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Abstract 

In this research, a novel “thermal capacity on demand” approach to modular thermal storage design has 

been discussed, seen as a key to the climatic adaptability of a proposed Smart-POD building system 

and its energy performance. Smart-POD is a unique and innovative research project which provides an 

alternative to traditional classroom design.  It proposes a rapid deployment building solution, temporary 

or permanent in its use, modular in design, flexible in set-up and self-sustaining in use, requiring minimal 

site preparation, and meeting all its energy demands from renewable energy sources.  Its feasibility was 

tested by a design case study which investigated climatic adaptability based on the proposed approach. 

This approach uniquely combines balancing of energy demand and supply using renewable 

technologies and a bespoke low temperature thermal store. It further  proposes to use an open source 

Building energy Management System (oBeMS) conceived in this research, to intelligently manage 

thermal, ventilation and humidity control strategies which adapt to the climate, season and weather in 

which the building is placed.  The predicted performance of proposed system demonstrates potential for 

an effective diurnal climatic adaptability, enhanced by integrated passive design strategies, and 

intelligent modes of building control.  The method of BIM integrated sustainable design analysis (SDA) 

and building management system (BMS) has also been deliberated, as a framework for exploring the 

integration of proposed building management system into smart building environments (SBEs). 
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1. Introduction 

The Smart-POD was an externally funded research project by Sustainable Construction Inet (part-

funded by the European Regional Development Fund - ERDF), with a collaborative academic and 

industrial research team that has identified a need for a rapidly deployable, modular and sustainable 

transitory classroom facility.  

The demand was identified from the initial feasibility study followed by an analysis of existing market, 

and a detailed examination of potential competitors. In addition to the above identified need, the project 

stakeholder’s and funding body representatives have pointed to other viable and important commercial 

uses that should be explored for the Smart-POD, such as modular housing, tourism, workshop 

community spaces, events and festivals, military, medical, business incubation and disaster relief.  

Consequently, further preliminary market research has been undertaken on the size of those markets, 

their potential for growth and contraction, and the match between Smart-PODs unique selling points and 

the needs of market, including identifying potential investors and routes to the market. However, the 

detailed findings of the market analysis, and its commercial aspects are not in the scope of this paper. 
 



 

 

Despite the introduction of Priority School Building programme (PSBP1) in 2011 and PSBP2 in 2014 

(Education Funding Agency 2016), the identified need has remained. The current demand for 

educational facilities is “on the rise and the need for cost efficient and sustainable product is greater 

than ever” (Bell 2017).  According to Beagle et. al. (2016), over 80% of 29,000 schools in Britain are 

operating beyond their design life, already having significant issues with the day to day operation and 

maintenance needs, with further strain added by the sustained increase in pupil numbers. 

The National Audit Office (2017) reports that 231,000 primary places and 189,000 secondary places will 

be needed between 2016 and 2021 to meet this growing demand.  At the same time, there is a pressure 

of reduced spending target of 8% per pupil, by 2020.  To make up this shortfall in funding whilst meeting 

the demand posed by an increase in pupil numbers and energy efficiency requirements, the onus is 

placed on the architects and engineers to produce innovative, sustainable and cost efficient solutions 

that can be delivered quickly to address this significant increase in school capacity requirements (Plotka 

2016).  The Government encourages modular construction both in terms of PSBP2 (2014), and through 

Education Funding Agency (EFA) which has proposed its guidance for the baseline designs for schools 

in 2014, highlighting the use of pre-manufactured modular systems fabricated off-site for new school 

construction, which could lead to significant cost savings. Furthermore, in other markets, such as 

housing, the Department for Communities and Local Government (DCLG 2017), in its White Paper, 

clearly expresses Government view, that to address the current urgent housing shortage we need to 

“encourage institutional investment in the private rented sector and promote more modular and factory 

built homes”.  Here, Farmer (2016) defines pre-manufactured as an encompassing term for construction 

innovation that includes ‘off-site manufacture’, ‘modern methods of construction’ or ‘pre-fabrication’, 

embracing all processes which reduce the level of on-site labour intensity and delivery risk. 

There are number of transitory classroom providers on the UK market, ranging from typical SIBCAS and 

Portakabin modular units to more energy efficient options, such as Modulek Eco Classroom, Passive 

House Eco Modular, Green Modular,  CabinCo Eco Classrooms, Portakabin Solus Energy Saver (limited 

to up to 36 m2 floor space) and similar. Notwithstanding as-built comparison with other providers, Smart-

POD, as designed, has superior building performance specification (see Table 1), combined with novel 

thermal storage, services integration and building management system approach (see Section 5).  It 

also has potential to be autonomous, i.e. with no physical connections to the schools’ existing permanent 

services.  Finally, and to the best of our knowledge, no other modular classroom system has attained 

the BREEAM score of Outstanding (98.2%) for a favourable site selection scenario, and Excellent 

(79.5%) for an unfavourable site selection scenario (see Section 5.5).   
 
The research has identified several specific uses for the Smart-POD, mainly as a fast or phased, 

temporary or permanent, response to a demand resulting from increase in pupil numbers, or as a rapid 

replacement during the refurbishing of existing school facilities.  In addition, to support the continuous 

operation of fire or flood damaged schools, or to accommodate partial closures due to poorly maintained 

or unsafe buildings.  The key project objectives were set in terms carrying out technological, scientific, 

design and regulatory research, to establish methodologies relevant to the novel “thermal capacity on 

demand” approach and adaptation to the climate and weather conditions within which it might operate. 
 
 

2. Climatic Adaptation in Buildings 

 

All buildings are exposed to changing climatic conditions during their lifespan and have to withstand 

seasonal variations in weather, with increasing extremes due to the effects of climate change.  A 

successful adaptive building design therefore is one that can respond to these constantly changing 

environmental demands for the duration of the building predicted lifetime. This is particularly true of 

reusable modular building systems, which by their nature need to adapt to different climatic conditions 

during their lifespan as they get relocated from one site to another.  However, notwithstanding some 

notable exceptions, current approaches to regulatory codes in the built environment do not consider 

adaptive building design and there is a significant time lag in the evolution of regulatory codes to support 

adaptation to climate change (Visscher et al. 2016). 

Thus, the notion of building resilience and adaptability needs to be explored, now and in the future, 

understanding what we need to adapt, what is it that we need to adapt to, and where and when we need 

to adapt (Dave et al. 2012).   

Adaptation and adaptability are not new concepts in the built environment. Research shows that terms 

like ‘Design for Adaptability’, ‘Adaptive Architecture’, ‘Climate Adaptive Buildings’, ‘Adaptable 



 

 

House/Housing’ and ‘Climate Adaptive/Adaptable/Adapted Buildings’ refer to some of the concepts that 

are widely used in the built environment context. However, according to Dave et al. (2012) most of these 

concepts have no direct reference to the need to adapt to the current or future climate change impacts. 

