most abundant and water vapor partial 
pressure increases.  
By selecting a size of 1000*500 planar textile wet 
source of 500mm, which is arranged in the same space 
at different levels of the vertical height position, the 
same way of the water supply，indoor temperature 
and humidity measuring. As shown as the table4, 
water has evaporated outward from the bottom of the 
source. Experiment 3-Ⅳ shows that water vapor is 
elevated near the wall, evaporated outward from the 
bottom to the middle. Experiment 3-V shows that the 
water vapor from the central space rises from the 
bottom to the sides spread. Source disposed near the 
middle of the room, the indoor humidification rise 
faster, and more uniform water vapor distribution. 
Because in the middle temperature higher than other 
side, its water vapor partial pressure is low, so the 
water vapor more easily spread. 

Table3   Location of different humidification effect comparison  

 

TEST NO. 3-Ⅰ 3-Ⅱ 3-Ⅲ 3-Ⅳ 3-Ⅴ 

WET SOURCE SIZE 
(mm*mm) 2000×700 2000×700 2000×700 1000×500 1000×500 

WATER CONTENT 
(ml) 

550 550 550 200 200 

LOCATED IN THE 
VERTICAL 
POSITION 
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Table4   experiment 3-Ⅳand 3-Ⅴ humidity field distribution 
 

TIME 0min 20min 40min 

EXPERIMENT 

3-Ⅳ 

 
  

EXPERIMENT 
3-Ⅴ 

 
  

TIME 60min 80min 100min 

EXPERIMENT 
3-Ⅳ 

   

EXPERIMENT 
3-Ⅴ 

  
 

TIME 120min 140min 160min 

EXPERIMENT 
3-Ⅳ 

   

EXPERIMENT 
3-Ⅴ 
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RESULT AND DISCUSSION 
The studies of indoor energy consumption become 
more and more common in China, but the studies of 
indoor energy consumption in the design of Zero-
Carbon Building still need to be improved. The 
advantages of utilizing the concept of this article are 
reducing the carbon emission and solid the CO2 into 
the cycle of building at the same time, which leads to 
the zero CO2 emission at the end.  
First, although it confirmed that air negative ions have 
a positive effect, but we should also pay attention to 
some problems in the process of their development 
and utilization. There is no conclusion whether 
negative ion has negative effects. Some experts also 
pointed out that it is not beneficial to have a high-level 
concentration of negative ion and the high-level 
concentration may produce side effects. There are a lot 
of problems worth we are research in the future 
Second, under the same size of wet source and same 
water quantity, different vertical height of the wet 
source have same wetting effect on the same place. 
When the wet source is located in central vertical 
position, the interior space of the intermediate layer 
spend minimum time to change the humidity from a 
non-comfortable humidity to a human comfortable 
humidity. When the source is located vertical wet 
lower position, the time to maintain a comfortable 
indoor humidity is the longest. 
In the case of zero-carbon technologies to purify the 
air of the premise. In the future，we will be combined 
with the overall planning of interior design to control 
the humidity distribution field, making the indoor air 
quality becomes possible to adjust the zero carbon 

CONCLUSION 
Zero-carbon technology is particularly important to 
China, especially in areas that haze occurs frequently. 
The tackling of haze is a long-term project. During this 
time, to avoid the extra energy consumption and CO2 
emission, indoor air purification based on the zero-
carbon technology is a meaningful choice.  
The existing zero-carbon building uses solar 
technology and biomass gasification technology. 
Implementing of the plant source of negative ions with 
zero-carbon building can optimize energy cyclic 
process. For China's current environmental situation, 
this combination is more applicable. It not only 
significantly improves the air quality and reduces CO2 
emissions, but also increase the rate of urban greening 
and optimize the process of urban development. 
Furthermore, it provides new ideas in regulating 
indoor air quality in zero-carbon building. 
As for the zero-carbon indoor humidity control, 
“Artificial flower air humidification” is an effective 
method. Besides, it has the advantage of zero-carbon 
emission and can be decorative. 
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ABSTRACT 
Existing electricity feedback systems provide home 
occupants with real-time consumption data to enable 
them to control their consumption. However, these 
systems provide abstract consumption data that is not 
related to the occupants surrounding. Although there 
are some attempts to enrich consumption data with 
some context information, the presented feedback is 
not enough to inform decisions of how to conserve 
electricity. Therefore, this paper provides a rich 
definition of electricity consumption context, which 
can be used to provide sensible feedback to users. The 
obtained context elements can be categorized into 
three context types: User Context, Appliances 
Context, and Environment Context. Finally, different 
implications for the application of a context-aware 
feedback system are presented showing how the 
obtained context definition could be used to provide 
understandable feedback. 

INTRODUCTION 
Greenhouse gas emissions caused by global energy 
use and supply will increase by 25-90% in 2030 
compared to year 2000 (Barker et al., 2007). This high 
amount of emissions is having environmental effects 
such as climate change, air pollution and a scarcity of 
energy resources (Neustaedter et al., 2013). In 
response to this dangerous climate change, the 
European Commission adopted the energy efficiency 
action plan which is enacted by improving energy end-
use efficiency (European Commission, 2011). In the 
same report, the European Commission stated that 
buildings account for nearly 40% of the total energy 
consumption in the EU, and recommended that 
consumers will have to play a major role in applying 
energy efficiency.  
Besides using energy efficient devices and enhancing 
building design, end-use energy efficiency can be 
applied through controlling energy consumption by 
consumers (Boshell & Veloza, 2008) thus contributing 
to the zero carbon buildings target. For this purpose, 
several Electricity Consumption Feedback (ECF) 
systems were proposed to make home occupants 
aware of their usage, which will assist them to take 
control actions. However, these systems either provide 
abstract consumption data which does not allow full 

understanding of consumption (Karjalainen, 2011), or 
relate consumption data with one or two context 
information (Costanza et al., 2012) which is not 
enough to inform users’ decisions of how to conserve 

electricity. In this paper, context is defined as the 
information that is relevant to characterize the 
surrounding situation, and is used to interpret 
consumption data. The context information is used by 
context-aware ECF systems to enable the consumer to 
relate his electricity usage with the surrounding 
(Castelli et al., 2014), and may provide the appropriate 
control recommendations. 
This paper attempts to provide a richer definition of 
electricity consumption context through a literature 
review survey that identifies the context factors that 
affect electricity consumption. These context factors 
are obtained from several domains of research 
studying domestic energy consumption for different 
purposes. The identified context factors are then used 
to specify the context information (which are the 
elements of the context definition) that is needed by a 
context-aware ECF system to provide understandable 
feedback and customized control recommendations, 
ultimately helping home occupants control their 
consumption in an effective way. 

RELATED WORK 
As energy consumption is untouchable and invisible 
(Fischer, 2008), households need tangible information 
about their consumption (Froehlich, 2009). This will 
enable users to be aware of their usage and take actions 
to control and ultimately reduce their consumption. 
For this purpose, several ECF systems have been 
proposed and studied quantitatively and qualitatively. 
Studies have shown that providing real-time feedback 
to users normally reduces 5-15% of the consumption 
(Darby, 2006) . For example, Yun (2009) investigated 
how a simple portable and stationary energy 
consumption display affects energy awareness and 
consumption, and resulted in an average of 11% 
reduction of consumption. In a similar approach, 
Hargreaves et al. (2010) qualitatively assessed the 
efficiency of commercial in-home display systems 
studying the motivation of earning display systems, 
way of usage, and behaviour change.  
However, research has recently found that these 
systems are not able to inform users’ decisions of how 
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to control consumption. A major challenge has 
emerged about how to enable users to make informed 
decisions based on consumption feedback (Castelli et 
al., 2014). In his investigation into the best way to 
present electricity feedback to users, Karjalainen 
(2011) found that although people are motivated to 
conserve electricity, they are short of information that 
is needed to take the most appropriate action. 
Sterengers et al. (2011) also found that people are not 
able to understand the displayed data. Even when they 
understand it, they miss apply it by changing visible 
wasteful practices rather than changing resource 
intensive practices (Strengers, 2011). Similarly, users 
of a pilot feedback system, that was studied to know 
how people change their behaviour in response to 
electric consumption feedback, reported that they need 
more context to understand energy use and take 
actions (Erickson et al., 2013). Therefore, although 
currently presented feedback enables users to view 
their consumption, it is sometimes not understood and 
not enough to take control actions.  

Context and Energy Feedback 
In response to the lack of understandable information 
in ECF systems, a number of attempts have been 
proposed to provide more sensible feedback to users. 
Building their argument upon the conclusion that 
existing eco-feedback systems do not tie consumption 
information with occupants’ everyday routine and 

activities, Neustaedter et al. (2013) interviewed people 
to study how they understand their energy 
consumption and relate it to their everyday activities. 
Based on the results, the authors assessed and 
recommended the usage of calendars to make sense of 
consumption data. In this way, calendars can be used 
as memory triggers of what activities people have 
undertook and how these activities affect energy 
consumption, especially that it was remarkably hard 
for people to remember events at a particular period. 
However, not all activities that consume energy are 
included in personal and family calendars 
(Neustaedter et al., 2013), therefore, there is a need to 
investigate more what other activities and information 
are needed to get a full understanding of consumption.  
A similar conclusion was found in Costanza et al., 
(2012), who proposed and evaluated a system that 
allows home occupants to annotate and manipulate 
consumption data. The results showed that users 
labelled the consumption events with activities they 
were undertaking instead of just labelling it with the 
devices they were using. The annotation method has 
helped users make sense of their consumption, but 
still, consumption data could be supported with more 
context beside everyday activities because there are 
other factors that could affect consumption.  
Location data was also used to make consumption 
feedback meaningful. With the aim of providing 
simpler information display, Castelli et al., (2014) 
proposed and evaluated the usage of room context 
(user location and presence) to make sense of 

consumption data. Room context was found to be 
useful. It has also shown that context information is 
needed to interpret consumption data and make a 
connection between the abstract usage of electricity 
and the surrounding environment. 
In addition to room context, Bonino et al., (2012) 
disaggregated consumption data in a room level when 
attempting to evaluate goal setting and direct feedback 
interfaces. Room level disaggregation, which uses 
devices location context, allows users to identify the 
room that is mostly consuming energy and maybe 
discover the device or activity that is causing the room 
consumption.  
Context information has also been used to achieve 
automatic energy efficiency and power management. 
For example, users’ presence was used to control 

lighting consumption (Delaney et al., 2009). User 
location, devices usage, and face and voice detection 
were used for managing devices power consumption 
(Harris & Cahill, 2005, 2007).  
Although these works show how to leverage context 
to make sense of consumption data (or sometimes 
implement energy efficiency), they only consider 
specific aspects of context. Therefore, this paper 
investigates other context information that can be 
added to consumption data to produce sensible 
consumption feedback. 

CONTEXT OF ELECTRICITY 
CONSUMPTION 
There is a need for a more comprehensive definition 
of context in order to make sense of electricity 
consumption. The previous section has shown that 
current context-aware ECF systems employ a small 
number of the available consumption context; 
however, it is important to consider all relevant 
context information to ensure a complete specification 
of context and proper adaptivity of the system (Benou 
& Vassilakis, 2010). Moreover, in order to use context 
effectively, context-aware application developers will 
need to spend a significant amount of time studying 
the situation where the application will be used, to 
develop a good understanding and definition of 
context (Dey & Abowd, 2000). Therefore, and 
through a literature review, the context factors that 
affect electricity consumption are explored, which will 
be used to extract the context information/elements 
that needs to be collected by a context-aware 
electricity feedback system. 
The context factors collected in this paper comes from 
different kinds of studies including: 

 Social research that studies electricity 
consumption at home. 

 Human-computer interaction research that 
studies electricity feedback. 

 ECF systems research that attempts to relate 
some context data with consumption data. 
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 Machine learning and scheduling algorithms 
that analyse consumption data. 

 Economic statistical research that studies 
economic factors which affect consumption 
at national level. 

Elements of the context definition 
From the literature explained above, ‘User Location’ 
(Castelli et al., 2014), ‘Appliances Location’ (Bonino 
et al., 2012), and ‘Everyday Activities’ (Costanza et 
al., 2012) can be considered as important context 
elements of the context definition for electricity 
consumption.  
Many other research works have also mentioned 
everyday activities as a significant factor, which 
shows that it is one of the most influential context 
elements in the context definition. This is because 
people consume energy to carry out their everyday 
activities like showering and laundry (Strengers, 
2011). Therefore, energy consumption is a by–product 
of doing different everyday activities (Froehlich, 
2009). Based on the fact that everyday activities are 
meaningful and useful for people, Wilson et al. (2015) 
developed a methodology to infer everyday activities 
of home occupants from electricity consumption data 
as a first step to provide understandable and 
meaningful feedback. Furthermore, Neustaedter et al., 
(2013) found that cooking, showering, working at 
home, watching television, and doing laundry are 
activities that people noticed to be affecting their 
consumption.  
Neustaedter et al. (2013) also described how peoples’ 

activities vary between the different seasons. Some 
activities might be performed more or less in hot or 
cold seasons, such as showering more in hot seasons. 
Even holiday periods may influence consumption as it 
affects the devices being used and activities being 
done. Furthermore, travelling is one of the seasonal 
activities that also affects consumption because it 
changes the occupants’ presence at home. These facts 

established in Neustaedter et al. (2013) enrich the 
context definition with ‘Seasonal Activities’ (besides 
everyday activities), ‘Existence of Occupants’, and 
‘Time of Year’ which can be used to determine the 
season and holiday period. Along these lines, Erickson 
et al. (2013) concluded that it was difficult for people 
to compare their current consumption with historical 
ones unless they were provided with occupancy data 
(because they have noticed that during travelling 
periods they consumed less electricity) and 
temperature data (to know whether savings were due 
to cooler weather or efficiency applications). This 
supports the inclusion of time of year, seasonal 
activities, and existence of occupants to the context 
definition, and adds environmental conditions as a 
further group of elements into the consumption 
context.  
In addition, Beckel et al. (2014) were able to infer the 
household employment status, number of occupants, 

and appliances stock from consumption data with high 
accuracy. This was concluded when they were 
developing a machine-learning algorithm that reveals 
the socio-economic and dwelling characteristics of the 
household from electricity consumption patterns. This 
conclusion shows that ‘Employment Status’, existence 
of occupants, and ‘Appliances Ownership’ may be 
used to understand electricity consumption. 
Employment status is an important piece of 
information since it is a major factor that affects 
occupants’ presence at home, and can also be used to 

