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Abstract

ABSTRACT

Reducing the carbon footprint of domestic properige due to global warming and social
impact of increased energy costs, an ever incrgapmority. Although the compulsive
building standards are set by the building regafapart L1, The Code for Sustainable Homes
have set more stringent requirements above theireegents of Building Regulations to
achieve zero carbon emissions during occupatiors Thde for Sustainable Homes (CSH)
requires all new homes to be zero carbon by 20&6dlscarcity and lower number of people
per household forces developers to develop comgaattment-based dwellings on brown
field sites, constraining the design.

The aim of this research is to understand the etiepractical constraints on real building
design and technology on achieving zero carboropmdnce in compact urban dwellings in a
maritime northern European climate.

In this work, currently commercially implementabienewable generation technologies are
evaluated for their suitability in a compact urbsetting. A model-based approach is
developed to evaluate the energy consumption (temblated and unregulated) and energy
balance under the specific constraints of compagsaru buildings. Graphical representation
enables the introduction of a demand envelope, wsiows the boundaries of the minimum
and maximum expected thermal and electrical enesggumption over one year period.

The research has three key findings:

1. Due to variations in energy consumption by the paats, mainly by the unregulated
energy consumption, multiple renewable energy teldgies would have to be
implemented to achieve the lowest possible carinoissson.

2. Although the combination of PV, CHP and HP is thlenayation option with the
lowest carbon emissions, it is not completely carfsee when producing the required
electrical and thermal energy. This suggests thertetis a high likelihood that zero-
carbon energy generation can not be achieved snctse study of a compact urban
dwelling with the currently available technology.

3. The simulations show that with highly insulated dings the amount of space
heating required is less than 10% of the overatgyconsumption, as opposed to the
60% generally achieved in the building industryb&eguent on-site measurements
showed an estimation of just under 30% of the tetergy consumption was used in
space heating, which is higher than the simulasddey but still less than half that of a
conventional dwelling.

The main academic recommendation resulting from tésearch is a requirement for further
ongoing research into new generation technologighey become mature.

Recommendations for the sponsoring company inctaaginuation of measurements at the
case study building to enable confirmation of egexgnsumption/generation findings so far.

KEYWORDS

zero carbon, renewable energy systems, systenratiayg compact urban dwellings, Code
for Sustainable Homes
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Preface

PREFACE

Most great ideas start over a beer.... How the yieaste sweet wort competes out all other
bacteria, eventually having access to all the nessu But once the resources are depleted,
they succumb in their own waste product. At lehsat product is palatable. And yeast cells
are not known for their intelligence.

By living all over Europe, you get the gist of whstreally important. Living in the UK made
me wonder, why do people put up with living in ldwusing standards, comparing with
Sweden or Switzerland? Why is there so much enemgted in a country that is never cold
like Sweden or hot like Greece? There are alwagsradtives, according to Spock.

My first challenge was my own home building projeict 2002. It was a nearly (and now
really is) a zero carbon home. The concept wasoseinthat even the architect asked if we
wanted to live in a mud hut.... But it has been agleing experience, and even better that
we effectively live without any energy costs. Fodtely things are changing for the better,
the UK the Code For Sustainable Homes is pointtritperight direction, raising the building
standard so zero carbon living can be achieved.

Then, by chance, an even tougher challenge canighto My friend and colleague, Vince

Smedley, asked me if we could design true zeroortahomes for renting out on a small infill
site in Derby. Here the journey of true sustaingbdontinued. This thesis is a result of this
part of the journey. Even here | would like to tkdnm for the trust in me to walk with me on
this journey.
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Introduction

1 INTRODUCTION
1.1 THE GENERAL SUBJECT DOMAIN

It is widely accepted that climate change is aossriand urgent issue that needs to be
addressed by reducing the level of Green HousqGid&) production globally (Stern 2007).
The Intergovernmental Panel on Climate Change (PCburth Assessment Report (2007)
confirms that the primary concern is that greenbayess emissions from human activity have
risen by 70% between 1970 and 2004. Following tbgaRCommission on Environmental
Pollution (RCEP) report (2000) the UK governmenineoaitted to an 80% reduction in GO
emissions by 2050, enforcing changes through kgisi and these goals can only be
achieved through setting and achieving strict targe all energy-consuming sectors
(McManus et al. 2010). Over 27% of UK’s g@missions come from the energy used to heat,
light and run homes (Department for Communities haodal Government 2007), and it is
therefore vital to ensure that higher sustaingbgirformance standards are integrated within
the design of new homes (Banfill and Peacock, 2007)