Ferguson et al. 2007 define building climatic adaptability as the ability of a building to perform its 

intended function under different conditions, by considering design variables capable of changing their 

physical values over time. Buildings possessing this capability are able to respond to both short term 

changes in weather and the seasons, but also those which will occur over many decades.  Graham 

(2005) on the other hand explains design for adaptability as a wider ranging concept “used to avoid 

building obsolescence and the associated environmental and cost impacts of resource consumption and 

material waste”. But they all seem to provide understanding about the characteristics of a climate 

adaptable building, of which building energy performance is a key aspect (Roaf et. al. 2005).  

Passive design measures, such as harnessing solar gains, natural ventilation, cooling and thermal 

storage are historically recognised means of adapting buildings to different climatic conditions, mainly 

by attempting to reduce heating and cooling loads and improve their energy performance.  Lately, they 

have enjoyed revival in a low energy building design, having often demonstrated “sustainable and 

economical alternatives to current conventional techniques” (Samuel et al. 2013).  Extensive research 

has been published on passive design techniques and strategies in building design, in particular on their 

effectiveness in responding to site and climatic conditions (Gonzales, 2016). However, Meir 2005 argues 

that “assuming an inherent climatic suitability or superiority of materials and forms in vernacular buildings 

may be misleading”, given that there were a number of other factors that would affect their typologies at 

the time, not least the type of locally available materials, their structural properties, cultural, behavioural 

and economic influences. In fact, it is probable that climatic considerations were often considered of 

secondary importance.  Thus, any assumptions based on past building designs without detailed 

consideration of their performance, could lead to perpetuation of poor practices, from sustainable, 

environmental and a health points of view (Meir et. al. 2004).  
 

3. Thermal Store Solutions 

The benefits of thermal storage have been noted by humanity for thousands of years, since the times 

of cave-dwellers (Krarti 1997) to more recent times.  For example early 19th century English houses,  

constructed with cellars to store coal for open fires, had more stable temperatures when full of coal due 

to the specific thermal capacity of coal increasing the thermal mass of the house, compared to an empty 

cellar. Nowadays, it is argued that thermal energy storage (TES) is one of the most promising 

technologies that could enhance the efficiency of renewable energy sources in terms of addressing the 

“mismatch between the building demand and energy generation and use in terms of time, temperature, 

power or site”  (Navaro 2016).  However, it is important to note that the excessive amounts of thermal 

mass do not lead to increased energy efficiency, nor should we ignore the potential health impacts and 

environmental footprint that such constructions can create (Krarti 1993).  
 
Today, different methods of storing thermal energy exist, as summarised by Baoqi et al. (2015) below: 
 
 Sensible heat storage – exploiting the specific heat capacity of material by raising its temperature. 
 
 Latent heat storage – exploiting the change of state of materials, associated with phase changing 

materials (PCMs). 
 
 Physical sorption heat storage – a physical and chemical process whereby material attaches to 

another and releases heat energy in the process. 
 
 Chemical heat storage – exploiting heat generated by reversible exothermic reactions of chemicals. 
  
The potential of compact thermal storage systems is promising, due to the constantly developing 

technologies and their ability to provide both seasonal and diurnal storage solutions, reduce CO2 

emissions and reduce the need for expensive peak power installations (Eames 2014). This potential 

could become even higher when "smart grid" developments are considered but further advances in 

thermal storage design are required on the material, component and system level (Helden & Rommel 

2016.)  Various thermal store media have been reviewed in recent times, such as the sorption based 

systems (N’Tsoukpoe et al. 2009), and PCM based systems reviewed by Kenisarin (2010).  In both, the 

analysis of storage concepts for low energy buildings was undertaken, providing empirical measures 



 

 

and cost comparison for different storage materials, using either open or closed systems. Alternative 

materials were also considered, for example sodium hydroxide and zeolite where the adsorption process 

releases heat, as water molecules attach themselves to the surface (Hongois et al. 2011).  
 
There are two types of thermal storage systems; diurnal and seasonal, depending on their capacity and 

time constant. Diurnal systems are capable of responding to the daily variations whilst the seasonal 

storage systems tend to react to the variations dependent on the time of the year.  With seasonal 

systems, the thermal energy is collected whenever it is available and used whenever it is required, 

typically at the different times of the year (Ampatzi et al. 2012). The thermal storage systems can further 

be categorised by their by their temperature as low (<100ºC) and high temperature (> 100ºC) systems, 

and by their size as the small and large systems (Eames et al. 2014). In practice, diurnal thermal storage 

can be incorporated into building fabric and structure, but the volumes required and cost of inter 

seasonal storage make such systems large and expensive, and therefore rare.   

When considering materials for specifying the sensible heat storage medium, the materials with high 

density and specific heat capacity need to be researched, such as water, rock, concrete, earth, granite, 

masonry, heat transfer oils and so on. A research review carried out by Pavlov and Olesen (2012) and 

Pinel et al. (2011) concluded that the effective inter-seasonal storage can be difficult to achieve with the 

current methods, due to long term heat leakage. The key role of any thermal storage system is to 

balance the demand and supply requirements, but inter-seasonal storage systems often have a higher 

percentage of energy storage loss compared to diurnal systems (Haeseldonckx et al. 2007). The 

availability of grid services also tends to undermine the financial case for longer term energy storage. 

Diurnal stores, on the other hand, can provide a substantial “load shifting capability”, reduced primary 

energy use and reduced energy losses. However, the required storage volumes can still be large for the 

small to medium sized buildings, an issue that requires further engineering development, improving 

system effectiveness and reducing the costs of latent or thermochemical heat storage solutions 

(Agyenim et al. 2010).  There are encouraging developments and research reported for the smaller 

scale latent or thermochemical systems by Finck et al. 2013 and some products are becoming 

commercially available. Still, the choice between a single large store or smaller distributed thermal store 

systems can still be complex and project dependent (Grondzik et al. 2010). The large systems have 

lower losses per volume of storage because of improved surface area to volume ratio of the storage 

vessels, but these tend to necessitate longer pipe runs and larger circulation pumps relative to smaller 

distributed stores.  Conversely, the weakness of latter is sustaining larger losses, given their surface to 

volume ratio. 

 

4. Research Methodology 

Considering the specific nature of the Smart-POD proposal, a case study based approach was chosen 

as a research method.  The approach was conceived through a prism of collaborative research and a 

partnership delivery model (two Universities and three industrial partners). Having posed a challenging 

performance requirements specification (see Section 5.2), a design brief was evolved to allow research 

into this complex and innovative project.   This led to a comprehensive evaluation of the project proposal, 

its novel characteristics and the identified research objectives, including corroborating findings with both 

academic and industrial research partners.  Simons (2009) confirms the case study approach as a 

suitable choice of research method, stating that: “A case study is an in-depth exploration from multiple 

perspectives of the complexity and uniqueness of a particular project, policy, institution, programme or 

system in real life context. It is research based, inclusive of different methods and is evidence-led. The 

primary purpose is to generate in depth understanding of a specific topic”. 