anticipate users’ presence and provide devices 

scheduling plans (Bassamzadeh et al., 2014). 
Moreover, Yun (2009) observed that energy 
consumption has increased for some participants, 
although they were using electricity display systems, 
because they had a new born baby and a temporary 
roommate, which supports the need for information 
about the existence of occupants at home. 
Furthermore, environmental conditions are one of the 
critical factors that influence electricity consumption 
and can be divided into ‘Internal Temperature’, 
‘External Temperature’, ‘Weather Condition’, and 
‘Length of Day’. According to Neustaedter et al. 
(2013), nearly all participants noticed a variation in 
consumption due to changes in external temperature, 
weather, and amount of daylight. In addition to these 
environmental elements, the time factor is a crucial 
information, which includes ‘Time of Day’, and ‘Time 
of Week’ besides ‘time of year’ mentioned before. The 
time of day information enables users to compare their 
consumption among the hours of the day to figure out 
their daily pattern of use. As well as the time of week 
context which shows the variation between the days of 
the week and could be related to the employment 
status if the user has regular work shifts (for example 
working four days a week out of home and two days 
from home). 
Furthermore, changing ‘Electricity Price’ has an 
influence of users’ consumption. This conclusion was 

found in Cao et al. (2015) when developing a model 
of household energy consumption to get the socio-
economic factors that affect consumption. Electricity 
price information can be used to detect how the 
consumption is distributed over the different energy 
tariffs and put plans to schedule heavy consumption 
devices in low prices periods. 
Finally, ‘Appliances Usage’ is a useful piece of 
information as it can be used to detect heavy 
consumption devices and background usage. It can 
also be used to detect activities going on in the house 
and most importantly standby consumption which is 
one of the major energy waste sources (Corucci et al., 
2011). 
Table 1 summarizes the context elements found in this 
review with the corresponding references where each 
element was obtained. 
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DISCUSSION 
Existing context-aware ECF systems take into account 
either user context (user location in Castelli et al. 
(2014) and user activities in Costanza et al. (2012)), or 
appliances context (appliances location in Bonino et 
al. (2012)). However, the presented review has shown 
that there are much more elements that can be used to 
provide more understanding of electricity 
consumption, such as users’ existence at home and 

environmental factors among others.  
The obtained context elements can be categorized into 
three groups: User Context, Appliances Context and 
Environment Context as shown in Figure 1. This 
categorization shows the entities that are involved in 
electricity consumption at the home, which are home 
occupants (whom are the users of the feedback 
system), electric devices present at home, and the 
surrounding environment. The consideration of these 
different entities in the context definition provides 
more sensibility to the abstract consumption data that 
is currently provided by existing feedback systems. 
This will enable the users of these systems to relate the 
consumption data with what is happening around 
them, thus providing more perception of consumption 

and informing users’ decisions of what actions to take 
to reduce electricity consumption.  
This context definition can be used in many ways 
depending on the service specification of the context-
aware feedback system. Unlike typical feedback 
systems that display abstract consumption data  
(Hargreaves et al., 2010), an effective ECF system 
needs to display consumption data relating it to the 
collected context information. This will enable home 
occupants to make connections between their 
consumption and the different factors that affect it. 
The consumption data can be disaggregated in 
different dimensions (for example, devices 
consumption, location consumption, activities 
consumption, consumption based on temperature and 
weather, etc.) and users can then drill up and down in 
the data to interpret it. In this approach, simple and 
straightforward interfaces need to be created to make 
sure that the presented information are not 
complicated and can be used by non-expert users.  
Alternatively, historical data can be automatically 
analysed by the ECF system, and instead of giving 
feedback on the amount of electricity the house is 
consuming, feedback can be given on how to avoid 
energy waste. By using the defined context 

Context 
Element 

Reference 1 Reference 2 Reference 3 Reference 4 Reference 5 

User Location Castelli et al. 
2014 

    

Everyday 
Activities 

Froehlich, 2009 
 

Strengers, 2011 Costanza et al., 
2012 

Neustaedter et 
al., 2013 

Wilson et al., 
2015 

Appliances 
Location 

Bonino et al., 
2012 

    

Internal 
temperature 

Erickson et al., 
2013  

    

External 
temperature 

Erickson et al., 
2013 

Neustaedter et 
al., 2013 

   

Time of Year 
(season and 
holiday period)  

Erickson et al., 
2013 

Neustaedter et 
al., 2013 

   

Seasonal 
activities 

Erickson et al., 
2013 

Neustaedter et 
al., 2013 

   

Existence of 
occupants 

Erickson et al., 
2013 

Neustaedter et 
al., 2013 

Bassamzadeha 
et al., 2014 

Beckel et al., 
2014 

Yun, 2009 

Weather 
condition 

Neustaedter et 
al., 2013 

    

Length of day Neustaedter et 
al., 2013 

    

Devices usage Corucci et al, 
2011 

     

Employment 
status 

Bassamzadeha 
et al., 2014 

Beckel et al., 
2014 

   

Electricity 
Price 

Coa et al. 2015     

Appliances 
ownership 

Beckel et al., 
2014 

    

Table 1 Context elements with their references 
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information, the system can specify if electricity is 
used when it is not needed, or suggest how to optimize 
the scheduling of appliances based on the situation of 
the house. For example, the feedback might be as 
follows: “The television was left on standby mode in 
the children’s room between 9pm and 7am while the 
kids were sleeping. You may save £1 a month if you 
turn it off before they sleep”, or “The washing machine 
was turned ON from 8am to 9am yesterday while there 
was 5 occupants at home and the electricity price was 
high! You may turn ON the machine between 12pm 
and 2pm when everybody is out of home and the 
electricity price is low. This will save you £3 a month”. 
Compared to the abstract feedback provided by 
existing ECF systems, these forward control 
recommendations are more meaningful and actionable 
for home occupants. Therefore, it is obvious that these 
customized services that needs to be provided by an 
ECF system are not be possible without collecting 
information about the listed context elements.  
Another entity that also affects electricity 
consumption is the house infrastructure (in case the 
house was heated by electricity instead of natural gas). 
This context entity can be studied to provide 
permanent retrofit solutions. Although the house 
infrastructure plays a major role in home energy 
consumption, this factor was not considered in this 
paper. This is because the purpose of an ECF system 
is to provide real-time feedback to users and change 
their behaviour of consumption, and since electricity 
consumption changes continuously, the context 
information needed to understand it and act on it in 
real-time are dynamic context information which are 
causing these changes. House infrastructure context is 
considered as an important but static factor that can be 
used to provide permanent energy efficiency advices. 

CONCLUSION AND FUTURE WORK 
This paper has defined the context that can be used to 
make sense of electricity consumption at home. The 
resulting context elements were categorized into three 
context types: User Context, Appliances Context, and 
Environment Context. It is not assumed that this list 
and categorization of context is comprehensive, but 

provides a rich list of the context that is useful for 
making energy-related control action. The obtained 
context definition will provide rich and 
understandable electricity feedback to users thus 
enabling them to control their consumption, which 
will surely contribute to the world’s goal of cutting 

carbon emissions and reserving energy resources. 
The obtained list can be extended through a scenario 
analysis method based on the specification of the 
services to be provided by the feedback system. In the 
scenario analysis method, different scenarios of the 
system usage are generated and the information 
requirements for each scenario are identified (Benou 
& Vassilakis, 2010). Furthermore, context modelling 
methods can be used to ensure that the obtained 
definition is rich enough and guarantee the adaptivity 
of the system (Bauer, 2012; Bauer, 2014). After 
obtaining a satisfactory definition of context, the 
future work will be to implement a prototype of the 
system and test how understandable and useful is the 
feedback provided by the system. This also opens the 
door to propose and test different analysis methods to 
obtain the most appropriate interpretation of 
consumption and recommendations of actions. 
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ABSTRACT
Action Plans for Nearly Zero-Energy Renovation
were successfully made for eight European cities
with specific targets and strategies for their cities or
districts in the cities. The numerous discussions and
experience shared in the project group along the way
made the basis for development of the general
guidelines for Action Plans presented in this paper.
The Action Plan is a good tool for a municipality to
work with energy-efficient renovation of the existent
buildings in the city.

INTRODUCTION
The energy use of buildings affects the climate when
the energy sources are based on fossil fuels, such as
oil, coal and natural gas. The building sector has
good possibilities for energy saving through energy
efficient renovation. Improving energy efficiency can
also decrease operating costs and improve the quality
of indoor environment.
In order to decrease the energy use the EU has stated
in the 2012 Energy Efficiency Directive (EED) that
the  energy  use  shall  decrease  with  20  per  cent  until
2020 (EU 2012). It´s also set that all new buildings
shall be nearly zero energy buildings 2020 and that
all countries within the EU must take measures to
motivate energy efficient renovation towards nearly
zero energy buildings. Here the public authorities
should act as forerunners and set good examples for
the whole society.

METHOD
Major renovations aiming for nearly zero energy
performance have not yet had a market break
through. How can public authorities and decision
makers act as forerunners and facilitate more energy-
efficient renovation?
IEE NeZeR-project has developed city action plans
to foster the implementation of the Energy
Performance of Buildings Directive (EU 2010) and
assist in transforming the existing building stock into
more energy-efficient and ecologically sustainable
with a reduced energy consumption and increased
utilization of renewable energy leading to a reduction
of total environmental impacts.

These city-specific action plans include targets for
reduction of energy consumption and CO2-emissions
when renovating buildings and descriptions about
how the objectives shall be accomplished. The action
plans describe how the process of achieving nearly
zero energy renovation measures in existing
buildings can be performed and they make a basis to
convince politicians and citizens to approve more
ambitious energy-efficient renovations.
The action plans focus on the long-term
transformation of the existing buildings, including
measurable  targets  on  energy  use  and  the  share  of
energy from renewable resources. A strong focus lies
also on behavioural issues and the participation and
cooperation with the inhabitants. The action plans
can target all building types including residential,
commercial and educational buildings.
The target groups of the city action plans are decision
makers including city authorities, private housing
associations and municipality owned housing
companies who work on improving the energy
efficiency of the existing building stock.
Action plans have been developed for eight European
cities (Stockholm, Rotterdam, Amersfoort, Helsinki,
Porvoo, Espoo, Sestao and Timisoara) in co-
operation with these cities. This paper presents
developed overall guidelines for creating city action
plans (Stockholm 2016). The guidelines have been
tested when developing the city action plans in
NeZeR-project.

MAIN RESULTS
General
The  city  action  plan  is  a  plan  of  how  to  reduce  the
energy use in buildings on a city level taken into
account both economic, social and technical aspects.
The purpose of the action plan is to show politicians
and real estate owners how the work can be done, to
screen the conditions and the local situation, to invite
local stakeholders into the work early in the process
and to set targets and strategies to make the work
successful.
For a realistic and usable action plan it is important
to assign relevant stakeholders in the work. Also the
responsibilities and the possibilities for each
stakeholder to act and make an impact in the action
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plan must be defined beforehand. These relevant
stakeholders are usually real estate owners, tenants,
municipalities, suppliers, energy companies. They
have different motivations to participate in the
development of the action plan.

Real estate owners are  interested  in  how to
decrease energy and operation costs,
possible ways to produce renewable energy,
how to improve their competitiveness
compared to other real estate owners and
how to make their housing stock more
sustainable.
Tenants are interested to decrease their
energy costs  if  they  are  not  included in  the
rent. They are also interested to raise the
value and “wow-factor” of their apartment
and to improve the indoor climate. Some
tenants are also interested in possible ways
to produce renewable energy.
Suppliers and energy companies are
interested in the opportunity to promote
their products and being able to promote
themselves as taking part in sustainable
renovation of buildings. Energy companies
are also interested in possibilities for
installing smart metering and possible ways
to produce renewable energy.
Authorities aim to improve the reputation of
their city or municipality through making
the community more sustainable and
aesthetic, which factors also improve
general satisfaction of the citizens. They are
also interested in possible ways to produce
renewable energy.

Figure 1 presents the general process for performing
the action plan. The process is divided into five steps
named into 1) Background, 2) Conditions, 3) Target
Group, 4) Objectives and 5) Strategy. The most
relevant stakeholders to be assigned in the
development workshops are explained under each
step.

Figure 1 Process for performing a city action plan

Background
The base for the development of the action plan is the
background analysis, which describes the current
situation in the community and main reasons for
reducing the energy use in buildings.

The background analysis includes descriptions about
how the community has already been working with
these issues and an investigation about the overall
atmosphere in the city: How high or low is the
awareness of energy- and environmental issues?
What are the current trends in society? How do the
decision makers react on questions concerning
energy use and environmental issues?
Driving forces for the development work are energy
poverty (indicator of high energy consumption in
combination with a low income), badly maintained
buildings, public space that has to be improved.
A  specific  area  or  building  type  in  need  for
renovation could also be described here.
Appropriate stakeholders including municipality,
energy experts and environment organizations should
be invited to a workshop to specify following
parameters which describe the current situation in the
community:

Demography
Quality of public spaces
Energy use and exhaust levels
The awareness of energy- and
environmental questions in the society
Overall plan for environment and
sustainability
Point out good examples that have been
performed

Also following technical, economic, social and health
aspects should be discussed at the workshop:

Different groups in society can influence the
process in energy efficient renovation, such
as tenants, politicians, energy suppliers,
suppliers of products.
Consequences you see with an eventual
raise of the rent.
Possibilities with a better comfort, new
kitchen / bathroom and a higher wow-factor,
which means a feeling of something good in
connection with energy efficient renovation.
The importance to become independent of
certain  energy  suppliers,  such  as  import  of
gas and oil for instance.
The importance of improving the indoor
climate and the conditions for a better
health.
Renovating a building and making it more
energy efficient and sustainable will
probably raise the value of it.
Eventual positive effects of a better health if
you can convert energy sources from
coal/oil to renewable energy sources.
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Conditions
The next step after the background analysis is to
define the conditions for the action plan including
e.g. economy, ownership of buildings and different
kind of regulations in the city.
Definition of the conditions of the economy include
showing the profitability of different investments and
the preconditions for the profitability calculations. It
is also important to recognize that the profitability is
not always the most significant incentive for this kind
of renovation but instead e.g. the environmental
target.
The structure of ownership also affects the process of
deciding and performing energy efficient measures.
In privately owned buildings the focus lies mostly on
the cost efficiency of the investments and the other
positive effects of lower cost for energy consumption
including a better indoor climate and higher “wow-
factor”.
In social housing, commercial or public owners the
focus is more on economic business models where
both the real estate owner and the tenants could get
benefits of the renovation e.g. through raising the
standard of the apartment to motivate a raised rent.
It is beneficial to highlight the targets for the
decrease of energy use in EU-, national and
community level to create a better understanding
among politicians, real estate owners and citizens.
Other important issues are how energy fares are
regulated in the municipality and energy billing
issues including if the energy use is paid separately
by the tenant or if it is included in the rent.
Appropriate stakeholders including municipality,
tenant organizations, real estate owners and
economists are in this step invited to a workshop to
discuss the conditions for the action plan. These
conditions include both economy, structure of
ownership and definition of regulations. The
parameters concerning economy are:

Define the method to estimate profitability.
Life Cycle Cost (LCC) is a calculation
method that takes benefits of reduced energy
use and lower maintenance costs into
account.
Financing. How shall the renovations be
financed? There must be a discussion about
the possibilities of different business models
to engage more people and see the benefits
of the project.
Describe that if you don´t make any
renovation now, it can be more expensive in
the future when the buildings have decayed
and it´s urgent to do something – that will
be expensive!
It´s not always more expensive with energy
efficient renovation; lower cost for energy

use and maintenance can make it a good
business.
Show the possibility to packet different
measures to make it more profitable.