The minimum building standards in the UK are dedine the Building Regulations for
Carbon emissions in Part L (Office of the deputiyrerMinister). To indicate the direction of
these building standards, the UK government hasdoted the Code for Sustainable Homes
(CSH) to drive a step-change in sustainable homidibg practice (Department for
Communities and Local Government 2006, updated iorer2010). The CSH is an
environmental assessment method for rating andfyeeg the performance of new homes
and to obtain the highest level of the code, |&yaiet emissions of COnust be zero during
occupation. By 2016 all new homes built in the U antended to meet these criteria of the
CSH (Department for Communities and Local Governn2®96), requiring them to be “zero
carbon” (Energy Saving Trust 2008). To meet theozearbon criteria, all the energy
consumed within the building (including unregulattergy like cooking, white goods and
entertainment) must be generated in or near teetsibffset any fossil or fossil-generated
fuels imported into the home, so that over a yié@rnet CQ emissions are zero.

The UK housing market is under pressure from agigiopulation and there is a shift towards
the construction of smaller dwellings (McManus le£@10). The Office of National Statistics
projects that the UK population is to increase ®/million from an estimated 62.3 million in
2010 to 67.2 million over the ten year period t2@0Given the projected growth in the
population, the number of households in Englaratagected to grow to 27.8 million in 2031,
an increase of 6.3 million (29 %) over the 2006neste. Nearly two-thirds of this increase is
accounted for by one person households who areqieq to rise by 4 million from 2006 to
2031. The Housing and Planning statistics in 20dd\s that in the ten years between 1999
and 2009 the proportion of new dwellings built aevpously developed land has increased
steadily from 59 per cent to 80 per cent of dwghinThe density of new dwellings built in
England has nearly doubled between 2000 and 200&lliDg density is higher on brown
field sites than green field sites, which couldigate that on redeveloped land, flats are likely
to be built (DCLC, 2010). Banfill and Peacock (2p@bncluded that the trend towards
inward migration is resulting in new homes beingltbon brown field sites in towns and
cities, where space is limited. The lack of spawebiiildings on such sites tends to produce
workable designs of smaller, apartment based dvgglli
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New development with higher building quality has influence on the energy consumption.
The largest end-use of energy in dwellings in theit/said to be space heating (Department
for Trade and Industry, 2007). Historically thisdige to the low insulation value and high air
permeability of the building envelope. Low carbauking has been shown to be possible by
reducing the space heating demand by improvingliagacteristics of the building envelope
and increasing the air tightness, with controlledntiation (Lowe, 2007). In new
developments, with a largely reduced space heatergand, electricity and domestic hot
water (DHW) are likely to be the highest energystonption factors in domestic buildings.
Whilst space heating is primarily weather driverj\® and electricity are occupant driven,
I.e. the behaviour of the occupant has a largeiemite over the energy consumption. As an
overall result, in new developed dwellings, it d@nexpected that the energy requirement is
not only lower but also spread more evenly overhales year and driven by the lifestyle of
the occupants.

To cover the consumption, on site generation ob z&rbon energy is required to achieve
CSH level 6. The combination of renewable genenatigstems to cover the complete energy
demand requires a detailed analysis to establisbhwdombination of energy carriers (solar,
wind, ambient thermal energy and biomass) and availconverters (solar thermal, PV, wind
turbines, heat pumps and biomass boilers/CHP)tseguthe lowest possible G@missions.
Off site energy generation is allowed as long axehis a dedicated supply line to the
generation plant (CSH technical guide, 2010)