To ensure successful realisation of the research project, a holistic case study design method has been 

chosen. Yin (2009) states that the holistic design approach is beneficial when the conditions pertinent 

to the case study itself are of complex and unpredictable nature, which indeed is the case for modular 

buildings, given that their design has to respond to a multitude of unforeseen circumstances, without 

prior knowledge of the site location, context, and specific client requirements. Yin (2009) also asserts 

the importance of research being able to respond to the real world scenarios, stating that otherwise the 

case study may be carried out at an overly abstract level, with a lack of suitably clear outcomes, 

measures or data. 



 

 

5. Design Strategy 

5.1 Design 
 
Smart-POD is designed as a sustainable, rapid deployment and potentially autonomous modular 

building solution, representing the outcome of the objectives set and investigations undertaken (Ceranic 

2012).  Given the apparent lack of thermal mass that light weight modular building systems suffer from, 

the additional research into thermal storage systems was conducted and a novel approach for its 

integration devised. Its design can be described as: 
 
 Sustainable - both in terms of its cost and energy performance; 
 
 Modular – prefabricated and designed to allow schools to build flexibly, offering a rapidly deployable 

solution to their needs; 
 
 Autonomous - designed as a self-sufficient unit capable of storing its own energy, but capable of 

being connected to the grid to allow for energy export and to reduce the need for local storage; 
 
 Reusable - with a rapid redeployment to other sites; and 
 
 Transportable - delivered to site by road and operational within 24 hours (subject to foundations and 

site work preparation).  

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. (a) Plan View – Adopted Option; (b) Alternative layouts considered (Source: Authors)   

 
The proposed single classroom pod is comprised of (see Fig. 1. a,b): 
 
 Teaching area with a flexible furniture arrangement and central teaching point, including IT 

provision and easy access to the outside learning space, supporting the curriculum requirements 

of primary schools. 

 Storage facilities and Approved Document M DDA compliant WC facilities. 

 An entrance lobby area for coat storage, with “air lock” to minimise heat gains/losses. 

 Large area of triple glazing facing south to south east to maximise solar gains in the winter, with 

effective shading measures in the summer. 

 

5.2 Performance Specification Summary 
 
An outline performance specification summary, together with technical information used in the Smart-

POD design is given in Table 1 below. 

 



 

 

Building U- Values 

(W/m2K) 

All opaque surfaces = 0.1- 0.12 W/m2KWindows 0.7-0.75 W/m2K 

Renewable Energy Solar electricity PV (Photovoltaic) panels 

Passive Strategies Innovative concept of “thermal capacity” on demand. Passive stack - 

combination of cross ventilation, convection and venturi effects. Solar 

gains and maximising natural light levels. 

Ventilation – Dual mode Natural ventilation 

MVHR 

Air Tightness  ≤ 3-4 m3/hm2 @50 Pa (or ≤ 0.6 ACH @50Pa) 

Heat Distribution MVHR distribution warm air system 

Thermal Store 

Space Heating Demand 

and Load 

<25 kWh/m2/year 

≤15W/m2 

Overheating <10% over 25 0C 

MVHR efficiency ≥ 90% 

Electrical Appliances A+++ equivalent 

Limiting Solar Gains 

in Summer 

Solar shading / glazing specification 

Cooling MVHR inc. “summer bypass” function. Transfer of heat to Thermal Store. 

Thermal Bridging Accredited construction details. ≤0.01 W/mK 

Lighting Energy efficient zoned LED lighting throughout controlled by light level 

and occupancy sensors. 

Performance Monitoring 

and Energy Efficient 

Operation 

Bespoke open source Building energy Management System’ (oBeMS). 

Monitoring and control with wireless sensors. All sensor data to be stored 

digitally along with a log of BMS decisions to allow for debugging and 

system optimisation, including verification of the intended system 

behaviour.                                                                                  

Performance Certification 

Backup System 

 

“Plug and play” electric 

connection 

Unused renewable energy generated is exported to the grid to generate 

income.  Whilst not off-grid in this mode, it makes both financial and 

environmental sense to exploit this resource.  

Non Potable Water Rainwater harvesting for toilet flushing and urinals. Backup system - water 

tank from utilities or abstracted from borehole. 

Potable Water Water fountains will be provided.  Alternatively and at additional cost, a full 

rainwater to drinking water system, including filtering and UV treatment 

could be installed. Backup from water tank. 

Sewage Treatment Green Filter Septic Tanks. No smells, no drains, easy maintenance. 

Air/Water Quality 

Control 

Environmental Agency/HSE - as per EU Drinking Water Directive 

(98/83/EC) 



 

 

Structure  (Light weight framing system, METSEC, GRP or similar, as per structural 

engineer specification and calculations). 

Secondary Heating and 

Thermal Store Top-Up 

Heat pump. 

Energy Storage Lithium ion battery storage, for “no grid connection” option.  

 
Table 1.  Outline Technical and Performance Specification Summary 

 
5.3 Thermal Store Module 
 
A compact thermal store is proposed, designed as an integrated part of the foundation module with a 
ring beam that provides structural integrity for a screw piling foundation system beneath. The proposed 
size of thermal store is 9m x 6m x 0.5m, with the possibility of greater volume if required (see Fig 1 
below). It is conceived as a low temperature diurnal sensible heat store with a loosely packed rock bed 
as the storage medium. Its response rate, low thermal losses, lack of risk from boiling, freezing or fluid 
leakage, including a possibility of making the medium from recycled site waste, makes it an economical 
medium for storage (Steijger et al. 2013). However, given the modular nature of the proposed building 
other alternative mediums such as water or PCMs will be considered, depending on the performance 
monitoring results from the prototype.  The proposed secondary heating/cooling system, and system 
backup, is a heat pump, electrically powered. The heat pump will also be used in case of extreme 
temperatures or to maintain the store temperature.  For a short-term temporary installations, an air 
source heat pump is deemed to be most appropriate, but where it is anticipated that the building will be 
used in the same location for a longer period, the use of a ground source system might be more 
appropriate, as it is expected that it would offer better average coefficients of performance and be less 
compromised in extreme summer and winter conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Sectional View – with Integrated Thermal Store and Services (Source: Authors)   

 
 
5.4 Novel Approach to Thermal Store System Integration  

 
The approach to system design combines balancing of energy demand and supply through integration 
of the building design, its passive features, renewable technologies and a bespoke low temperature 
thermal store, in unique way.  Fig 3a visualises Scenario 1 (Heating Without use of Thermal Mass).  
When the outside air is colder than the inside, fresh air is drawn in through the mechanical ventilation 
heat recovery (MVHR) system at the top of the building and heat exchanged with the outgoing warm 
stale air.  The indoor air is further warmed by passive solar heat gains and heat gains from people, 
appliances etc.  It warms the teaching space from the top, displacing stale cool air via the side vents (if 
needed) near floor level. Sensors measure the temperature, and if within the comfort range, the building 
management system will release air directly into the classroom.  If not, the fan drives air down through 



 

 

the thermal heat store and (see Scenario 2 below). 
In Scenario 2, Fig 3b (Heating from Thermal Mass), a requirement for additional heat is delivered from 
the thermal mass of the pre-warmed thermal store. This is vented into the building, diffusing it evenly up 
through floor grilles to avoid drafts, hot spots, and to minimise tendency of hot air to rise.  
 