The different opportunities to decide and perform
energy efficient measures depend on the ownership
structures:  private owners, social housing, public
owners (state or city), commercial owners and
possible other types of owner.
Different kinds of regulations must also be regarded
in the action plan including energy regulations on
city, national and EU level and other local
regulations, such as targets for construction
companies and real estate owners.

Target Group
It  is  recommendable  to  define  a  clear  group  of
buildings as the target of the action plan. This can be
decided based on an invention of the housing stock
including the statistics of the housing stock,
measured energy consumption data and the need for
renovation.  Are  there  certain  areas  in  the  city  or
certain types of buildings that are in a great need for
renovation?
Other issues influencing the choice of the target
group are e.g. possible demands to decrease the use
of certain energy plants running on fossil fuels and
demands to improve the social situation in
challenging areas with a total renovation.
The related workshop with stakeholders from
municipality, tenant organizations and real estate
owners will analyse following issues:

Is there a need for renovation both for the
buildings and the surrounding public space?
Is there a general need for renovation in the
buildings but not in the surrounding area?
Is  there  no  need  for  renovation,  but  only  a
need for energy efficient renovation?
Get information of energy use on building
level, for instance from energy declarations
and measured data.
Are  the  energy  cost  high  compared  to  the
income? (Energy poverty)
Get information about exhaust levels.
Is there a need for improvement in different
areas due to social aspects?
Make an inventory of what kind of energy
systems that supply or could supply the
buildings? District heating, oil or gas
boilers, electricity etc.

Objectives
The level of mandate that the community has to set
goals for energy efficient renovation decides how
powerful the action plan will be. The earlier goals for
reduction of energy use and experiences from
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projects with energy efficient renovation should be
analysed to estimate the necessary additional support
or funding for energy efficient renovation projects
from the city council.  Possible earlier good examples
should also be highlighted. If there have been no
earlier experiences the reasons (barriers) should be
investigated such as lack of investment money,
insufficient knowledge or the community has
prioritized other issues.
If it is possible to set goals and enforce real estate
owners to perform measures e.g. demanding a
specific decrease (%) in energy use when renovating
buildings. Other alternative is to describe this
specific decrease as a goal and combine it with
support actions from the community. Here the
proposed European definitions for Nearly Zero
Energy Renovation developed within the NeZeR-
project can be utilized (Tecnalia 2015).
Different possibilities for setting goals are discussed
in a workshop with the municipality, environment
and health organizations and tenant organizations
including following alternatives:

You can set goals for energy efficient
renovation in buildings and you can
influence real estate owners to make
improvements.
You can set goals for energy efficient
renovation in buildings, but you cannot
enforce real estate owners. However, you
can support and help them in different ways
such as help with building permits,
knowledge spreading, economic support etc.
You  can  set  goals  for  soft  values  when
renovating buildings and you can influence
real estate owners to make improvements.
You  can  set  goals  for  soft  values  when
renovating buildings, but you cannot enforce
real estate owners. However you can
support and help them in different ways
such as help with building permits,
knowledge spreading, economic support etc.

Also other goals should be set besides energy related
targets including objectives concerning social health,
better indoor climate and certain areas in the
community, which should be developed more
harmoniously.
A  plan  for  the  follow  up  of  the  activities  should  be
made in the beginning of the project to ensure that
the right parameters are measured. The follow up is
used to verify fulfilment of the goals and reasons
behind not fulfilling certain goals. Both technical,
economic, health and social aspects must be followed
up. Following parameters should be considered when
planning the follow up:

Make a time schedule for your follow-ups.
Define methods for follow-ups.

Define base information and parameters that
you want to follow up. Clarify if you want
to follow up the use of heating energy,
electric energy and warm water for instance.
Be clear with the boundaries of the project.
Perform measurements before and after the
renovation.
Use questionnaires to the tenants before and
after the renovation for the follow-ups of
health and social issues.

Strategy
The final part of the action plan is the strategy for
how the goals and activities shall be performed. Here
both the general strategy describing the
comprehensive goals and also the activities leading to
a successful reduction of energy use in buildings are
presented. The collected results from all workshops
during different steps of the action plan development
process make a ground for the strategy.
The person or group of persons implementing the
strategy must be nominated. It is preferable that they
have been already involved with the development
work and have been handed over all necessary
information including all defined goals, ambitions
and results.
For the strategy step the workshop participants are at
least the municipality, strategists and energy
suppliers. They should focus on following
parameters:

Make a time schedule.
Take into account the results developed in
IEE NeZeR-project including e.g. the
technical solutions and feasibility studies for
Nearly Zero Energy Building Renovation.
Shall you go for a change of technical
solutions and/or change in behaviour?
Shall you make the energy efficient
renovation in a limited amount of buildings
or the whole stock?
Shall you make the energy efficient
renovation in a certain area?

The strategy for achieving the targets set in the action
plan consist of measures and activities in the
following areas:

Behavior
Technology
Finance
Collaboration
Communication

Here the communication plan is one of the most
important instruments and the successful
communication methods in the specific community
must be defined. The communication plan can be
divided into two parts:
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1. Communication within the organization of
the municipality

In the first part all departments within the
municipality – not only the environmental
department – shall be convinced of the importance of
energy-efficient renovation. A good understanding
must be gained at all different parts of the
organization in order to achieve necessary changes in
e.g. regulation permits. This information must be
achievable for all departments and they need to
understand how it will affect in their decisions in
other sectors such as housing social questions and
economy.

2. Communication with other parts in the city
The second part describes actions for convincing
other concerned parts such as social housing
companies, private and public real estate owners and
associations. Here good examples can be utilized to
make people enthusiastic. Bottlenecks and negative
media attention should be avoided.
Communication takes time and e.g. tenants of a
building to be renovated must be informed very early
so that they can get all the necessary arguments and
they have enough time to reflect and make questions
to clarify certain aspects.
Communication should be differently targeted to
different stakeholders. The tenants are mostly
interested in parameters such as lower cost, better
indoor climate and higher “wow-factor” while the
real estate owner is more interested in long-term
results and lower maintenance cost.
In the workshop through following communication
possibilities can be considered:

Energy advisors to inform citizens about
energy efficient renovation.
Perform a website about energy efficient
renovation.
Use twitter and Facebook as communication
channels.
Information groups with tenants and real
estate owners.
Education efforts to citizens and politicians.
Information materials to use at exhibitions
and other information situations.
Street ambassadors groups; someone starts
to  perform some energy efforts  –  there  will
be a chain effect when they talk about it and
show it to neighbours, friends and relatives.
Showings in apartments that have been
renovated.
Organised walks in areas that have been
renovated.
Small scale information evenings in
people´s homes.

Organise games, for example webbased,
where tenants can compete about how much
energy they have saved during a specific
time period.
Interactive website, including a map, where
tenants can add their experience with the
renovation project (e.g. price, quality of
building company, type of measures) so
other can learn from it.
Perform good examples and spread them
Other communication possibilities?

All partners must be involved in a renovation project
early in the planning process. Here you can utilize
e.g. Urban Living Lab methods. Urban Living Labs
can be defined as development environments that
integrate residents and other stakeholders to develop
and test new solutions in their daily life. The users of
the new services or solutions are active partners in
the whole development process, which happens in
the real urban context. Urban Living Labs utilize
various co-design methods for understanding the
needs, generating solution ideas, presenting ideas and
evaluating the solutions in practice. In addition,
citizen participation methods are used for
participation in decision making and taking action
(Federley & Karlsson 2016).

DISCUSSION
The Action Plans performed with the participating
cities have been made under different conditions and
circumstances. It was interesting to notice the
different ways for making the Action Plans - the
result  can  be  an  overall  plan  for  the  whole  city,  a
very detailed plan for one or two buildings or a
renovation plan for a district. In this way it is
possible to produce a plan targeted for the unique
situation in each city.
One important question that has been discussed is the
matter of mandate. Since the municipality normally
does not have the mandate to set targets for other
buildings than those owned by the city, it is hard to
set targets for private owned buildings. However, we
concluded that the municipality can set soft targets
and that the municipality must have efficient
communication to convince the private real estate
owners how to work with their buildings. The
municipality can also act as a predecessor setting an
example of how the work can be done. This means
e.g. providing tools and concepts for use by others. In
addition, the cities can demonstrate best solutions by
applying those for their own buildings such as
schools and kindergartens. One effective way may
also be guidance by building control authorities
towards builders. The strengths of guidance by
building control authorities would be neutrality, good
coverage (all builders must anyway be involved with
building control), personal contacts, and responding
to acute needs.
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The profitability of making energy-efficient
renovations in buildings and how to choose profitable
renovation measures is always a central question.
The communication plan should include reliable
information for the calculation of profitability.

CONCLUSIONS
Action Plans were successfully made for eight
European cities with specific targets and strategies
for their cities or districts in the cities. The numerous
discussions and experience shared in the project
group along the way made the basis for development
of the general guidelines for Action Plans presented
in this paper.
The Action Plan for Nearly Zero-Energy Renovation
is a good tool for a municipality to work with energy-
efficient renovation of the existent buildings in the
city. It is also important to compose a thorough
communication plan for how to achieve the
implementation of the Action Plan. Here both
internal and external communication is crucial for a
successful renovation project.
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ABSTRACT 
Progressive clients are targeting embodied carbon 
reduction through the introduction of carbon intensity 
targets (CITs). CITs challenge design teams to deliver 
buildings with supply chain carbon emissions below a 
set level per functional unit. Despite CITs acting as 
catalysts for innovation, there are few drivers for their 
use and substantial variations in their implementation. 
There is also no means for ensuring consistency 
between project CITs and national mitigation targets, 
nor a mechanism for ratcheting up ambitions as 
anticipated by the Paris Agreement on climate change. 
This paper discusses these concerns and suggests how 
CITs could in future be determined, implemented and 
enforced. 

INTRODUCTION 
The UK’s principal construction strategy, 

Construction 2025, sets a target of halving greenhouse 
gas (GHG) emissions from the built environment over 
the coming decade (HM Government, 2013). This is 
with a view to achieving longer term reductions 
consistent with the national target of an 80% reduction 
in GHG emissions by 2050 compared with 1990 levels 
(Climate Change Act, 2008). The Green Construction 
Board’s Low Carbon Routemap for the Built 
Environment set out the steps required to achieve this 
and called for an increased focus upon embodied 
carbon mitigation (GCB, 2013). A recent update on 
Routemap progress found a widening gap to sector 
targets and restated the need to achieve reductions in 
embodied carbon in addition to operational emissions 
(Steele et al., 2015). The update recommended the 
introduction of embodied carbon intensity targets 
(CITs). CITs challenge design teams to deliver 
buildings with supply chain carbon emissions below a 
set level per functional unit and can act as a significant 
driver of innovation. However, the approach by which 
CITs should be determined, implemented and 
enforced remains unclear. This paper addresses a 
number of outstanding questions on this topic.  
The first two sections briefly outline the embodied 
GHG emissions associated with UK construction 
activity and current carbon assessment practice. The 
third section highlights a number of inconsistencies in 

the current determination of CITs. The fourth section 
proposes measures to improve the future 
determination of CITs, and the fifth section considers 
the corresponding drivers for their use. The final 
section draws together some outstanding questions 
that should be the subject of future research. 

EMBODIED CARBON IN THE UK 
CONSTRUCTION INDUSTRY 
Over recent years, embodied carbon emissions in the 
construction supply chain have typically accounted for 
a quarter of total GHG emissions from the built 
environment and are comparable in magnitude to 
annual tailpipe emissions from all cars on UK roads 
(see Figure 1). Analysis of their distribution reveals 
that the bulk of emissions are associated with material 
production and a significant proportion occur overseas 
(see Figure 2). This restricts the scope of policies 
addressed at UK and European material producers 
(such as the EU Emissions Trading Scheme) to 
achieve substantial emission reductions. With the 
Government’s central estimates suggesting that the 

UK population will increase by 14 million by 2050 
(ONS, 2011), demand for housing and infrastructure 
is expected to markedly increase. DCLG projects an 
additional 3.6 million households will require new 
homes by 2030 (DCLG, 2015); meanwhile the 
National Infrastructure Delivery Plan 2016-2021 sets 
out projected infrastructure investments of £483 
billion (IPA, 2016b). This increased construction 
output is likely to incur signficant embodied carbon 
emissions. Scenario analysis with the UK Buildings 
and Infrastructure Embodied Carbon model (UK 
BIEC),  developed at the University of Leeds, reveals 
that anticipated reductions in the carbon intensity of 
the electricity supply are unlikely to offset the impacts 
of this increased construction activity (Giesekam et al, 
In Press) (see Figure 3). Consequently, sizeable 
reductions in embodied carbon intensity will need to 
be achieved through design changes across projects of 
all types if the targets set out in the GCB Routemap 
are to be achieved whilst meeting anticipated increases 
in demand. The required reductions in carbon intensity 
will be even greater if carbon capture and storage 
technology continues to be uneconomic for material 
producers.  