Kapsalaki et al. (2009) looked into near zero epdrgildings from a holistic point of view
and developed a methodology for designing thesestygf building in various climates.
Optimum orientation and layout of the building ame essential part of the method. But
building on a given brown field site can resulspecific limitations; non-optimal orientation,
close proximity to other buildings and space res8tms constrain the usability of the
available solar energy, and space constraint listitgage, either for bio-fuel or thermal
energy. Literature about these constraints is ddhitand tools for visualisation and
optimisation of generation sources that are inrmaawith the consumption were not found,
so decisions on how to strike the correct balareterden consumption and generation, and
which renewable energy system to implement, arfecdif to make during the design stage.
Simulation of the whole building does give somerigta however it does not define the
boundary of feasibility of zero carbon of a givesiusion. Therefore, research in helping in
this decision making (e.g. a new tool to aid theiglen making process) process is required.

The research reported in this thesis is focussednodelling of energy generation and
consumption for compact urban domestic buildingthatdesign stage in order to minimise
the CQ emissions during occupation. A key factor for th@ustrial sponsor was to develop
an approach that could be practically applied usungently available information to generate
a method for selecting the appropriate mix of loavbon generation technologies and to
calculate an estimate of the likely variation ok tdemand and supply in-use. This is
important because this relates directly to theliliked of achieving CSH level 6 status and,
in addition where properties are rented with inel@®nergy bills, the generation can provide
a revenue stream. Hence understanding the rislciagsd with the in-use performance can
affect the financing of a project.

Although there is a requirement to achieve level 6he CSH, economic factors will decide
eventually if a solution is viable or not. To ortlite economic factors in this study was a
conscious decision, however, because of the vityatlf some of the renewable energy
carriers and/or converters. For example, PV pamale dropped 90% in price from 1980 and
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50% from 2008 comparing with the price paid in 2QM®REL, 2011). Feed in Tariffs in the
UK started (superseding the Renewable Obligationif@ates) in 2010 with 43.3 p/kwh and
dropping subsequently to 14.9 p/kWh in 2013 for mestallations (Ofgem, 2013), a drop of
approximately 60%. A new tariff, promoting the ue€& renewable heat (the so called
Renewable Heat Incentive) has been talked of fong time, but apart from a £7 min. field
trial, no actual subsidies are paid out as yet (DEZD13). Also the price of bio fuel is highly
volatile; the Food and Agricultural Organisationtbé United Nations concluded in a report
that “Food price volatility may increase because of sgemlinkages between agricultural
and energy markets, as well as an increased freguen weather shocks{FAO, 2011).
Therefore, including solid economic factors in thiesis is almost impossible in such a
volatile market.

1.2 THE INDUSTRIAL SPONSOR

The industrial sponsor is PS Sustainability Ltdsmall to medium enterprise, located in
Derby, East Midlands UK PS Sustainability Ltd. is@mpany with a turnover of £500k per
year, and was established in 2008. It has centredfocus on the renewable sector,
undertaking collaboration with a local property d@per to work on greener living.

The first major project for this company was the@alepment of low cost residential housing
on a brown field site in Derby, Sustainable Houdmgpvation Network of Excellence — Zero
Carbon, in short SHINE-ZC. The overall project awas to investigate the possibility and
viability of zero carbon housing, CSH level 6. ¢ingprises of six terraced houses and three
flats in the private rented housing sector. SHINEsZobjective is to tackle all of the most
complex technical issues that arise when tryinga¢hieve CSH level 6 in a real-world
constrained urban brown field site. The installethewable generation technologies are
designed to meet the rigorous requirements of G&4dl 16, whilst demonstrating viability
from a commercial perspective in this difficult @wment. The key principle of this
demonstration project is one of integration of #agious components of the building, from
the building fabric and ventilation regime to theegration of all the available renewable
technologies into one working system.

This type of rented housing by its nature has apogfit margin. To make the project more
viable, an additional source of revenue is the iten-generation of electrical and thermal
energy. PS Sustainability Ltd is operating as aargy Service Company (ESCO), providing
low carbon thermal and electrical energy to theupeats of the dwellings. In this approach
PS Sustainability Ltd is unique, however, it alss lan unique design question: how much
and of what type (thermal or electrical) energseiguired for these dwellings, not only from a
cost perspective, but also from an energy balaecgppctive and what generation equipment
and usage is required. To find the optimum germmatype and capacity is vital for the
success of this project.