 
 
 

 

 

 

 

 

 

 

Fig. 3. Scenarios 1 and 2: (a) Heating without Thermal Storage Mass; (b) Heating with Storage Thermal Mass (Source: Authors)   
 
 
Fig 4a illustrates Scenario 3 (Ambient Heat Capture). For example, considering patterns of occupancy 
and passive design principles, a pod might be  prepared for a Monday morning class on a sunny winter 
Sunday afternoon.  Air is pre-warmed by the use of a contraflow air to air heat exchanger (MVHR) in 
which the fresh incoming air is heated by the stale outgoing air. The air is forced down into the room, 
pushing any remaining cold stale air out through the side vents. At the same time, the thermal store 
vents are open to allow warmer outside air in, displacing cold air inside, and thus pre-warming the 
thermal store. This process would ideally be driven passively by the wind, but depending on building 
orientation and weather conditions, it might need to be fan assisted. 
Scenario 4 (Day Cooling without use of Thermal Mass) is visualised in Fig 4b. When outside air is cooler 
than inside and the building is overheating due to the activities and passive solar gains, the building may 
be cooled by allowing stale warm air to passively rise up and convect out of the building, replenished by 
cool fresh air drawn up from the open side vents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Scenarios 3 and 4: (a) Ambient Heat Capture; (b) Day Cooling without use of Storage Thermal Mass (Source: Authors)   

 
Fig 5 illustrates Scenario 5 (Day Cooling of Space Using Thermal Mass).  The thermal store has been 
pre-cooled (by giving off heat when it was needed early in the day or cooled by pre drawn air), and is 
now being used to cool the building. As incoming warm fresh air is drawn into the space, it is pre-cooled 
by outgoing air in a contra flow mechanical ventilation heat exchanger (MVHR).  If not sufficiently cooled, 
a fan drives air down through to the heat store and cools it further, from where it evenly diffuses up 
through the floor grilles. As the cool air is heavier than warm air, the fresh cool air will passively ‘pool’ at 
the bottom of the room, and warmed air will passively rise to the MVHR to be exhausted from the 
building. 
Scenario 6 (Night Cooling of Space and Thermal Mass) is illustrated in Fig 5b. It considers a typical 
summer night, using lower temperatures to pre-cool the space and store in preparation for a hot day. 
The building is passively cooled by allowing stale warm air to rise up and convect out of the building, 
drawing in cool fresh air, as it enters via the natural side ventilation to cool the teaching space. At the 



 

 

same time, the cool air would be passed through the thermal store via vents V1 and V2 to cool it, using 
fans if there is no wind from the appropriate direction. 
 
 
 
 

 

 

 

 

 

 

 

 

Fig. 5. Scenarios 5 and 6: (a) Day Cooling With Thermal Mass; (b) Night Cooling of Space and Thermal Mass (Source: Authors) 

 

Finally, Fig 6 below illustrates Scenario 7 (Ventilation with Thermal Stability by Heat Exchange).  In this 

scenario, the issue of ventilation on its own is addressed.  Stale air is ventilated out of the building via a 

MVHR to cool or warm the incoming fresh air, as per requirements. The number of fresh air changes is 

guaranteed at all times, since the MVHR is an active mechanical system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Scenario 7: Ventilation with Thermal Stability by Heat Exchange (Source: Authors) 

 

Whilst the above explains key modes of operation it is important to note that for systems requiring heat 

pump to operate within an acceptable temperature envelope, other BMS modes of operation would be 

needed.  In the proposed system there is considerable scope for optimisation, and learning algorithms 

will be employed to improve the behavior of the system.  Access to weather station and reliable weather 

predictions would also give the BMS a greater chance of attaining near the optimal use of the plant. 

 

5.5 BREEAM Assessment 

 

The Smart-POD has been assessed by an approved Building Research Establishment Energy 

Assessment Method (BREEAM) assessor at “as designed” stage.   Given that due to its modular and 

reusable nature the Smart-POD could be deployed on any site.  Table 7 below summaries its final score 

based on a choice of two opposing site selection scenarios; favourable and unfavourable.  These were 

adopted according to the following site location criteria; unfavourable - a rural site on greenfield land 

considered poor against Transport and Land Use & Ecology criteria, and favourable – a brownfield 

development in an urban location, benefitting from good public transport and amenities.  In terms of 



 

 

population size, a ‘favourable’ site is considered to be in large urban area, with a population of up to 

250,000. An ‘unfavourable’ site is taken as rural location with a population of up to 3,000 (Howe 2012).  

The choice of unfavourable greenfield site is generally characterised with a poor public transport access 

and proximity to amenities, little ecological or biodiversity value gained from the installation, poor surface 

water control measures, use of impermeable landscaped surfaces and no recycling measures in the 

place.  On the other hand, a favourable site is generally characterised as one with very good public 

transport access, close proximity to amenities, most likely a brownfield site, creating positive net 

ecological and biodiversity impact, with excellent surface water control measures, use of permeable 

landscaped surfaces, and recycling measures in place.   

Depending on two extreme site choices the assessment has produced two scores; Outstanding (98.2%) 

for a favourable site selection scenario and Excellent (79.5%) for an unfavourable site (see Table 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Table 7. Summary of BREEAM Assessment Score  

5.6 BIM Integration of Sustainable Design Analysis with Smart Building Environments 

This section reports on the research undertaken regarding integration between Building Information 
Modelling (BIM), sustainable design analysis (SDA) and proposed open source building energy 
management system (oBeMS).  It has been conceived as a framework for implementation of learning 
algorithms and system performance optimisation of Smart-POD “thermal capacity on demand”, with its 
first phase of development now complete.  The approach has potential to improve its climatic adaptability 
through intelligent, real time sensor based energy performance feedback and control, based on the 
comparison to sustainable design analysis of predicted building, at its conceptual stage.   
As stated by Ceranic and Emmitt (2013), “sustainable design analysis could be defined as rapid and 
quantifiable feedback on diverse sustainable alternatives and ‘what if’ questions posed by a design team 
and client during the early stages of the project”. Its main purpose is to maximise environmental versus 
cost benefits of the project through informed early choices, based on timely feedback on different 
aspects of design such as building materials, construction specifications, energy consumption and 
generation, CO2 emissions, water use and harvesting, waste and pollution management. Of course, 
there are other facets which are inherently linked and therefore require consideration (Krygiel and Nies 
2008), such as functional (constructional, operational), human (safety and security, comfort, health and 
wellbeing), socio-cultural (context, sense of place, aesthetics) and economic (e.g. profits, environmental 
impact, and life cycle costs). Importance of SDA integration within a BIM enabled design process is thus 
self-evident, in particular at early stages of design. Sustainable design analysis broadly follows two 
stages; conceptualisation and calculation (Ceranic et al. 2015).  They require diverse design approaches 
and serve different purposes for a distinct outcome. Conceptualisation stage challenges, interrogates 
and solves problems, trying to depict wider creative and rational constructs, the macro scale and the 
directional choices. The calculation stage is more analytical in its nature, setting out to quantify 
qualitative directional choices above and compare different sustainable design scenarios and 
alternatives.  For the latter stage, there is plethora of building performance simulation software on the 
market.  The next level would then naturally be integration with smart built environments (SBEs), as 
explained by Zhang et al. (2015), see Fig. 7.  Here, SBEs refer to environments with smart objects, such 
as sensors and actuators that communicate with the BIM within an integrated system, sufficiently ‘smart’ 



 

 

to intelligently control building energy consumption, whilst providing a comfort and support for their 
users. 
 