161



CURRENT EMBODIED CARBON 
ASSESSMENT PRACTICE 
Embodied carbon assessment has been commonplace 
in certain sectors of the industry, such as water and 
sewerage, for some time (Keil et al., 2013). Though, 
in recent years there has been increasing interest 
throughout the industry, reflected in a number of well 
attended cross industry events (UKGBC, 2014; 
UKGBC, 2015b). This proliferation of embodied 
carbon assessment has been supported by improved 
guidance for designers and clients (e.g. RICS, 2012; 
Clark, 2013; UKGBC, 2015c), and development of 
resources that facilitate project-level benchmarking 
(RICS, 2012; WRAP & UKGBC, 2014). The recent 
launch of PAS 2080: Carbon Management in 
Infrastructure seeks to instate a common language and 
carbon management process for the entire 
infrastructure value chain. A growing number of 
clients are also targeting carbon reduction in project 
briefs through CITs. At the time of writing 53 
organisations had signed up to the Infrastructure 
Carbon Review and over 30 companies had introduced 
commitments relating to embodied carbon assessment 
or reduction in buildings.  
One of the principal objectives of the UK Government 
Construction Strategy 2016-2020 is to “enable and 
drive whole-life approaches to cost and carbon 
reduction” (IPA, 2016a). This includes a specific 
commitment (Objective 3.6) to “develop data 
requirements and benchmarks for measurement of 
whole-life cost and whole-life carbon (embodied and 
operational)” with a view to ultimately forming 

“recommendations for a future approach”. Though 
regulators, such as Ofwat, have begun to include 
reporting requirements on some infrastructure 
projects, similar requirements have yet to be put in 
place for buildings. However, precedents have been 
set elsewhere. For instance, the Netherlands 
introduced embodied carbon reporting requirements 
for residential and office developments over 100m2 in 
2013 and LCCAs have been compulsory on publicly 
funded German buildings since 2008. The European 
Commission has also proposed including embodied 
carbon as part of a suite of common indicators for 
assessing the environmental performance of buildings 
(EC, 2014). 
Assessment of embodied carbon can be conducted at 
different stages of the project development. Best 
practice is to track embodied carbon throughout the 
project from an initial design phase estimate through 
procurement and construction to a final assessment 
upon project completion. For a practical example of 
this see the publicly available embodied carbon 
tracking report from British Land’s 5 Broadgate 

development (Arup, 2014). Whilst this represents best 
practice, in most cases where embodied carbon is fully 
assessed by the UK industry it tends to be only after 
the building has been constructed (Moncaster & 
Symons, 2013). Despite the introduction of BS EN 

15978 in 2011, approaches to assessment are still far 
from standardised with many practitioners using 
different system boundaries, assumed life times and so 
on (Gavotsis & Moncaster, 2015). Consequently the 
bulk of current research on embodied carbon focusses 
on standardising assessment procedures or developing 
integrated tools to support real time assessment. 
Though some of this research has called for additional 
drivers, such as regulation (Gavotsis & Moncaster, 
2015; Giesekam et al., 2016), little work has been 
done to develop robust policy proposals (Battle, 
2014), or understand how CITs should best be 
determined, implemented and enforced. 

CURRENT DETERMINATION AND USE 
OF CARBON INTENSITY TARGETS 
Though the use of CITs so far has been sporadic, 
examples have demonstrated that CITs can be an 
effective driver of innovation. For instance, the 
introduction of CITs in Anglian Water has motivated 
major changes in established design and construction 
practice and the use of alternative materials. CITs 
supported the achievement of a 54% reduction in 
embodied carbon by 2014 against the company’s 2010 

baseline (Anglian Water, 2015). Comparable 
reductions have been achieved on some building 
projects, such as the University of East Anglia 
Enterprise Centre (Pearson, 2015). On this project the 
client set the design team a whole life carbon target of 
500 kgCO2/m2 emitted over the anticipated 100-year 
life of the building. This motivated radical changes in 
design, including extensive use of bio-based materials 
(>70%), and resulted in an achieved footprint of 440 
kgCO2/m2 – around a quarter of the typical footprint 
of an equivalent university building. The 
Infrastructure Carbon Review has strongly advocated 
that this innovation, reduced material and energy use 
also yields cost savings (HM Treasury, 2013). Setting 
assessment or reduction targets can also encourage 
good on site practice and skills development amongst 
contractors (Davies et al., 2014). Therefore, at a 
project level, there are clear benefits associated with 
the introduction of CITs. 
The current process of determining boundaries and 
values for building CITs varies widely between clients 
and projects. Some CITs apply only to embodied 
carbon, others target whole life carbon. The specific 
target boundaries also vary, with some CITs 
encompassing all embodied emissions, others only 
targetting key materials or ‘carbon hot-spots’. For 

example, the British Land 2014 sustainability brief 
required that embodied carbon in “concrete, steel, 

rebar, aluminium and glass” be reduced by 10% 

compared to the concept design (British Land, 2014). 
In comparison Marks and Spencer target the “carbon 
hotspots in walls, ceilings and floors” (Marks and 
Spencer, 2014). Whereas the Crown Estate adopt a 
simple headline project target in kgCO2/m2/yr (The 
Crown Estate, 2013). Where headline targets such as 
this are adopted the baseline can also be determined in 
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different ways. Some baselines are determined against 
an initial project design. Others are against a notional 
reference building. Some are compared with past 
projects the client has been involved in. Others are 
determined from comparison with similar buildings or 
benchmark data from the WRAP database and similar 
sources (RICS, 2012; WRAP & UKGBC, 2014). The 
desired reduction against this baseline is also often 
determined in an arbitrary manner. Commonly a 
simple percentage reduction is set based on the client’s 
intuition or past experience. In some cases a specific 
round value is selected. In other cases, highly specific 
targets have been instated through a desire to offset 
operational emissions. For instance, on the Westgate 
Oxford development a CIT for embodied emissions 
reduction against the RIBA Stage C design was set 
equal to the anticipated regulated operational carbon 
over the building life.  
Should these differences be considered as welcome 
variety or as frustrating inconsistencies? It can 
reasonably be argued that for different project types 
with different distributions of carbon, adopting 
different functional units and assessment boundaries 
makes sense. However, this can increase complexity 
for project participants and reduce the comparability 
of results between projects. Even ignoring these 
concerns, the typical relative comparison between one 
building design and another allows for benchmarking 
but does not indicate if the design’s emissions are 

consistent with sectoral or national mitigation targets. 
Furthermore, whilst an individual client or design 
team is principally concerned with determining an 
appropriate CIT for their current project, firms, 
educators and product developers must prepare for the 
implications of deep long-term reductions. This may 
require significant changes in design and construction 
practice and the workforce must be skilled 
accordingly. This requires an appreciation of how 
targets may change over time and the concomitant 
changes in materials and design practices. 
This discussion highlights a number of problems. 
Firstly, how should the approach to setting CITs be 
standardised (if at all)? Secondly, how can target 
setters ensure consistency with sectoral or national 
targets? Thirdly, how should these targets be adjusted 
over time in response to changes in international 
ambition or developments in other sectors of the 
economy? The following section addresses these 
questions in turn. 

FUTURE DETERMINATION OF CITS 
Standardising the approach 
An ongoing Innovate UK funded project 
‘Implementing Whole Life Carbon In Buildings’ 
seeks to address a number of outstanding issues in the 
standardisation of embodied carbon assessment. 
However, in the case of CITs, the priority must be 
standardising project practices not assessment 
boundaries and methodologies. On different projects, 

particular building elements may contribute more or 
less to the project total, requiring a more or less 
detailed assessment. Accordingly, clients must set CIT 
boundaries that encompass the principal sources of 
carbon whilst avoiding excessive assessment time and 
thus expense. For instance the Embodied Carbon Task 
Force  propose a common set of boundaries that 
encompass product and construction stage emissions 
for substructure and superstructure (Battle, 2014). 
Irrespective of boundary differences, there are 
potential benefits to adopting a more standardised 
approach to establishing, introducing and reporting 
against project CITs. This could be done by adopting 
a common set of project embodied carbon 
checkpoints, such as those suggested by the GLA 
(2013) and Doran (2014). An example set is presented 
in Figure 4 against the 2013 RIBA Plan of Work. 
Under such an approach an initial project CIT would 
be introduced at RIBA Stage 1. The early introduction 
of a target will influence the initial concept design and 
ensure low carbon solutions are embedded early in the 
project. This high level target could subsequently be 
translated into a carbon plan (analogous to a cost plan) 
that breaks down the carbon budget by building 
elements. Subsequent steps would ensure routine 
reporting against the target throughout the project. 

Ensuring consistency with sectoral and national 
targets 
With targets currently set largely on an ad hoc basis 
by a selection of clients relative only to a baseline 
design or a comparable building, there is no means to 
ensure consistency with sector or national mitigation 
targets. Firstly, the sample of assessments is too small 
to reasonably assess the status quo across the sector. 
Secondly, the intermediate link between project level 
assessments and aggregate sector emissions is not yet 
in place. The form of such a link has been proposed 
with the UK BIEC model (Giesekam et al., In Press), 
but the available data remains insufficiently granular 
to return detailed project targets. Even once such 
targets are computed, the best means of 
communicating these to the industry has yet to be 
determined.  
One potential form would be the preparation of a 
series of common documents, or an online resource, 
that compiled headline targets, example carbon plans 
and benchmark data for a set of standard building 
typologies. This resource would be updated 
periodically and adminstered by a respected industry 
body, such as the RICS. This would provide clients 
with an advised target, consistent with national targets, 
which they could choose to use or exceed. 
Establishing such a common, central resource would 
allow clients to set appropriate targets without 
particular expertise in this area, enabling a swifter 
propagation of best practice. 

Developing a ratchet mechanism 
If such a resource was established, periodic updates 
could incorporate the impacts of progressive grid 
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decarbonisation, additional building assessment data, 
and adjustments to sector targets based on national 
mitigation progress. The introduction of future Carbon 
Budgets and any changes in national targets motivated 
by the Paris Agreement ratchet mechanism could be 
translated into new project targets using the 
intermediate model. 
In addition to significantly reducing current emissions, 
the construction industry must also be prepared to 
deliver a large volume of carbon sinks in order to meet 
the Paris Agreement goal of achieving “a balance 
between anthropogenic emissions by sources and 
removals by sinks of greenhouse gases in the second 
half of this century” (United Nations, 2015). The 
market for sinks is potentially lucrative given the 
anticipated growth in the price of carbon. In the UK 
these sinks will likely take the form of increased 
forestry, and the resultant wood could in part be used 
for construction. The emergence of other bio-based 
building materials, such as hemp-lime and modular 
straw bale, into mainstream construction may also 
contribute to achieving the long-term net zero goal 
(MacDougall, 2008). This should be supported by 
further development of products incorporating UK 
resources such as: CLT from domestic wood species 
(Crawford et al., 2015), brettstapel (Smith, 2013) and 
novel biocomposites (NetComposites Ltd, 2014). The 
potential is sizeable, with one report estimating that 
net carbon sequestration of up to 22 MtCO2e could be 
achieved by 2050 through policies promoting wood 
products alone (Sadler & Robson, 2013). 

DRIVERS FOR IMPLEMENTATION OF 
CITS 
In addition to addressing concerns with current 
practice, the research community must consider the 
drivers needed to replicate best practice across the 
industry. This will require proposals for long-term 
policy and market drivers that ensure widespread 
implementation and enforcement of CITs. Let us 
consider the critical characteristics of such drivers.  

Client led drivers 
Clients must be seen to value this issue if CITs are to 
be introduced and enforced. Clients can demonstrate 
leadership by providing a strong inventive for other 
members of the supply chain. For example, the scoring 
of tenders based upon sustainability credentials 
provides a competitive advantage for designers and 
contractors that can deliver embodied carbon 
assessment and mitigation. The introduction of shared 
targets and rewards in contract documents also 
motivates the requisite collaboration and exchange of 
ideas across the supply chain. Motivated members of 
the client team must also work internally to ensure 
organisational buy in. This is critical to ensure CITs 
exist beyond the project brief and are reported against 
throughout the project. 
However, clients cannot be expected to seek out and 
develop expertise in this area in the absence of strong 

financial or regulatory drivers. Progressive clients 
need additional support from the research community 
and proactive recommendations from designers and 
contractors. Industry institutions must also provide a 
better platform for clients to share experiences and 
standardise approaches. The development of a 
centralised information source – containing guidance, 
benchmark data and suggested targets (as proposed in 
the previous section) – could also support engagement 
from smaller clients with less organisational capacity. 
Were such a central resource to be introduced, 
complementary drivers may also be required to 
encourage clients to specify CITs beyond the 
recommended levels. Potential incentives could be 
perceived reputational benefits and positive marketing 
opportunities, through facilitating claims such as 
completing a ‘2050-ready’ building. Alternately, 
competition could be encouraged between firms 
through a public league table of carbon commitments. 
In the longer term, measures such as extending listed 
company emissions reporting to include principal 
sources of Scope 3 emissions, could provide a strong 
financial driver. Voluntary initiatives that promote 
early action also offer clients the opportunity to be 
ahead of the curve with regards to any future 
regulation. 