1.3 THE CONTEXT OF THE RESEARCH

Although not specifically focussed on the £€nission aspect, studies into the design of low
carbon dwellings are in abundance. Already, in 19alz and Steemers dedicated a book
describing 31 projects of solar houses in EurodalfPand Steemers, 1981). A couple of
years before that, in 1979, De Boon described Sfjepts in the Netherlands regarding
building with solar energy (De Boon, 1979). The dasions out of these books are still valid
today: reduce the space heating demand through msodhtion and ventilation with heat
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recovery; good workmanship during build has a laeffect on achieving the required air
movement through the build; and minimise heat llosshe thermal system through good
insulation of the domestic hot water system. Aliiolheat pumps are mentioned in these
books there was no data available as a performamleator and PV was still part of the
future, so the focus was solely on thermal energyigion. Peippo et al. (1998) looked into
multivariate optimisation of design trade-offs &wolar low energy buildings. Their findings
give insight into some of the design routes. Tregommend firstly utilizing all the potential
from energy efficiency measures, which costs afestatially lower than any generation
options, and then, using the remaining of the bydgeadd renewable energy generation
equipment. The main focus of this study was on egoa feasibility, whilst coping with the
technical limitations, and some interdependencieg. ¢the utilisation of electrical energy to
generate useful thermal energy using heat pumps) me considered. Another limitation of
this study is the neglect of shading of close prowi buildings, which limits the solar gain
and variable building shapes, which for an infiléhave to be considered.

After around 2000, there is a shift in literaturenh solar design (i.e. thermal orientated) to
reducing CQ (i.e. low emission orientated). Before 2000, tremfocus was on the thermal
aspect of the building, with (reducing the requiesrinfor) space heating the most important
aspect. With PV becoming commercially availableuad 2000, roof mounted renewable
electrical generation became viable, thus a slghtt in focus from thermal only to the
inclusion of electrical energy. Although the objees are similar, there are differences in the
details of the design, including the (electricapgration side and occupant behaviour. Banfill
and Peacock in 2007 showed a way to achieve zeborcdor new development in the UK,
however without any practical design rules. Theyterate the influence of occupant
behaviour to enable achieving of zero-carbon hoils® higher comfort temperatures are to
be expected, and found comfortable, in low carbomds. This might lead to a higher space
heating demand. More recently, Berggren et al.112@ublished a design for a zero-carbon
dwelling in a non-urban area in Sweden.

Gill et al. in 2010 compared the energy consumptib25 aspiring low carbon dwellings in
the UK. His conclusions are remarkable in a sehat he identified occupant behaviour as
the most important factor in more than one sense:

* occupants undermine overall performance and comg®iavith standards and design
expectations,

« the estimated energy use outside scope of UK rBgntawas the most important
cause of C@emissions, due to estimated high use of elesstramnsumed by small
goods.

Pilkington et al. (2010) come to an even more emgjing conclusion: “If occupants in low
energy dwellings don't start to think and work isustainable matter, no matter how good the
dwellings are, it won’t achieve the required zeasbon”. Completely sustainable buildings
would be buildings made from recyclable materig. dnd Miller (2009) looked into a
building strategy called earthships. Although thidcost for earth ships is very low, it is
shown that the UK climate is not suitable for thggee of buildings, a “bedroom” (called hut)
temperature of less than 14 °C is not comfortabem@ing to the CIBSE guide.(CIBSE,
2005).

Chicco and Mancarella’s (2009) review of the litara also shows that reaching “zero
carbon” requires an integrated approach for bujddesign and that this may lead to
significant benefits in terms of higher energy@éncy, reduced C{emissions and enhanced




Introduction

economy. They suggest that coupling of controllg®P plants to volatile resources such as
wind power could greatly enhance the overall eneagy economic performance of an
integrated energy system, and even more so if BBy and electrical heat pumps are
added. However, no coupling into the urban settilysstudied in the review and no
calculation/design considerations are given. Fes¢hdesign considerations, a tool is required
to determine the optimum utilisation of the insdllequipment.