 
Figure 7: Concept of BIM and SBE Integration 

 
Ceranic et al. (2015) define a framework of SDA and BIM integration within the smart built environment 
from conceptualisation to calculation, emphasising the importance of an iterative over a linear approach 
(see Fig. 8 below). This integration is further reinforced and validated via building performance 
monitoring, real time data feedback, potential system optimisation and finally, technological solutions for 
intelligent behaviour that minimise building energy consumption and provides comfort and support for 
users in their daily activities.  

 

 
                Figure 8: Research Approach to SDA BIM SBE Integration 

 
The first phase of sensor-actuator control has already been developed in this research via bespoke 
visual programming within the BIM environment that generated virtual sensors with IFC shared 
parameter field, uniquely defining type of the sensor (see Fig 9a).  Hence virtual objects, for example 
smart shading devices, will be able to self-actuate and control light transmission properties of the real 
building component via its real time sensor-actuator connection (see Fig 9b), based on the results of the 
optimisation algorithm that uses real time data from a “virtual to real" sensor within the BIM environment 
(Welle et al. 2011). 



 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 9: (a) Prototype of BIM Virtual Sensor Visual Programming; (b) Connection to Real Time Data Sensor in SBE (Source: 
Authors) 

The requirements of the SmartPOD are unique and development of a BMS system through the normal 

commercial channels would in all probability be an expensive process. Furthermore, the ability to 

optimise the behavior of a SmartPOD using BIM/SDA integration will be maximised if a bespoke, open 

source system is implemented and researchers have a full control over it. As a result of this, an open 

source building energy management system (oBeMS) has been developed. It can be distributed, 

extensible, scalable and modular, whilst still made from inexpensive components.  The approach 

adopted in the prototype development was to develop software server modules to provide sensor 

interfaces for the use of client applications which carry out higher level monitoring and decision-making 

tasks. Additional modules archive sensor data and the reasoning which underpins the decisions made 

by the oBeMS, and also offers web based user interface. A range of sensor servers is available, offering 

interface to access ‘smart objects’ in the SBE environment (see Fig 10a/b).   

 

 

 

 

 

 

 

 

Figure 10: (a) System Diagramme; (b) Prototype of OBeMS (Source: Authors) 

Furthermore, the chosen network architecture implements mechanisms for smart object information 

exchange in the BMS system. These interfaces also offer points of connection for integration with BIM, 

allowing for validation of BMS behavior. The oBeMS client modules interpret, aggregate, forward and 

display information from smart objects, with intention of making intelligent decisions based on BIM/SDA 

optimisation algorithms and real time sensor data.   

The development of oBeMS is at the prototype level, currently being tested in its use to support a 

distributed heating system in which seven buildings export or import heat to and from a central heat 



 

 

store using its distributed BMS functionality (Jones et al. 2017).  Information about the oBeMS board 

has been released on an open source basis.  

6. Results  

6.1 Thermal Capacity on Demand 
 
The thermal modelling has been undertaken in accordance with CIBSE AM11 Building Energy and 
Environmental Modelling (2015) and corroborated via calculations. A summary of the calculation results 
is presented in the tables below.  Field, et al. (2008) have published CIBSE Energy Benchmarks TM46L 
2008 for a typical primary school, indicating a combined energy use of 190 kWh/m2 per year (heating 
and electricity). More recently, tailored energy benchmarks for offices and schools have been analysed 
by Boardass et al. (2014) from the sample of DEC data for 6,686 primary schools, giving an overall 
updated median value of 169 kWh/m2 per year (125 kWh/m2 heating, 44 kWh/m2 electricity).  
 
Table 2 shows an estimated energy use for the Smart-POD to be significantly lower around 
26kWh/m2/year, based on 30 pupils and 2 teachers and floor area of 117m2, with typical primary school 
occupancy profiles (including all energy required for lighting, IT equipment, controls, fans and MVHR).   
 

Source 
Daily 

Consumption 
Yearly  

Consumption 
Total  

Consumption  

 (kWh/day) (kWh/yr) (kWh/m2) 

Pupil equipment 4.2 903  

Staff equipment 2.1 451.5  

Lighting 
 636.48  

Controls 0.24 87.6  

MHVR / fans 3.12 936  

Total 
 3014.58 25.77 

 
Table 2.  Electricity Consumption 

 
The estimated average daily heat gains are in range of 17.4 to 26.6 kWh, giving projected temperature 

rises from 2.8 to 3.6ºC from a baseline of 18oC, thus keeping the estimated ambient room temperatures 

in the 20ºC to 21.6ºC range (see Table 3). The calculations are based on total of 215 school days per 

year, with an heat gains of 75W per pupil, 140W per adult, and an assumed average equipment 

consumption of 20W per pupil and 150 W per adult teacher, based on 7 hours of daily use. These 

figures are likely to reduce in future if more tablet computers replace laptops, and educators actively 

purchase low energy hardware. 

 

 
Table 3.  Heat Gain and Losses Calculations 

 

Daily 

Heat 

Gains 

Total daily 

gains 

Heat 

recovery 

efficiency 

Ventilation 

Loss 

Total daily 

losses 

Daily 

Gain/loss  

Estimated 

temperature  

rise/fall 

Temperature 

reached 

 (Wh) (%) (W/oC) (Wh) (Wh) 0C 0C 

Jan 53883.44 90.00 31.52 26537.63 27345.81 3.14 21.14 

Feb 55875.63 90.00 31.52 24831.64 31043.99 3.57 21.57 

Mar 52463.13 90.00 31.52 21230.10 31233.02 3.59 21.59 

Apr 45190.00 90.00 31.52 16301.69 28888.31 3.32 21.32 

May 35105.63 90.00 31.52 10425.50 24680.13 2.84 20.84 

Jun 35160.63 60.00 126.07 8746.00 26414.63 3.04 21.04 

Jul 35097.50 45.00 173.34 5829.30 29268.20 3.36 21.36 

Aug 35041.88 45.00 173.34 7949.05 27092.82 3.11 21.11 

Sep 34916.88 45.00 173.34 17487.91 17428.96 2.00 20.00 

Oct 38268.44 90.00 31.52 11752.38 26516.06 3.05 21.05 

Nov 46769.06 90.00 31.52 19903.22 26865.84 3.09 21.09 

Dec 52969.06 90.00 31.52 24831.64 28137.42 3.23 21.23 



 

 

6.2 Thermal Store Performance 
 
Thermal capacity of the proposed thermal store (9m x 6m x 0.5m) filled with crushed rock is estimated 
to be 31320 kJ/K, using 0.58 fill factor, 0.12 W/m2K U-value for the envelope and 8.28 W/K loss 
coefficient. Its thermal capacity is such that it would require 8.70 kWh energy to raise its temperature by 
1ºC. Should temperature in the store deviate from the desired window of operation, the heat pump would 
be used to lift the temperature to the required level.  
 