Regulation 
In a recent industry survey respondents highlighted 
that regulation is potentially the greatest driver of 
embodied carbon reduction (Giesekam et al., 2016). 
However, if regulations promoting embodied carbon 
measurement or reduction are to emerge a number of 
issues must first be resolved. These principally 
concern ownership, advocacy, narrative development, 
and evidence gathering. 
Ownership and advocacy 
No Government department has sole ownership of this 
issue. Whilst DECC notionally formulates plans for 
climate mitigation, BIS are tasked with determining 
industrial strategy. Policies affecting new build are 
principally set by DCLG and local authorities. 
Meanwhile numerous other departments, such as the 
Department for Transport and DEFRA, determine the 
overall demand for new buildings and infrastructure 
through their investment decisions. In addition to the 
present lack of cross-departmental strategy and 
collaboration, even within departments it is difficult to 
identify individuals whose remit could sensibly 
include embodied carbon. Consequently, for 
advocates within the industry lobbying for action it is 
difficult to distinguish appropriate points of influence. 
Embodied carbon has yet to garner serious 
consideration within mainstream policy circles and, in 
many ways, remains an issue without a home.  
Similarly, within the industry there are few suitable 
organisations who can take effective ownership of this 
issue. Many of the actions advocates propose to drive 
forward this agenda, such as establishing and 
maintaining a common UK LCI and EPD database, 
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require investment and long term commitments to 
maintenance from an impartial and respected source. 
This source must be willing to demonstrate leadership 
and be seen to represent firms spanning the full supply 
chain. Recent movements from professional 
institutions such as the RICS, and membership 
organisations such as the UKGBC, have been positive 
but there remain few commercial advantages to 
demonstrating leadership on this issue at the present 
time. If progress is to be made, it will require not just 
leadership from a handful of high profile firms but 
sustained support and coordination from a cross 
industry group. One potential solution could be the 
establishment of a formal body, such as a UKGBC 
Task Group. In the meantime, it remains difficult for 
the current assortment of small and isolated advocates 
to develop the requisite social and political capital. 
Narrative development 
It is essential for advocates to consider the narrative 
and framing of potential policy options. In the absence 
of a broader strategic narrative for climate change in 
the UK, it is impossible to appeal to the benefits of 
action addressing embodied carbon purely in terms of 
climate mitigation (Bushell et al., 2015). In order to 
secure engagement from a multitude of actors across 
the complex industry supply chain, it may be 
necessary to simultaneously appeal to numerous co-
benefits or to a broader narrative of improved 
competitiveness. Whilst the most prominent narrative 
to date ‘reducing carbon reduces cost’ has inspired 
some action; the majority of embodied carbon 
assessment has been undertaken by a small number of 
exemplar firms: ‘the usual suspects’ (UKGBC, 2015a 
p. 12). Many within the industry remain sceptical that 
the demonstrated cost and carbon savings on these 
projects can be replicated at scale outwith this group 
of innovative firms. To overcome this, it is imperative 
that advocates develop more effective means of 
ennumerating and expressing the other co-benefits 
associated with the more sustainable use of building 
materials. The current political narrative of 
deregulation to “keep Britain building” (Osborne, 
2015) is also a substantial hurdle. 
If the strategic political narrative does change, it is 
imperative that an evidence base is already in place 
that can support appeals to the new narrative. 
Effectively capitalising on changes in narrative 
requires a prolonged accrual of evidence, rather than a 
frenetic response to opportunities presented by 
consultations and the like. This requires a structured 
process of data collection and input from a multitude 
of stakeholders.  
Evidence gathering 
Despite growing industry interest and expertise, the 
evidence base that could inform policy making 
remains limited. The aggregate number of assessments 
to date remains insufficient to form detailed 
benchmarks, and there is no central depository for 
information on costs incurred. Consequently, there is 

insufficient evidence to undertake the sort of 
economic analysis required under a typical policy 
impact assessment. Encouraging sufficient 
assessments to form a robust evidence base may 
require additional stimuli. However, additional stimuli 
are unlikely to be introduced without a robust 
evidence base. Overcoming this catch 22, in an 
environment where funding for exemplar projects is 
limited, will likely require leadership from industry 
institutions alongside support from the research 
community. This will require extensive collaboration 
and a willingness to share data and experiences. 
In the long term, a multi-level response will likely be 
required, with local authorities and a small cohort of 
firms initially demonstrating best practice, introducing 
progressively more stringent requirements, 
assembling an evidence base for policy makers, and 
disseminating their experiences to the mainstream 
industry. Only once respected advocates are 
identified, a robust evidence base is in place, and an 
appropriate narrative determined, is national 
regulation likely to proceed. 

OTHER CHALLENGES 
In addition to addressing the outlined concerns, the 
research community must: 
 Articulate a vision for the construction industry 

in a net zero emissions future. 
 Develop alternative low carbon building 

materials and design approaches, particularly 
for high-rise structures, which currently have a 
very limited range of viable materials.  

 Improve the understanding of current barriers to 
uptake of alternative and re-used materials 

 Develop a range of policy options for 
addressing whole life carbon emissions 

CONCLUSIONS 
Substantial reductions in embodied carbon will be 
required to meet sectoral and national climate 
mitigation goals. These reductions must be motivated 
by the introduction of project CITs. Examples to date 
show CITs can encourage innovation; however, a 
number of issues must be addressed if CITs are to 
achieve widespread adoption consistent with targeted 
emission reductions. Approaches to target setting and 
reporting should be further standardised, steps must be 
taken to link sector and project level targets, and 
additional drivers for embodied carbon reduction must 
be introduced. This paper has offered initial insights 
on these topics, proposed some potential solutions and 
highlighted a number of areas requiring further 
research.  
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Figure 2 –Distribution of UK built environment supply chain GHG emissions in 2007 

(based upon data from Giesekam et al., 2014 and Giesekam et al., In Press) 

 
 

Figure 3 – Projections of future embodied GHG emissions from UK construction. All 
demand projections taken from scenario analysis with UK BIEC model (Giesekam et 
al, In Press) including decarbonisation of the electricity supply at the rate projected 

by DECC (2014). 
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Figure 4 – Suggested project embodied carbon checkpoints, adapted from GLA (2013) and Doran (2014). 
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ABSTRACT 
Most efforts towards achieving net zero emissions 
from buildings have focused on technological 
solutions, taking the notion of money-as-it-is for 
granted. This paper reports on an alternative 
approach, in which money-as-it-is – in this case the 
pound sterling – is replaced by money-as-it-could-be 
in the form of one kilowatt-hour. The research is 
conducted alongside a live retrofit project in the 
social housing sector, in which a solar photovoltaic 
system is required in order to achieve net zero 
emissions, but in the absence of conventional 
funding, alternative funding needs to be found. 
The supply chain members are identified as: Housing 
Association, Retrofit Provider, Photovoltaic Supplier, 
and Householder. Using evidence from independent 
research that complementary currency can be issued 
in respect of a renewable resource, the chosen 
resource is the solar energy landing on the roofs of 
the Housing Association buildings.  A conceptual 
model of credit and utility flow has been developed, 
in which the Housing Association issues the currency 
that flows through the system until completing the 
full circle.  
The research is conducted in collaboration with a 
local city currency project, and opportunities for 
combining the two as means for scaling up zero 
carbon retrofit projects are investigated. 

INTRODUCTION 
The UK is currently experiencing one of the highest 
rates of fuel poverty in Europe (ACE, 2015), with the 
overwhelming majority of fuel-poor households in 
the UK classed as ‘vulnerable’. This vulnerable 
group, including the elderly and those with lifelong 
disability, have much lower than average opportunity 
to relocate to more energy efficient housing in order 
to escape fuel poverty, when compared to the 
population at large (Jenkins, Middlemiss & Pharaoh, 
2011). Amongst social housing tenants, the fuel 
poverty rate currently stands at a little over 10%, 
leaving little doubt, given the failure of the Green 
Deal and the inherently inadequate delivery scope of 
the Energy Companies’ Obligation (Burnett, 2014), 
that there is a significant need for new solutions.  
 

Increases in energy efficiency have a measurable and 
reliable positive impact upon fuel poverty levels 
(DECC 2015a), therefore it is vital that 
microgeneration measures are installed as part of a 
more comprehensive package of housing energy 
upgrades to maximise benefit. This must go much 
further than the ‘free solar’ offers from commercial 
solar installers, in the case of social housing stock; 
although such offers can offer partial respite to 
homeowners in fuel poverty, this option is often out 
of reach of social housing tenants, dependent as they 
are upon co-operation with the proprietor. The 
existence of this barrier indicates the need for a 
partnership approach, with both tenant and proprietor 
actively involved in the delivery of a solution where 
both parties stand to gain from the arrangement.  
Despite the 2016 reductions in UK Feed-in Tariff 
rates, solar microgeneration is still able to provide a 
return on investment sufficient to cover its own 
capital costs within its product lifetime (Cherrington 
et al, 2013). For a social landlord, the implication of 
this is that there may be opportunities for investments 
into microgeneration, for example PV installations, 
to pay themselves back through a ‘pay-as-you-save’ 
mechanism, delivered via private arrangement with 
the tenant. The Housing Association would then 
stand to gain indirectly through the consequent 
reduction in tenant poverty levels, for example 
through reduced late or defaulted rental payments, 
fewer complaints, and a reduction in repair costs. 
Tackling poverty also features prominently in the 
business plans of many Housing Associations – such 
action would therefore contribute directly to the 
advancement of business objectives (Clarke et al., 
2014).   
Although the initial capital costs of renewable 
technologies are prohibitive to those classed as fuel-
poor under ‘ordinary’ conditions, the implementation 
of appropriate support in the form of access to 
information, access to low-interest finance, and 
active community involvement can enable this sector 
to participate (Saunders, Gross & Wade, 2012), 
although this has not been deployed on a large scale 
to date. Current research shows that complementary 
currencies, once established, can provide a range of 
benefits to disadvantaged segments of society, 
providing access to low-interest capital, enabling the 
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expansion of social networks (and consequently, 
access to information), encouraging economic 
participation, and improving social cohesion (Michel 
& Hudon, 2015). This paper therefore explores the 
possibility of applying a purpose-built 
complementary currency mechanism to the problem 
of fuel poverty in the UK social housing sector, 
utilising a quantitative method in order to analyse its 
viability whilst accommodating for a range of 
occupant behaviour regarding domestic energy 
usage. 
This study was conducted by Birmingham City 
University in collaboration with the Birmingham 
Pound local currency project, Solihull Community 
Housing, and zero carbon building SME Beattie 
Passive as part of the Retrofit Plus Project. In this 
project, the building fabric upgrades are partially 
provided via Innovate UK funding and partially by 
private sector funding. However, as the funding does 
not cover the cost of a PV array, an alternative 
funding mechanism is explored here to allow the 
buildings to achieve zero carbon post-retrofit. 

CLOSING THE LOOP 
Much of complementary currency and ‘free banking’ 
research is concerned with the correct issuance of 
currency (eg. Greco 2010; Selgin & White, 2007; 
Martignoni, 2012; Hayek, 1990), with Jones (2011) 
identifying issuance as one of three most discussed 
governance principles in the academic literature. In 
the global money system, a clear link is identified 
between the improper issuance of currency as ‘debt 
money’ (rather than issued against the value of a 
specific commodity or service), and a continual 
devaluing of national legal tender currencies. When 
the environmental implications of this are considered, 
the debt-money system appears even less desirable 
(Brooks, 2015), producing a systemic requirement 
for infinite growth. In this context, both the 
devaluation of currency through inflation and the 
requirement for interest repayments on bank loans 
adversely affect the return on investment of a 
renewable energy installation by both increasing 
repayment amounts, and by reducing the value of 
future production. Fiat-backed complementary 
currencies, such as the ‘Transition currencies’ 
popular in the UK (Ryan-Collins 2011), are linked to 
the value of their respective national currency, and 
therefore likewise suffer from currency devaluation 
through inflation.  
In order to maximise the efficiency of return on 
investment, a non-fiat-backed complementary 
currency is preferable as an effective way of 
providing insulation from the harmful effects of 
improper issuance in the mainstream banking sector. 
This choice comes with its own set of challenges – 
central among these is the need to create regional 
economic circuits whereby participants become 
‘prosumers’, alternately producing and consuming 
services to uphold the flow of currency, goods and 

services within the system (Schroeder R.F.H., 
Miyazaki Y., & Fare, M., 2011). By establishing 
closed loops, or ‘optimum monetary areas’, local 
supply begins to match local demand for goods, 
resulting in reduced dependency of a local economy 
upon imports from outside the region, consequently 
improving a local economy’s resilience dramatically 
(Freire, 2009). Fiat-backed currencies, by allowing 
for direct conversion between local and national 
currencies, can never achieve this level of resilience 
and can thus be considered an inferior overall choice, 
or at least an earlier stage in the evolution of a 
complementary currency, despite the initial 
advantages for consumer take-up inherent in the 
recognisability of such currencies with the public 
(Hopkins, 2010). 
In the case of the Retrofit Plus pilot, our aim has 
therefore been to establish a closed loop between the 
four actors within the chain, enabling the closed 
currency system to produce a solar PV array which 
pays back the cost of its installation over time. In 
theory, this enables further investment without 
disproportionate financial loss (or gain) to any of the 
involved parties and is therefore sustainable in an 
economic sense. We have further analysed the 
manner in which a purpose-built loop might interact 
with a wider currency system, in this case the 
Birmingham Pound. 
Greco (2013) identifies only one way to correctly 
issue exchange credit within a currency system: all 
produced credit must be backed by its equivalent 
value of products and services, and that these goods 
and services should be either available on the market 
immediately, or ‘on their way to market’; which is to 
say, the products or services already exist. However, 
currencies of any type are commonly understood to 
serve three functions – in addition to a medium of 
exchange and a measure of value, a currency should 
also provide a storage function (Jones, 2011). The 
storage function is of primary interest this enquiry, as 
it is what enables capital formation over the long 
term where the product or service does not yet exist. 
The service in question is the amount of solar energy 
falling on the roof of the building, which is then 
converted into useable energy via the solar array. 
Clearly, at the point of installation, the solar array has 
not yet produced any electrical energy and so an 
investment model is needed to allow the solar array 
to effectively pay for itself. This paper will outline a 
model for capital formation which will allow the 
ultimate owner of the PV array to issue long term 
credit to investors, which can then be redeemed as 
the solar array produces value in the form of 
electrical energy over time. 

OBJECTIVITY IN VALUE RECKONING 
When using fiat-backed complementary currency, the 
value of the currency unit is implicit, referring to the 
current market value of its counterpart unit of value 
in the mainstream economy. In currencies not 
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connected to the value of legal tender, such as Time 
Banks or LETS-style credit systems, value is 
deduced independently from this. The Time Bank’s 
unit of value is simple, elegant, and effectively 
inflation-proof: an hour of a participant’s time now 
will be valued the same as another hour at any time 
in the future. De-abstracting the unit of account in 
this way – by relating it directly to a real-world 
phenomenon – is the basis of our approach to stable 
value reckoning in this experiment. Given that the 
value creation in question relates to solar energy, it 
makes intuitive sense to use energy itself as a unit of 
account. 
Whilst value measured in pounds sterling 
continuously devalues over time, a unit of energy 
(kWh) does not (The objective value of a kWh 
should not be confused with the price of a kWh on 
the market: a kWh’s value is the utility value of the 
energy itself). In fact, when one factors in the 
increased efficiency of average appliances over time, 
it may be more accurate to say that the objective 
value of a kWh appreciates over time, as more and 
more utility can be extracted therefrom, as a general 
rule. This indirect appreciation mechanism will not 
be explored in this paper beyond the use of a very 
simple appreciation function; however, it seems 
logical to expect that, given its tendency to appreciate 
over time, a kWh-based currency unit is likely to be 
very effective as a unit of storage. Such a storage 
system might prove a natural counterpart to a fiat-
backed currency, where two interchangeable 
currency types serve the function to which they are 
best suited, allowing participants to trade-off value 
stability for flexibility, depending on their individual 
needs. In the long term, a fiat-backed currency with a 
built-in mechanism for storage based on such a 
measure may ultimately find that it assists the 
currency in disengaging from a legal tender-based 
value reckoning system, once the system is mature 
enough to subsist on its own terms. In this 
experiment, an exchange function is assumed in 
order to allow the Retrofit Plus Pilot economic loop 
to interact with the wider economic network of the 
Birmingham Pound. 
In the context of a zero carbon retrofit, currency can 
be issued on the basis of future production of energy 
via a photovoltaic array. Depending on the chosen 
unit of account, this detail of this arrangement would 
differ slightly. Whilst, initially, the value of a kWh 
would by necessity be related to its current market 
value and thus the initial currency issuance would be 
of identical value in both cases, the parameters 
governing return on investment would differ from 
that point onwards. In the case of fiat-backed value 
reckoning, the PV array would be valued in terms of 
its ability to produce monetary value, derived from 
the market value of the energy it produces; in the 
latter case, the PV array is valued directly by the 
amount of energy it produces. 

PRECEDENT FOR NON MONETARY 
COMPLEMENTARY CURRENCIES 
A detailed study covering 520 contemporary 
complementary currencies identifies LETS, 
Tauschringe, Trueque and Time Banks as the four 
most numerous complementary currency systems in 
the world (Schroeder, Miyazaki & Fare, 2011). These 
currency systems all share a common feature – none 
are convertible to legal tender money. Nevertheless, 
due to the difficulty of creating regional circuits, the 
majority of these systems have not attained a critical 
mass of either participants, products or services. 
Consequently, whilst they often provide the ‘soft’ 
benefits of social cohesion very well, their effect on 
wider economic life is usually limited at best (Michel 
& Hudon, 2015). Nevertheless, the popularity of such 
non-monetary systems indicates that, due to their 
easily comprehensible nature, using this type of value 
reckoning has advantages over both fiat-backed 
currencies and other currencies using an abstract unit 
of value. Naturally, this has positive implications in 
for the Retrofit Plus Project, which aims to work 
directly with tenants who will almost certainly have 
no prior knowledge of complementary currencies. 
The idea of using energy as a unit of currency is not 
completely new. Indeed, the New Economics 
Foundation identify energy as a very sound basis for 
currency issuance, particularly where efficient energy 
production is the primary objective (Ryan-Collins, 
Greenham and Shuster, 2013); as far back as the 
1980’s, the ecologist H.T. Odum imagined an 
economic system referring explicitly to global energy 
content (Brown and Ulgiati, 2004). Active examples 
of such currencies are relatively thin on the ground, 
however. In Japan, the CHARCOAL and WAT 
currencies, tied to a kWh of ‘clean energy from a 
citizen-owned power plant’ and a gram of charcoal 
respectively provide two notable examples (Lietaer, 
2004). However, in neither case is the energy itself 
traded. A WAT is not redeemable for energy at a 
power station, and in Osaka, Japan, charcoal is 
simply the local ubiquitous product for which 
everybody has need; for such a system, the unit of 
account might easily be replaced with any other 
appropriate universal product. In both cases, energy 
is therefore utilised in an accounting sense only, as a 
readily understandable value unit. In this sense, these 
currencies rely on an abstracted value unit more 
similar to fiat-backed currencies than to LETS, Time 
Banks, or the Tauschringe. 
It is difficult to anticipate the real-world implications 
of using energy as money; to the best of the authors’ 
knowledge, true energy currencies have not yet been 
tested on the ground. The New Economics 
Foundation report a growing interest in energy-based 
currencies from diverse contexts. Given this, it seems 
advisable to undertake laboratory experiments of 
prototype energy currencies in controlled conditions, 
in order to establish their scope and limitations. 
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METHOD 
In this paper, we analyse both the economic circuit 
required to deliver the retrofit, and the effects of fuel 
poverty on the financial viability of these retrofits. 
We base these analyses on the financing of an 
industry standard 4kWp solar PV array, costing 
£8,000.  
Return on Investment: this is based on the generation 
of savings from reduced energy requirements (in the 
case of materiality upgrades) and from the generation 
of electrical energy from solar (for the PV 
installation), referring to the constants shown in 
Table 1. 
  

CONSTANT UNIT FIGURE 
Market price (electricity) p/kWh 13.62 
Market price (gas) p/kWh 2.9 
PV Array size for 4kWp 
system 

Sq.m 28 

Electricity production of 
PV 

kWh/sq.m 120 

Cost of a 4kWp solar PV 
array 

£/p 8000.00 

Feed-in tariff generation 
rate 

£/p 0.1203 

Feed-in tariff export rate £/p 0.0485 
Amount of produced 
energy exported to grid 

Percentage 20 

Table 1: Numerical constants 
 
Return on Investment is assessed for two Retrofit 
Plus properties, using real energy consumption 
figures as shown in Figure 2, and post-retrofit energy 
consumption data gained using dynamic simulation. 
 

DWELLING GAS (kWh) ELEC. (kWh) 
A 12,179 2,530 
B 11,681 3,781 
Av. 11,930 3,156 

Table 2: Retrofit Plus energy usage figures 
 
We input these figures into the Return on Investment 
calculation. Inflation is not included within the 
calculations due to the nature of the currency used, 
and the kWh unit is assumed to appreciate at a steady 
5% per year rate, to reflect price rises in the 
mainstream market (DECC,2014). Inflation still 
applies in the case of legal tender. 
Fuel Poverty Modifier algorithm: Effects on gas 
usage are based on experimental and post-occupancy 
data on the performance of Beattie Passive’s ‘TCosy’ 
retrofit solution, which shows an expected reduction 
in heating fuel use of 65%, determined by dynamic 
simulation. A modifier of 500kWh (representing a 

bare-minimum of gas usage) accounts for ‘thermal 
comfort claw-back’, where improvements in energy 
efficiency deliver improved comfort, rather than 
energy savings in fuel-impoverished households. 
This will be determined experimentally at a later 
stage. At the other end of the scale, the same 
modifier has the effect of increasing energy savings 
beyond 65%, shown in Equation 1: 
 
Y = (X × 0.35) + 500                                       (1) 
 
Where:   Y is the post-retrofit gas usage figure; 

 X is the pre-retrofit gas usage figure. 
 
This metric was applied to gas usage figures within 
the range of DECC-reported gas usage in the UK (see 
Table 3), with electricity being tied to these figures. 
 

Lower range 2,000 kWh 
Median 12,000kWh 
Upper range 40,000kWh 

Table 3: Gas usage range (DECC, 2014) 
Economic Circuit: We have conceptualised the 
Retrofit Plus economic circuit as a smaller loop, 
involving four participants operating within a larger 
alternative economic system. The primary indicator 
of the success of this circuit is its ability to enable 
sufficient currency to be generated, on the basis of 
future solar photovoltaic energy, in order to pay for 
the solar PV array. As the Housing Association owns 
the roof space required for the PV array, it alone can 
issue energy currency. The wider economic system is 
not modelled here, but provides a supply of products 
and services for purchase by the PV supplier. 

MAPPING THE ECONOMIC CIRCUIT 
In an economic system (such as the Birmingham 
Pound) implemented on a city-wide scale, many 
retrofit circuits may exist within the network, issuing 
currency into the trading system using a decentralised 
process. 
 

 
 Figure 1: The Wider Economic Circuit 
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  Figure 2: The Retrofit Economic Circuit

Within a retrofit economic circuit, a photovoltaic 
array is paid for through a four-stage process, as 
depicted in Figure 2, enabling long term credit 
formation which is then redeemed through the energy 
generated by the PV array. In line with best practice, 
credit notes are issued by the Housing Association 
(the owner of the roof) in Stage 1, against the future 
value of the energy production capacity that will be 
enabled once the photovoltaic panels are installed. In 
this case, the Housing Association delegates 
executive responsibility to the retrofit provider 
(Beattie Passive) and grants sufficient credit notes to 
enable the retrofit provider to carry out its required 
tasks.  
 

In Stage 2, The Retrofit Provider purchases the PV 
array by transferring the credit notes to the PV 
Supplier, redeemable for energy currency at market 
value. The PV is then installed on the Householder’s 
roof. As the Housing Association is ultimately 
required to pay the PV supplier for the installation, 
the Householder incurs a debt to the Housing 
Association at this stage.  
In Stage 3, the Householder gradually pays back its 
debt using a ‘pay-as-you-save’ mechanism, with the 
debt being paid back at the same rate as energy 
savings. In the average UK home, this would take 6 
years, although this is dependent upon pre-retrofit 
fuel usage/fuel poverty levels in each specific 
household. In cases of extreme fuel poverty, some 
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form of subsidy may be required to assist with 
repayments. 
In Stage 4, the Housing Association redeems its 
credit notes against the energy currency issued via 
the active PV array, and in so doing repays its debt to 
the PV Supplier. The PV Supplier is then free to 
spend this currency elsewhere in the wider economic 
circuit.  

RESULTS 
The fuel poverty modifier results in a range of 
76.25% and 52.5% reduction in energy usage, as 
illustrated in Figure 3. The most notable adverse 
effects on fuel use reduction occur in households in 
the bottom fifth of initial fuel usage. House A and B 
simulated data show a gas use reduction of 67% and 
66% respectively. 
As the use of a purpose-built energy currency 
removes the damaging effect of inflation upon long 
term investment, the results emerge more favourably 
in relation to investing in a PV installation where a 
household is subject to fuel poverty. The number of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

energy usage profiles not meeting the ten year return 
on investment was limited to the bottom 5.5%; this is 
approximately half the number of profiles when 
accounting for the damaging effects of inflation (see 
Figure 4). The Retrofit Plus properties meanwhile 
achieved full ROI within an 8-year period for legal 
tender, and with 7 years for energy currency based on 
both algorithmic prediction and simulated results. It 
is worth noting that, accounting for energy prices and 
real income trends in recent years (DECC, 2015b; 
Belfield et al., 2014), one expects the number of 
households unable to achieve adequate ROI to 
increase in future. 
Economic circuit analysis shows that an economic 
circuit must be of a certain ‘critical mass’ in terms of 
number of participants and range of goods/services in 
order to be self-contained. The retrofit circuit is too 
small to provide any purchasing options for the PV 
supplier – it must therefore be rooted within a larger 
currency network that has attained critical mass. 
Boyle (2000) suggests the implementation of city-
scale currencies; the Birmingham Pound is therefore 
well placed to enable future study. 
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Figure 4: Effect of pre-retrofit energy usage on return on investment for a 4kWp photovoltaic array, and 
comparison between Legal Tender and Energy Currency investment 
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DISCUSSION 
This paper has aimed to map out how an energy 
currency might function, and the extent to which it 
may address the problem of fuel poverty within UK 
homes. Our analysis shows that issuance of currency 
on the basis of renewable energy microgeneration 
results in a radically different system macrostructure 
from the top-down issuance typical of both legal 
tender and fiat-backed or voucher-based alternative 
currency. It shows an upwards flow of exchange 
medium from within local communities to the wider 
economic network, rather than the ‘trickle down’ 
mechanism that is most familiar today. The presents 
clear opportunities for the empowerment of 
communities to tackle their fuel poverty problems by 
becoming currency issuers, and consequently less 
reliant upon scarce external funding from 
government. The ability of householders to gain 
ownership of their own energy production, once the 
debt is paid, provides opportunities for such 
householders to subsequently become community 
investors, providing capital formation capacity for 
further projects in the community. Thus, as opposed 
to external sources of funding, investment capability 
increases, rather than decreases, each time a 
renewable installation is successfully completed. 
Such a system is in some regards a ‘double-edged 
sword’. Although a community will be able to self-
fund past a certain point, at the outset it is still reliant 
upon external funding in order to build momentum. 
Therefore, a community-based energy currency 
system cannot be considered a substitute for external 
funding into community energy, but complements 
such funding naturally by enabling sustained 
investment after a certain point. This has clear 
relevance to governmental energy strategy when 
deciding upon the cost effectiveness of centralised 
investment into community energy resilience. In 
cases of extreme fuel poverty, the need for partial 
external funding may persist even within an energy 
currency such as the one described. One may 
therefore expect a higher level of required subsidy in 
private lettings, where fuel poverty levels are higher 
on average when compared with the social housing 
sector. 