Table 4 below shows the estimated PV electricity generation of 5093 kWh/year, based on the adopted 

40m2 system collector area with 6.37kW peak power and 159.17 W/m2 solar panel power. This at 

present is a somewhat conservative estimate however; more efficient panels are already available, and 

it is anticipated that PV efficiencies will continue to rise. Given that the estimated electricity consumption 

is 3014.6 kWh/year (see Table 3), the Smart-POD has a significant “energy plus” net balance that could 

be exported to the grid, offsetting its carbon emissions and making it “carbon negative” in its 

performance.   

 

 

Table 4.  PV Electricity Generation and Carbon Emissions Estimate (Based on YingLi 260 W power output collectors) 

 

6.3 Energy Consumption/Generation and CO2 Emissions 
 
Based on the model calculations and CIBSE A2.34 met data (see Table 5), it is estimated that the 

Smart-POD energy use would be around 26 kWh/m2/year, compared to 169 kWh/m2/year for corrected 

CIBSE TM46L Benchmark [24], giving the 85% reduction compared to the typical school facility. In 

addition, the Smart-POD CO2 emissions are 10.61 kg/m2/ year, compared to 69.6 kg/m2/ year for CIBSE 

Benchmark (based on 117m2 of the total floor area). The annual energy costs are calculated based on 

the average electricity costs of 14 pence per kWh, as published by Energy Saving Trust [27].  

 
  

Annual Energy 

Consumption 

kWh/ m2/ year 

Anual CO2 

Emissions            

kg/ m2/ year 

Annual 

Energy Cost        

£/m2/year 

Annual Energy 

Consumption 

kWh/year 

Annual Energy 

Cost 

£/year 

CO2 

Emissions 

kg/year 

E
n

er
g

y
 

an
d

  
C

O
2
  

em
is

si
o
n

s CIBSE TM46L 

Benchmark 2014 
169 92.1 23.66 19773 2768 8146 

EMRE Smart Pod 25.8 14.29 3.60 3014 421 1242 

% reduction  84.7 84.7 84.7 84.7 84.7 84.7 

 

Table 5. Energy consumption and CO2 emissions – Comparison between CIBSE TM46L Benchmark and EMRE Smart Pod 
 

Furthermore, the Smart-POD generates 5093 kWh/year, based on the adopted 40m2 PV system 

collector area, giving the overall net performance of “energy plus” net balance of 2079 kWh/year, with 

net “negative carbon” emissions to an estimated amount of 856 kgCO2, (see Table 6). 
 

 
 

Energy 

Consumption 

kWh/year 

Value of 

energy 

£/year 

CO2 

Emissions 

kg / year 

Annual 

Consumption 

kWh/ m2/ year 

 CO2 

displacement 

kg/ m2/ year 

CIBSE TM46L 

Benchmark 2014 
19773 2768 8146 169 69.6 

EMRE Smart Pod -2079 -291 -856 -17.76 -7.3 

 
                Table 6. Net Performance – Comparison between CIBSE TM46L Benchmarks and EMRE Smart Pod 

System collector area 0 20 30 40 50 60 m2  

Panel power per area  159.17 W/m2 YingLi 260 W collectors (1.6335  m2 single panel area) 

System peak power 0.00 3.18 4.78 6.37 7.96 9.55 kW 

Generated elect / yr 0.00 2546.68 3820.02 5093.36 6366.70 7640.04 kWh 

Consumed elect / yr 3014.58 3014.58 3014.58 3014.58 3014.58 3014.58 kWh 

Net energy balance -3014.58 -467.90 805.44 2078.78 3352.12 4625.46 kWh 

Net carbon emissions 1242.01 192.80 -331.84 -856.46 -1381.07 -1905.69 kgCO2 



 

 

Compared to the corrected CIBSE TM46L benchmark, this provides annual amount of CO2 emissions 

reductions of 9.02t for a single classroom, or 180t over a possible 20 years of building life for a transitory 

solution, and 540t over a projected 60 years of building life for a permanent solution. The latter is 

comparable to 54 large SUVs travelling 15,000 miles in one year.  Looking at the environmental versus 

cost impact comparison, based on the CIBSE TM46L classroom costs of £1,500/m2 and Smart-POD of 

£1,650/m2 with an average unit electricity costs, the payback period is estimated to 5.6 years (no interest 

payments, depreciation or maintenance costs were taken into the account).  The estimated payback 

period is based on a net difference in the construction cost of £17,550 for 117m2 classroom facility, and 

a net difference in the energy consumption of £3,059 (£2,768 + £291) per year. 

 
 

7. Discussion 
 

The sustainable design performance analysis was undertaken in accordance with CIBSE AM11 
Building Energy and Environmental Modelling (CIBSE 2015), using the BIM integrated approach at the 
conceptual stage. This was further corroborated via calculations, as summarised in Tables 2 and 3. 
Based on the model calculations and the CIBSE A2.34 met data it contains, it is estimated that the 
Smart-POD would generally be heated entirely by its users and their equipment all year round. Further 
sensitivity analysis on the extreme winter temperatures (10ºC below average) reveals that is still 
possible to maintain classroom temperatures of over 17ºC. In a similar manner, in extreme summer 
temperatures (10ºC above average) analysis shows that it is still possible to maintain classroom 
temperatures of below 26ºC degrees, highlighting the effectiveness of thermal store and its integrated 
“thermal capacity on demand” approach. Relatively little energy would be required on those extreme 
temperature days to bring ambient temperate within the thermal comfort range, using a heat pump for 
heating or cooling.  Hence, the predicted performance of a proposed low temperature diurnal thermal 
storage solution indicates an effective climatic adaptability potential, enhanced by integrated passive 
design strategies and bespoke modes of building control.  Together with renewable energy generation 
discussed in Section 5, it gives Smart-POD a significant positive net balance that could be exported to 
the grid, offsetting its carbon emissions and making it “carbon negative”.  For the sites that have no 
facilities to allow export to the grid, the backup system of battery storage is proposed, expected to offer 
more effcient and environmentally friendly alternative than running a backup generator.  
 