CONCLUSIONS AND FUTURE WORK 
The main research outcome of this paper is system 
analysis of a specialised economic circuit, designed 
to facilitate renewable energy investment within UK 
communities, thereby encouraging householder 
energy empowerment and reducing fuel poverty 
within the social housing sector. Our findings point 
to two avenues for further research. Firstly, given 
that external economic impetus is required to build 
up investment momentum, further research is 
required to ascertain the ‘tipping point’, whereby 
external investment is no longer required to sustain 
renewables investment within a community. This is 
of particular importance considering that in the case 

of Retrofit Plus, the building materiality upgrades are 
entirely externally funded, with only the renewable 
energy installation being funding via alternative 
means. A reasonable return on investment in the 
absence of such funding would therefore require a 
great deal more community impetus than currently 
exists, in order to unlock investment potential 
through economies of scale. The way in which such 
widespread community impetus towards zero carbon 
housing renovation might be generated is therefore a 
critical area for further research. The role of 
centralised funding in generating this momentum, 
particularly in the early stages of intervention, must 
be explored in much greater depth in order to inform 
the decisions of policy-makers as to the availability 
of this funding, and where short-term funding might 
best be put to use in order to secure long-term 
impacts. The implementation of a self-sustaining 
energy currency may provide a mechanism to prevent 
such funding allocation from being viewed as a 
financial ‘bottomless pit’ due to the synergies created 
through two financing systems working in a manner 
which is complementary in the systemic sense. 
Secondly, some attention should be paid to the 
manner in which an energy currency might work in a 
less regulated environment than the social housing 
sector: namely the private lettings sector. This is 
crucial if those households most in need are to be 
reached, and consequently the most powerful 
reductions in fuel poverty are realised. Such work 
lies outside of the scope of the Retrofit Plus Project 
and is likely to be highly multi-disciplinary in nature; 
reflecting the complexity involved in transforming 
the UK housing sector from being one of the worst in 
Europe to one which is adaptive, resilient and truly 
sustainable. 
As the Retrofit Plus Project continues, we expect to 
gain access to detailed post-occupancy energy data 
after the Beattie Passive system has been applied to 
selected dwellings. This data will enable further fine-
tuning of the calculation used to predict energy use 
reductions based on pre-retrofit energy usage. This 
data will enable better analysis of which households 
are in greatest need of subsidised funding, and which 
may be able to self-fund. 
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ABSTRACT 
Birmingham Zero Carbon House, originally built 
over 175 years ago, has achieved zero carbon status 
through retrofit. This paper reports on the results of 
several years of monitoring and it compares its 
performance with the Passivhaus standards. 
The upgrade of the thermal envelope has resulted in 
U-values of 0.1 W/m2K in floors and walls, 0.08 
W/m2K in the roof, and N50 air tightness of 0.57 
m3/h/m2. MVHR has been installed and used on 
demand, utilising natural ventilation whenever 
possible. The house is heated infrequently with a 
wood burning stove, using branches from trees in the 
garden. A solar PV system provides electricity, and a 
solar thermal system provides domestic hot water and 
some space heating. The paper investigates the 
operational performance on the basis of five years of 
monitoring and compares its performance against 
Passivhaus Classic, Plus and Premium standards. 
With no energy bills and an annual income of £1,500 
for electricity, leading to annual return on investment 
of 7.72%, this approach has important implications 
for scaling up of retrofit.  
 
INTRODUCTION 
The Zero Carbon House (Figures 8-15) was 
completed in September 2009, and was the UK’s first 
retrofitted house to achieve the UK Code for 
Sustainable Homes Level 6 standard, termed “true 
zero carbon”.  The standard was published in October 
2007 (DCLG 2007) but withdrawn by Government in 
March 2015.  The original version nevertheless 
remains a laudable example of conviction politics 
and a precursor to the 2008 UK Climate Change Act.  
The Zero Carbon House is designed to the original 
stringent standard, so that the contribution of on-site 
renewable energy balances both regulated and 
unregulated appliances energy demand, resulting in 
net zero carbon emissions. 
The building is in two parts, one old and one new.  
The older part is the original two-storey terraced 
house constructed c.1840.  Its retrofit, together with 
the construction of its new three-storey extension, 
was completed in 2009. 
The original house had 215mm and 103mm thick 

solid brick external walls, single-glazed windows and 
a 30 degree pitched slate roof with 100mm of thermal 
insulation at ceiling level.  This construction has been 
upgraded in all areas, so there is now 280mm 
external rendered Neopor insulation to the back and 
side elevations, 350mm internal cellulose insulation 
to the front elevation, 450mm cellulose insulation to 
the old roof, and 250mm insulation to all floors, 
partly fixed from the cellar beneath. 
The new construction includes 203mm hydraulically 
compressed load-bearing clay blockwork walls with 
external rendered Neopor insulation. No mechanical 
through fixings were used on the insulation to avoid 
thermal bridging.  The roof has 400mm cellulose 
insulation between timber I-beam rafters and 100mm 
wood-fibre cellulose over-boarding.  All windows 
and rooflights, in both the old and new construction, 
are high performance triple-glazed including two soft 
low E coatings, argon-filled cavities and warm-edge 
spacers.  Vapour-permeable airtight membranes and 
tapes, together with wet lime plaster, provide the 
airtight line at the inside face of the construction 
generally.  Performance is summarized in Table 1 
below. 

Table 1 Airtightness and U-values 

 PHPP 
TARGET 

ZCH ACHIEVED 

Infiltration 
airtightness 

< 0.6  
ac/hr@N50 

0.57 
ac/hr@N50 

U-values, 
wall, roof, 
floor 

< 0.15  
W/m2.K 

0.08 – 0.11 
W/m2.K 

Glazing Ug < 0.80  
W/m2.K 

0.5 
W/m2.K 

Window Uw <0.85  
W/m2.K 

0.65 
W/m2.K 

Three renewable technologies are installed: 
photovoltaic electricity, a biomass wood-burning 
stove and solar thermal collectors, which together 
with the ventilation strategy are described in more 
detail below.   
Other environmental features of the house include 
very low use water fittings, rainwater harvesting, 
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excellent natural day-lighting enhanced with mirror 
linings (Figures 13 & 14), low energy lighting and 
appliances.  Reclaimed and very low embodied 
carbon building materials/finishes are used, with low 
or zero VOCs and health and well-being benefits.  In 
addition, bicycle and recycling storage, adaptability 
for wheelchair users, and biodiversity enhancement 
including built-in bird and bat boxes are 
incorporated. 
 

BACKGROUND 
Over the five year monitored period, May 2011 to 
May 2016, the four principal needs for electricity, 
space heating, domestic hot water and ventilation, 
have been serviced as described below.  Table 2 
below (Antonelli, 2016) is included as background 
and for comparison with new monitored data results. 

Table 2  zero carbon house performance         
(Antonelli, 2016) 

Space heating demand  
Before 595.49  kWh/m2.yr  
After 8.69  kWh/ m2.yr  
   
Heat load   
Before 73.33  W/ m2 
After 3.17*  W/ m2 
   
Primary energy demand  
Before 1140.68  kWh/m2.yr 
After (excluding 
renewables - note 3) 44.33*  kWh/m2.yr 

After (including 
renewables - note 3) 5.43*  kWh/m2.yr 

   
Measured energy consumption 
Before 410.64  kWh/ m2.yr 
After 27.15  kWh/m2.yr 
 
Notes  
1.The primary energy was calculated using PHPP conversion factors of 2.6 
kWh/kWh for electricity, 1.1 kWh/kWh for natural gas, and 0.2 kWh/kWh 
for biomass. 
2.The above figures are based on floor areas of 99.8m2 before and 204.8 m2 
after.  
3. Primary energy demand figures are given with and without renewable 
energy.  PHPP discourages the use of renewable energy at design stage in 
order to prevent lower fabric performance values to be compensated by 
renewable energy.  However, this is well past design stage and it gives an 
insight into primary energy consumption taking into account all energy 
systems in the house.  The primary energy excluding renewables is an 
artificial figure as renewable energy cannot be decoupled from how the 
house operates. 
4. The values marked * were based on preliminary data, and have all now 
improved and been revised downwards based on new data, as discussed in 
this paper. 
 

Electricity 
A 5.04kWp photovoltaic array is fixed to the upper 
part of the south/south-east facing roof (Figures 9 & 
12).  The energy generated is shown in Table 4 
below.  Some solar electricity has been used during 
the daytime as it is generated; for example, in the 
washing machine, dishwasher etc.  Surplus generated 

electricity is exported to the grid, and imported as 
required using a smart meter.  No electricity storage 
is used.  Over five years there has been a net surplus 
of 9% exported.  
Space heating  
Significant contributions to space heating are made 
by passive solar gains through the east, south and 
south-west facing glazing; by ambient heat gains 
from the operation of the bath, shower, cooking 
equipment, fridge, etc; and from occupants including 
visitors.  These heat gains are recognised as 
significant, particularly as they are coupled with the 
very high thermal mass provided by 75mm heavy 
clay floors, dense 203mm clay block and existing 
215mm brickwork walls throughout. Although there 
is information on solar gains from the simulation 
model, in the monitored situation these gains are 
taken into account indirectly, through reduced 
heating energy demand.  The mirrored linings 
(Figure 13) allow sunlight to heat walls and other 
surfaces which would not otherwise receive direct 
passive solar gains.  
Evacuated tube solar thermal collectors (Figure 12) 
feed an 850 litre hot water storage cylinder, which is 
also used in conjunction with the wood-burning stove 
described below.  The cylinder feeds small towel 
radiators installed in the Zero Carbon House’s 
shower and bath rooms on a timed circuit controlled 
with thermostatic radiator valves, and therefore a 
proportion of the house’s space heating is provided 
from this source.  Although it might seem surprising 
that solar hot water, with peak output in summer, 
contributes to space heating where peak demand is in 
winter, four factors should be kept in mind.   
Firstly, this is an evacuated tube solar system, highly 
efficient even in very cold external temperatures.  It 
is also relatively large at 8.8m2, and therefore has 
yielded a considerable output, shown in Table 6 
below.  The storage cylinder is also highly insulated 
and sited at first floor level, close to both the solar 
thermal panels and to the towel radiators. 
Secondly, the house and occupants have not required 
particularly high internal winter temperatures, as will 
be discussed in more detail below and shown in 
Figure 4.  Thirdly, the heating season and the solar 
season are not entirely opposed: Figure 3 
demonstrates that lowest temperatures and therefore 
peak heating demands have been around late January 
to early February.  By this time, some seven weeks 
after the winter solstice when solar output is minimal, 
measured solar thermal temperatures have risen by 
approximately 15 oC. 
Fourth and finally, the very coldest winter days when 
heat demands are highest have very often been days 
with heavy frosts and clear skies.  These allow longer 
and stronger hours of solar radiation, maximizing 
solar thermal yields for a given time of year on 
precisely the days they are needed most.  Conversely, 
winter days with cloud cover and therefore less solar 
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radiation tend to be warmer with less demand for 
space heating.  
During the coldest days in the period in Figure  
when external temperatures were between 0 and -2.1 
oC, solar hot water was generated at peak 
temperatures of between 30 oC and 50oC. 
A wood-burning stove in the living room area 
(Figure 15) has been used infrequently to 
supplement the heating described above.  As Figure 
2 shows, it has been lit mainly between early 
December and mid February, on occasional days not 
continuously, and only during colder spells of 
weather when both solar thermal output was low and 
outside temperature was around or below 0 oC. 
70% of the heat from the stove is transferred via a 
pumped hot water circuit direct to the storage 
cylinder.  The stove circuit operates only when the 
temperature of stove’s hot water is several degrees 
hotter than the base temperature within the cylinder.  
In addition, the wood-burning stove provides the 
remaining 30% of useful heat from the stove and its 
un-insulated internal flue.  In winter, this heat is 
distributed through the house via the ventilation 
system described below. 
As stove use is low, it has been possible to source all 
timber fuel required to date from the garden, which 
includes two mature ash trees.  A significant timber 
stockpile remains after seven years of occupancy, 
and new trees are being planted, including fruit trees 
which are regularly pruned; so the garden now 
appears to be a fully sustainable source to meet the 
entire modest biomass fuel demand. 
The final part of the space heating design strategy 
was a small heater coil in the ventilation system.  As 
comfort conditions have been considered satisfactory 
without it, this heater has never been used. 
 
Domestic hot water 
The same stove, solar thermal panels and store 
cylinder as described above also provide domestic 
hot water.  As hot water demand is less seasonal than 
space heating demand, the high summer yield is 
beneficial.  In winter, water temperatures have 
generally been sufficient for all kitchen, hand-
washing and other domestic hot water uses.  An 
auxiliary electric immersion heater the solar cylinder 
is fitted, but has been used on only four occasions 
over the five year monitored period. In addition, a 
warm-feed electric boost is fitted to the shower water 
supply, so that lower winter solar hot water, at for 
instance 35 oC on some days, can be raised a few 
degrees in temperature if required.   
Usage of domestic hot water has fluctuated 
seasonally.  The occupants have been happy to use 
the shower in winter when solar hot water is in 
shorter supply, and to consider using the bath only 
during the warmer months when solar hot water is 
more plentiful.  A display in the kitchen area shows 

the temperature in the thermal store, encouraging 
adaptive behaviour in response to this.  Similarly, the 
dishwasher is fitted with a winter and summer 
diverting valve.  Abundant hot water provides a 
direct hot feed over the summer months, whereas a 
cold water feed is used in winter.  Dishwashing water 
is then heated within the appliance with (renewable) 
electricity, freeing the more limited winter hot water 
for other uses.  The same principle was intended for 
the washing machine, sited very close to the solar hot 
water cylinder.  Unfortunately at the time of 
construction the only washing machines available 
with hot feeds were electrically inefficient 
appliances.  It is hoped this will change as the market 
develops. 
 
Ventilation 
The house is designed and operated to function in 
both mechanical and natural ventilation mixed 
modes.  Mechanical ventilation with heat recovery 
(MVHR) is used exclusively in winter, and in the 
intermediate cooler early spring and late autumn 
evenings.  A high efficiency MVHR unit sited at the 
top of the house extracts warm and humid air from 
the kitchen and shower areas, including from the first 
floor clothes drying racks.  Pre-warmed fresh air is 
supplied to all living and bedroom areas using 
recovered heat. 
In an extended summer period of seven to eight 
months, and during early spring and late autumn 
daytimes, natural ventilation is used.  In addition to 
tilt-and-turn opening windows, rooflights to first 
floor and second floor rooms and at the head of the 
staircase can be opened.  During very hot weather, a 
low level insulated shutter on the rear elevation can 
be opened to increase night purging to cool the high 
thermal mass structure. This shutter has a permanent 
insect-screen and security bars so it can be left open 
when the house is vacant.   The natural ventilation 
cooling strategy has resulted in exceptional summer 
comfort levels, no hotter than 26 oC, some 3.5 oC 
below the peak external temperatures during the 
monitored period (see Figure 4).  Research by Huws 
and Jankovic (2014) shows that these characteristics 
will work well with predicted climate change, 
providing mitigation opportunities under extreme 
conditions.  
 

OCCUPANCY DATA 
Over the monitored period, the house has been 
running at typical internal winter temperatures of 
around 17-18 oC (see Figure 4), which is slightly 
lower than normal CIBSE and Passivhaus 
assumptions.  The section below on thermal comfort 
discusses the implications of this further, including 
adaptive behaviour.   
Occupancy data shows that adaptive behaviour 
includes a significant variation in occupants’ clothing 
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levels of some 400% across the seasons, as shown in 
Table 3.  It is also noted that occupants’ bedding 
levels vary through the seasons in a similar manner, 
adapting to warmer summer and cooler winter 
conditions. 

Table 3 Typical occupants’ clothing 

Typical winter clothing Insulation Clo* 
Briefs 
Thermal long leg underwear 
T-shirt thermal short sleeve top 
Normal long sleeve shirt 
Normal trousers 
Thin sweater 
Jacket 
Thick long socks 
Thick soled shoes 

0.04 
0.10 
0.09 
0.25 
0.25 
0.20 
0.35 
0.10 
0.04 

Typical winter 1.42 
  
Typical spring/autumn clothing Insulation Clo 
Briefs 
Normal long sleeve shirt 
Light trousers 
Jacket 
Socks 
Thin soled shoes 

0.04 
0.25 
0.20 
0.35 
0.02 
0.20 

Typical spring/autumn 1.06 
  
Typical summer clothing Insulation Clo 
Briefs 
Short sleeve shirt 
Light trousers 
Sandals (assumed Clo) 

0.04 
0.09 
0.20 
0.02 

Typical summer 0.35 
*Thermal data from Engineering Toolbox (2016) 
 

MONITORING 
An environmental monitoring system is installed in 
the Zero Carbon House (Figure 1).  
 

 
Figure 1 Monitoring system in Zero Carbon House 

The monitored parameters include: internal air 
temperatures in each room; internal relative humidity 
in the kitchen/dining room; flow and return 
temperature in and out of the wood burning stove; 
flow and return temperature in and out of the solar 
hot water system; energy obtained from the solar hot 
water system; energy from the photovoltaic system, 
including generated, used and exported energy; 
energy imported from the electricity grid; energy 
obtained from the wood burning stove; solar energy 
falling on the roof surface; and external air 
temperature. A total of circa 20 parameters are read 
every minute and sent wirelessly to the data logger. 
The data logger is then accessible remotely over the 
Internet, for the purpose of visualisation of the 
monitored parameters and for data download. 
 

ENERGY & CARBON PERFORMANCE 
Energy balances are calculated from monitored data 
over the period of five years. Total electricity energy 
is summarised in Table 4. Figure 6 shows the import 
and export electricity over a monitored year. The 
only period of significant imported electricity about 9 
weeks between late November and early February.  
After that date, electricty exports well exceed 
imports.  
Biomass heating energy is summarised in Table 5, 
using monitored temperatures and flowrates from the 
hot water circuit linked to the wood-burning stove.  
The metred heat in the water loop has been adjusted 
and increased by 30% to account for the element of 
heat emitted as space heating, according to the 
manufacturer’s data of a 70/30% split between water 
heating and room/air heating.   
 

Table 4 Electricity energy 

Start date 25/05/2011 
End date 14/05/2016 
Import (kWh) 14,092 
Export (kWh) 15,357 
Net export (%) 9% 
Net export (kWh) 1,258 
kgCO2 -653 

 

Table 5 Biomass heating energy 

Start date 25/05/2011 
End date 14/05/2016 

Heating energy (kWh) 1,195 
Heating energy per annum (kWh)  240 
Total kgCO2 23 
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Table 6 shows solar thermal energy. The total carbon 
emissions balance is derived from this information 
and shown in Table 7. Carbon emission factors used 
in the calculations are based on information 
published by BRE (2012).  
 

Table 6 Solar thermal energy 

Start date 25/05/2011 
End date 14/05/2016 

Solar thermal energy (kWh) 8,737 
Total kgCO2

* -166 
*Assuming biomass water heating instead of solar 

thermal 
 

Table 7 Total CO2 balance 

Start date 25/05/2011 
End date 14/05/2016 

Total kgCO2 from biomass heating 23 
Total kgCO2 from solar PV -653 
Total kgCO2 from solar thermal -166 
Total kgCO2 balance over the period -796 
Total kgCO2 balance per annum -160 

 
As it can be seen from Table 7, the house is -160 
kgCO2 carbon negative. This figure is worse than -
662 kgCO2 predicted from simulations at the start of 
monitoring (Jankovic, 2012), however the house has 
maintained its carbon-negative status six years since 
it was retrofitted. The reason for this discrepancy is a 
difference between simulated and actual building 
performance (performance gap) and changes in 
emission factors over the past five years. 
The above results have been compared with the  
headline Passivhaus standard (BRE, 2016) and with 
the new Passivhaus Plus and Premium standards 
(Passipedia, 2016); results are summarised in Tables 
8, 9 and 10.  The Plus and Premium standards have 
been introduced to acknowledge the important role of 
renewable energy, which was not previously factored 
into the Passivhaus model.  It is recognised that 
although it exceeds many of the requirements as 
shown in Table 1, the Zero Carbon House has not 
been certified to Passivhaus standard as, for example, 
PHPP thermal bridging analysis has not been 
modelled.  Equally, the new Passivhaus Plus and 
Premium standards now employ a Passivhus Institute 
devised “PER” formula to theoretically model winter 
and summer renewable offsets.  The comparisons 
below therefore do not use the full PHPP software, 
but are intended to give useful headline figure 
compaisons. 

Table 8 Specific Heating Demand &         
Comparison with Passivhaus Standard 

 Passivhaus ZCH 
Specific heating demand 
(kWh/m2/year) ≤15 1.18 

 

Table 9 Total Renewable Energy Generation & 
Comparison with Passivhaus Standards 

Start date 08/09/14 
End date 07/09/15 

Total solar PV (kWh/yr) 4605.6 
Total solar thermal (kWh/yr) 1450.5 
Total renewable energy generation 
(kWh/yr) 6056.1 
Footprint, ground floor (m2) 95.5 
Renewable energy generation ZCH 
(kWh/yr.m2 ground footprint)  63.4 
Renewable generation PHPP Classic 
(kWh/yr.m2 ground footprint) 0 
Renewable generation PHPP Plus  
(kWh/yr.m2 ground footprint) >60 
Renewable generation PHPP Premium 
(kWh/yr.m2 ground footprint) >120 

 

Table 10 Renewable Energy Demand &   
Comparison with Passivhaus Standards 

Start date 08/09/14 
End date 07/09/15 

Total biomass (kWh/yr) 169.9 
Total solar PV generated (kWh/yr) 4605.6 
Less net electricity exported (kWh/yr) -138.0 
Total solar thermal (kWh/yr) 1450.5 
Total renewable demand (kWh/yr) 6088.0 
Gross internal floor area (m2) 204.8 
Renewable energy demand ZCH 
(kWh/yr.m2 GIFA)  29.7 
Renewable generation PHPP Classic 
(kWh/yr.m2 GIFA) ≤60 
Renewable generation PHPP Plus  
(kWh/yr.m2 GIFA) ≤45 
Renewable generation PHPP Premium 
(kWh/yr.m2 GIFA) ≤30 

 
As it can be seen from this table, Zero Carbon House 
significantly outperforms the Passivhaus heating 
headline standard, which is constant for the Classic, 
Plus and Premium levels, using only 7.9% of the 
heating energy permitted. The heating figure is an 
improvement with reference to a recent article (Table 
2) (Antonelli, 2016), as it arises from new evidence 
over a longer time period.  
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It also comfortably meets both the Passivhaus Plus 
target for renewable energy generation and the 
Passivhaus Premium target for renewable energy 
demand.  As the house is designed to CfSH zero 
carbon standards, the use of renewable energy is an 
everyday reality in Zero Carbon House, and an 
integral part of its performance and overall energy 
balance. 
 

HOURLY PARAMETERS AND 
THERMAL COMFORT 
Details of temperatures and relative humidity 
recorded during a twelve-month period are shown in 
Figure 4.  It was at first slightly surprising to see that 
internal temperatures fluctuate from 15-17 oC in 
winter to 25 oC in summer. A question whether the 
house occupants experienced discomfort levels as 
result of winter temperatures was raised. The 
temperature information appeared to be in 
contradiction with the findings from the occupant 
survey (Jankovic, 2012), in which the occupants’ 
perception was that they were close to thermal 
neutrality, both in summer and winter. 
For that reason the occupancy clothing data above 
was considered, an adaptive clothing algorithm was 
deployed and predicted percentage of dissatisfied 
(PPD) was calculated for each half-hourly interval. 
The adaptive clothing algorithm looks at predicted 
mean vote (PMV) in the previous half-hourly period, 
and increases the clothing level for PMV<0 and 
reduces it for PMV>0 in the current half-hourly 
period. As result, the clothing level varies on a 
continuous basis throughout the year as shown in 
Figure , in line with the occupancy data and as it 
would do in real life where people adjust their 
clothing to match internal conditions, and effectively 
represents adaptive clothing behaviour. Using 
adaptive clothing, the calculated PPD level does not 
go over 10% (Figure ), which is therefore consistent 
with the findings from the occupant survey by 
Jankovic (2012), and in close proximity to thermal 
neutrality throughout the year. This effectively 
explains how the occupants regulate their thermal 
comfort throughout the year.  It is noted that the PPD 
figure is lowest in the winter. 
To further verify these thermal comfort levels based 
on objective criteria (ASHRAE 55), psychometric 
charts have been created using winter temperatures 
and humidities from monitored data (Figure 4) and 
clothing levels from occupancy data (Table 3).  
These verify that the results are indeed within the 
zone of thermal neutrality with PPD levels of 7-9% 
and below.  These are shown in Figure 7. 
The occupants have a choice to heat the house to 
higher temperatures in winter if they wish to.  This is 
especially as it does not cost them anything to do 
that: all of the electricity comes from the PV system 
and the wood for the stove comes from the garden. 

The finding that they prefer to adapt to the internal 
conditions with their clothing, rather than with 
heating, indicates that they have developed a level of 
adaptation to thermal conditions that resonates with 
nature, and gives an example how this can be done. 
 

CONCLUSIONS 
The paper has outlined the strategies used in the 
design and operation of the zero carbon house, 
together with occupancy, energy and carbon 
performance, thermal comfort standards and 
monitored data collected over a five year period.  
Comparisons have been made with Passivhaus 
standards.  At the time of design, the Passivhaus 
methodology did not include the “EnerPHit” 
standard, which has since been introduced, with the 
less stringent criterion of 25 kWh/m2/yr specific heat 
demand, for retrofit schemes with existing buildings 
(BRE, 2016).  Zero Carbon House is a partly retrofit 
scheme and so would surpass the EnerPHit standard 
by an even greater margin than shown in Table 8, 
using only 4.7% of the permitted heating energy.  
Against this should be set the PHPP Passivhaus 
default temperature of 20oC compared with the 
typical Zero Carbon House monitored temperatures 
and comfort levels of around 17oC.  If this figure is 
used within the standard PHPP model with UK 
midlands climate data, the predicted heat demand 
reduces from 15 kWh/m2.yr to 9 kWh/m2.yr.  
Therefore if the house were heated to 20oC, the 
specific heat demand in Table 8 would theoretically 
increase to 1.97 kWh/m2.yr.  This is still well below 
both 15 and 25 kWh/m2.yr, being 13.1% of the 
former and 7.8% of the latter. 
As already explained, the Passivhaus Plus and 
Premium standards set ambitious targets for both 
renewable energy generation and demand.  The Zero 
Carbon house meets the Plus standard headline figure 
for generation and the Premium standard for low 
demand.  Renewable energy is clearly an integral part 
of the overall energy balance of the house. 
The monitored data over an extended period, 
including temperatures, solar, thermal comfort levels, 
clothing and servicing, adaptive behavior and 
occupancy, all demonstrate that very good comfort 
levels have been achieved will very little additional 
heat required, well below Passivhaus levels.  Correct 
understanding and operating of the house and its 
ventilation and heating is of course important, but no 
particular problems have been experienced here.   
In fact on the contrary: the synergy between the Zero 
Carbon House and its occupants is striking.  One has 
commented on “living in symbiosis with the house” 
as if it were almost another live being.  The house 
offers possible options, and the occupants can choose 
adaptive behaviors to suit; to which in turn the house 
will then respond.  As well as the heating, hot water, 
electricity and ventilation usage discussed, this is 
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also true in other ways.  For example, the natural 
lighting of the house can be tuned and altered by 
opening internal shutters, giving further possibilities 
for responsive and adaptive behavior. 
With no energy bills and an annual income of £1,500 
for electricity, leading to annual return on investment 
of 7.72%, this approach has important implications 
for scaling up of retrofit. It demonstrates that 
Passivhaus standards can be well surpassed by 
inventive thinking, and that designers can and should 
aspire for zero carbon retrofit from the outset.  This is 
especially important in a time of uncertainty about 
the status of zero carbon buildings legislation in the 
UK on the one hand, and with the great global need 
for such buildings on the other hand. The material 
introduced in this paper demonstrates that true zero 
carbon design can and has been achieved, even with 
so-called “difficult to treat” retrofit solid walls.  The 
implications are therefore far-reaching.  It can be 
done, it should be done and we ought to be doing 
much more of it. 
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Figure 2 Wood burning stove and solar thermal system output in the context of outside air temperature  

 
 

 
Figure 3 Solar radiation, solar thermal system output temperature and outside air temperature 
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Figure 4 Half-hourly temperature and humidity data over a twelve-month period 

 
 

 
Figure 5 Thermal comfort levels resulting from adaptive clothing behaviour 
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Figure 6 Electricity import and export over a twelve-month period 

 
 
 
 
 

         
 

Figure 7 Psychometric charts showing 15oC and 17oC air temperatures with winter clothing. 

Results within the zone of thermal neutrality, PPD 9% and 7%. (Hoyt et al, 2013) 
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Figure 8 Zero Carbon House,                                        Figure 9 Zero Carbon House, 
street view from north-east.               garden view from south-west. 
Note 1840 retrofitted (R) and 2009 extension (L).                   Note substantial passive solar glazing  
                                                                                                  with seasonal shading from ash tree. 
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Figure 10 Zero Carbon House, Ground Floor Plan 
 
 

 
Figure 11 Zero Carbon House, First and Second Floor Plans 
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Figure 12 Zero Carbon House, PV and Solar Thermal panels                  Figure 13 reflected sunlight, staircase 
 
 
 
 
 

     
 
Figure 14 Mirrored bathroom                                                                     Figure 15 Wood-burning stove 
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