Given that the projected electricity consumption is 3,015 kWh/year (see Table 2), the Smart-POD has a 
significant net positive energy balance of 2,079 kWh/year that could be exported to the grid, offsetting 
its carbon emissions and making it “carbon negative” in its performance, to an estimated amount of 857 
kgCO2 per year. It has to be said that the figures used in Table 2 are conservative, and should teachers 
use laptops instead of standard PCs, the total consumption would reduce to 2,679 kWh/year.  
Furthermore, in case of primary school facilities, if the lighting hours are reduced from predicted 5hrs to 
3hrs in the winter and children were to use tablets instead of laptops, the annual consumption could be 
as low as 1821 kWh/year or 15.6 kWh/m2/year. In this case the net balance could be 3,273 kWh/year, 
further offsetting carbon emissions by an estimated amount of 1,349 kgCO2 per year.  
 
Different electricity grids will have different carbon factors associated with them. The UK national 
electricity grid is currently rated at 0.412 kgCO2e/kWh, as indicated by Department for Business, Energy 
& Industrial Strategy (2016).  
 

8. Conclusions 

The Smart-POD integrates existing technologies into a unique “carbon negative” and “energy positive” 
operating solution, utilising the novel proposal for the thermal store module, its system integration and 
the building performance management.  This addresses the key environmental performance problem of 
all existing light weight modular builds, which is a lack of thermal mass.  The low energy design and 
integrated sustainable services research undertaken has resulted in design strategy of “thermal capacity 
on demand”, that is supported via a system of heat recovery, thermal lagging, passive cooling and 
ventilation, passive solar gains, minimal heat losses, renewable energy generation and extremely high 
levels of insulation. The predicted performance of a proposed low temperature diurnal sensible heat 
storage system has been discussed, including seven key modes of operation envisaged to control its 
energy supply on demand. The approach of BIM integrated sustainable design analysis (SDA) and open 



 

 

source building energy management system (oBeMS) into smart building environments (SBEs) has also 
been considered, and a conceptual framework for their integration has been developed.  
 
The research is currently seeking further funding for a prototype to take it to the next stage of energy 
performance monitoring and in-situ measurements, as well as for finalising manufacturing, supply chain 
and costing strategies.  Future research aims to address potential “performance gaps”, observed from 
the in situ measurements and data collection, and analyse effectivness of different heat storage media 
such as PCMs, expected to become technically and economically more viable in the near future. 

Integrated BIM system in this research will be extended from the first phase to provide interface for 

smart objects information exchange through open building energy management system (oBeMS). For 

the prototype construction phase, the BIM integrated building management system will be tested on its 

advanced energy management concept, with both smart objects and system optimisation algorithms 

deployed. 

9. Acknowledgments 

Sustainable Construction INet – funding body, Lord Stafford Awards – Highly Commended in Category 

“Innovative Collaboration”, EKV Design (J. Grey and C. Bridges) – Collaborating Partner, T4 

Sustainability Ltd (J. Beardmore) – Collaborating Partner, Carnwell & Cox Architects (A. Cox) – 

Collaborating Partner, De Montfort University (P. Ford) – Collaborating Partner, TBAT Innovation, EMRE 

Ltd., Erika Bitto and Kevin Meakin – graduates. 

References 

[1] Agyenim F, Hewitt N, Smyth M & Eames P (2010). ‘A review of materials, heat transfer and phase 

change problem formulation for latent heat thermal energy storage systems (LHTESS)’, Renewable 

and Sustainable Energy Reviews, 14, 615-628. 

[2] Ampatzi E., Knight I., Wiltshire R., (2012), ‘The potential contribution of solar thermal collection and 

storage systems to meeting the energy requirements of North European Housing’, Solar Energy 

[3] Beagle, D., Fox W., Parkinson J., Plotka E. (2016),’ Building a Better Britain - A vision for the next 

Government’, © Royal Institute of British Architects (RIBA) 

 

[4] Bell, J. (2017) ‘Building a future for Britain's education facilities’, Building Education, available at: 

http://b4ed.com/Article/building-a-future-for-britains-education-facilities, [accessed: 03.11.17] 

 

[5] Baoqi H., Hongyen Y., Dequan Y., Guoxi L. (2015), ‘Utilization of natural zeolites for solar energy 

storage. Paper No. 9404 FAO Corporate document repository’. available at: 

http://www.fao.org/docrep/T4470E/t4470e0j.htm  

 

[6] Boardass B, Cohen R, Burman E, Field J, (2014), ‘Tailored Energy Benchmarks for Offices & 

Schools’, CIBSE ASHRAE Technical Symposium, Dublin 2014, available 

at:http://www.cibse.org/knowledge/cibse-technical-symposium-2014/tailored-energy-benchmarks-for-

offices-schools 

 

[7] Ceranic, B. et al. (2012),’ Smart-POD CRD Project Completion Report ‘, Sustainable Construction 

INet 

 

[8] Ceranic B., Emmitt  S. (2013) ‘Architectural Technology – Research and Practice’, Ch.3. 

Sustainable Design Analysis and BIM Integration, John Wiley & Sons Inc 

 

[9] Ceranic, Latham D. and Dean A. (2015), ‘Sustainable Design and Building Information Modelling: 

Case Study of Hieron’s Wood, Derbyshire, UK’, Energy Procedia, 83, pp. 434 – 443 

 

[10] CIBSE (2015), AM11 Building Energy and Environmental Modelling, AM11/15, CIBSE 

 

[11] DCLG (2017), ‘Fixing our broken housing market’, White Paper,  © Crown Copyright 2017  

http://b4ed.com/Article/building-a-future-for-britains-education-facilities


 

 

 
[12]  Department for Business, Energy & Industrial Strategy (2016), Greenhouse gas reporting - 

Conversion factors 2016, available at: https://www.gov.uk/government/publications/greenhouse-gas-

reporting-conversion-factors-2016, [accessed: 03.11.17] 

 
[13] Dave, M., Varshney, A., Graham, P. (2012) ‘Assessing the climate change adaptability of 

buildings’ City Futures Research Centre, Faculty of Built Environment, UNSW. 

[14] Education Funding Agency (2014), Baseline designs for schools: Guidance, © Crown Copyright 

2014, available at: https://www.gov.uk/government/publications/baseline-designs-for-schools-

guidance/baseline-designs-for-schools-guidance  

[15] Education Funding Agency (2016), ‘Priority School Building Programme’, avail.at 

https://www.gov.uk/government/collections/priority-school-building-programme-psbp 

[16] Energy Saving Trust (2017), Average Price of Electricity in UK–Our Calculations’, 

http://www.energysavingtrust.org.uk/about-us/our-calculations [accessed: 14.03.17]   

[17] Eames P, Loveday D, Haines V, Romanos P. (2014), ‘The Future Role of Thermal Energy 

Storage in the UK Energy System: An Assessment of the Technical Feasibility and Factors Influencing 

Adoption - Research Report’, UK Energy Research Centre  

[18] Farmer (2016), ‘Modernise or Die’, The Farmer Review of the UK Construction Labour Model, 

Construction Leadership Council (CLC) 

[19] Ferguson S, Siddiqi A, Lewis K, de Weck O.L. (2007), ‘Flexible and reconfigurable systems: 

nomenclature and review’, Proceedings of the ASME 2007 International Design Engineering and 

Computers and Information in Engineering Conference, American Society of Mechanical Engineers, p. 

249–63. 

[20] Field, J. et. al (2008), ‘Energy Benchmarks Energy benchmarks CIBSE TM46: 2008, Page Bros. 

(Norwich) Ltd., ISBN: 978-1-903287-95-8 

[21] Finck C, Spijker H, Jong A, Henquet E, Oversloot H & Cuypers R (2013). ‘Design of a modular 

3kWh thermochemical heat storage for space heating application,’ 2nd International conference on 

Sustainable Energy Storage, June 19-21 Dublin, Ireland. 

[17] Graham, P 2005, 'Design for Adaptability - An Introduction to the Principles and Basic Strategies', 

Environment Design Guide, no. GEN 66, pp. 1-9. 

[22] Gonzales, A., Andres, M., Garcia, P., Velasco, E., Javier, F., Martinez, R. (2016), ‘Assessing the 

applicability of passive cooling and heating techniques through climate factors: An overview’ 

Renewable and Sustainable Energy Reviews. Vol. 65, pp 727–742 

[23] Grondzik, W.T., Kwok A.G., Stein B., Reynolds J.S. (2010), ‘Mechanical and Electrical Equipment 

for Buildings’, 11th edition ISBN 978-0-470-19565-9 

[24] Howe C. (2012), BREEAM Assessment for Smart-Pod - Project Ref: P99 Smart-Pod, © Howe 

Environmental Consultant / BREEAM AP  

[25] Haeseldonckx D., Peeters L., Helsen L., W D’haeseleer W. (2007), ‘The impact of thermal storage 

on the operational behaviour of residential CHP facilities and the overall CO2 emissions’, Renewable 

and Sustainable Energy Reviews 11, pp. 1227–1243  

[26] Helden W  and Rommel M (2016), Compact Thermal Energy Storage:  Material Development for 

System Integration, IEA SHC Position Paper, Task 42 (ECES Annex 29), © IEA SHC Programme 

 

[27] Hongois S., Kuznik F., Stevens P., Roux J.J., (2011), ‘Development and characterisation of a new 

MgSO4−zeolite composite for long-term thermal energy storage’, Solar Energy Materials and Solar 

Cells, Volume 95, Issue 7, July 2011, pp. 1831-1837, ISSN 0927-0248 

https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2016
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2016


 

 

 

[28] Institute of Energy and Sustainable Development IESD (2012), ‘Green View’, De Montfort 

University, available at: http://greenview.dmu.ac.uk [accessed: 14.03.17]   

[29] Jones R , Gillott M, Boukhanouf, G, Tetlow D, (2017), ‘A Technical Design for Holistic Wireless 

Communication in Smart Buildings’, Proc. of 5th International Conference for Graduates, Nanjing  

[30] Kenisarin MM (2010). ‘High-temperature phase change materials for thermal energy storage’, 

Renewable and Sustainable Energy Reviews, 14, 955-970. 

[31] Krarti M. (1993). Energy Calculations for Basements, Slabs and Crawl Spaces. Final Report 

ASHRAE Transactions, 102 (1): 140-152. 

[32] Krarti,  M. (1997).  Thermal  Performance  of  Ancient  Underground  Dwellings  in  Tunisia.  Ph.D.   

Joint  Center for Energy Management, CEAE Department, CB 428, University of Colorado at Boulder 
 

[33]  Krygiel, E. Nies, B., (2008), ‘Green BIM: Successful Sustainable Design with Building Information 

Modelling’, Indianapolis, Wiley Publishing Inc. 

[34]  Meir, I. A., S.C. Roaf, I. Gilead, T. Runsheng, I. Stavi, J. Mackenzie Bennett (2004). The 

vernacular and the environment - Towards a comprehensive research methodology. In M.H. de Wit 

(ed.) Built Environment and Environmental Buildings. Proc. 21st PLEA Int. Conf. Eindhoven, Vol.II 

pp.719-724. 

[35]  Meir I.A. , S.C. Roaf (2005). The future of the vernacular. Towards new methodologies for the 

understanding and optimization of the performance of vernacular buildings. In Asquith L., Vellinga M. 

(eds) Vernacular Architecture in the 21st Century: Theory, Education and Practice. Routledge, Oxford 

etc, pp.215-230.  

 

[36] National Audit Office (2017), A Short Guide to Department for Education, © National Audit Office 

2017  
 
[37] Navarro L. (2016), Thermal energy storage in building integrated thermal systems: A review. Part 

1. active storage systems, Renewable Energy 88 (2016), pp. 526-547 

 

[38] N’Tsoukpoe K.E., Liu H., Le Pierres N., Luo L. (2009), ‘A review on long-term sorption solar 

energy storage’. Renewable and Sustainable Energy Reviews 13, pp. 2385-2396 
[28] Pavlov G K & Olesen B W (2012). ‘Thermal energy storage- A review of concepts and systems for 

heating and cooling applications in buildings: Part 1 – Seasonal storage in the ground’. HVAC&R 

Research, 18 (3), 515-528. 

[39] Pinel P.,Cruickshank C. A., Beausoleil-Morrison I., Wills A., (2011), ‘A review of available methods 

for seasonal storage of solar thermal energy in residential applications’, Renewable and Sustainable 

Energy Reviews 15 3341– 3359 

[40] Plotka E. (2016),’ Better spaces for learning’, © Royal Institute of British Architects (RIBA) 

[41] Roaf S., D. Crichton and F. Nicol (2005) Adapting buildings and cities for Climate Change. A 21st 

Century Survival Guide. Architectural Press & Elsevier. 

[42]  Samuel, D., Nagendra, S., Maiya, M. (2013), ‘Passive alternatives to mechanical air conditioning 

of building: a review’, Build Environment, 66, pp. 54–64 

[43] Simons, H. (2009), ‘Case Study Research in Practice’, pp. 21-25, Sage Publ. Ltd 

[44] Steijger L.A., Buswell R., Smedley V., Firth S.K. and Rowley P., (2013). ‘Establishing the zero 

carbon performance of compact urban dwellings’, Journal of Building Performance Simulation, 

DOI:10.1080/19401493.2012.724086 



 

 

[45] Steijger L, (2013),’Evaluating the feasibility of `zero carbon' compact dwellings in urban areas’, 

PhD Dissertation, Loughborough University  

[46] Visscher H, Laubscher J & Chan E., (2016), ‘Building governance and climate change: roles for 

regulation and related polices, Building Research & Information, 44:5-6, 461-467 

[47] Yin, R.K (2009), ‘Case Study Research: Design and Methods (Applied Social Research 

Methods)’, pp. 50, Sage Publications, Inc. 

[48] Zhang J., Seet B., Lie T. (2015), ’Building Information Modelling for Smart Built Environments’, 

Buildings, 5, pp. 100-115 

[49] Welle, B., John, H., Zack, R., (2011),’Thermal Opt: A Methodology for automated BIM-based 

multidisciplinary thermal simulation for use in optimization environments’, Building Simulation (4), pp. 

293–313 

 

  
 

 

 

 

 
 