One concept of an integrated approach is showedhen et al. (2010) for a near zero energy
house in the continental Canadian climate. Highisulated build, airtight and ventilation
with heat recovery reduce the space heating ragemée An optimised south facing roof with
roof integrated PV and solar thermal collectors bimved (with air as a transfer medium)
provides electrical and thermal energy for spacat.hA& heat exchanger provides some
preheating for DHW, a resistive electric heater lbaast both the space heating and DHW. It
was concluded that the prioritising of the enelgws determine the success of the project.

Lowe (2007) shows the possibilities of decarbomjsthe UK housing stock, by super
insulation, controlled ventilation and heat recgvdre also looks into ways for on site
generation capacity but, again, no calculation deglgn considerations are given for compact
urban designs. A study in the USA by Parker (208)cluded that investment in building
envelope and energy conservation should be favaliede the generation options. The same
conclusion came out of a study by Leckner and Zesur (2008). As a general rule it can be
concluded that the first big step to achieve zemban is a high quality building, well
insulated, airtight and using ventilation with heatovery. The main impact the building
envelope has is on space heating, although it @daces (by less heat transfer into the
building) the need for cooling in summer.

Occupancy patterns and dwelling characteristice lmgignificant impact on the electricity
consumption. Several extended studies highlightrtigortance of the energy consciousness
of the occupants. A recent research report fourdptiesence and use of solar technologies
did indicate changes in behaviour especially inspaty adopting households (Dobby and
Thomas, 2005). But this was not conclusive androtbgearch found contradictory results
(Keirstead, 2008Monahan and Powell (2010) looked into 14 newly tartsed low energy
affordable homes. Four different technologies, gtbsource heat pumps, passive and active
solar and mechanical ventilation with heat recoweeye implemented. Their conclusion was
that homes with active solar generated the low€xt €nission. Another conclusion was that
ventilation with heat recovery only works efficignin air tight buildings. From this study it
was evident that with building design only the spheating requirement can be targeted, the
DHW and electricity use were similar to the UK ageg. Yohanis et al. (2008) found that
smaller terraced dwellings with few occupants &ss kelectrical energy than larger dwellings.
A relationship was found between floor area anduahrenergy consumption similar to
Anderson’s BREDEM model, albeit with different dlécal energy consumption parameters
(BREDEM 677 + 24 TFA vs. Yohanis et al. 233 + 49ATlEonsumption in kWh/year, with
TFA the total floor area in fi The measurements were taken from a representsdimple
from Northern Ireland dwellings, not dissimilar finothe Midlands in the UK. Firth et al.
(2008) measured the electrical consumption in dmamrsetting in the Midlands, and
Richardson et al. (2010) confirmed these findingsese studies gives an insight into how
much electrical energy need to be generated, bubyavhat means to achieve the lowest
possible CQemissions. The overall trend is an increase ictiebéty consumption.

Modelling techniques to simulate the energy usegargration are also commonly used. The
models range from a technical simulation as desdritoy Banfill and Peacock (2007) to the

5



Evaluating the Feasibility of 'Zero Carbon' Compaetellings in Urban Areas

socio-economic aspects in Agent Based Modellingdascribed by Natarajan (2011).
Natarajan claims a consumption prediction with ximam error of 5%, however, the actual
values for the agents were not mentioned in thempajfis method could well be developed to
improve prediction of the variance in thermal atet&ical consumption. What is missing in
these studies is the feasibility, the limitatiomsl dhe sizing/yield of the proposed renewable
generation options to fulfil the expected energpstonption especially in a compact urban
setting.

Abel (1994) already split up the energy requirersem electrical and thermal and
acknowledged the interdependences between thess tfpenergies. From his viewpoint
there is a split between “low energy buildings” dethergy efficient buildings”; the main
difference is the higher economic focus in an epeffcient building. One of his conclusions
is that the focus needs to be on decreasing the foeespace heating and DHW, without
increasing the need for electrical consumption. pbssible generation options are a second
step in the process.

It was concluded that most of the studies thashoeving complete dwellings and/or projects
ignore the limitations set by the trend in the tmg industry in the UK. Restrictions to build
on green field sites force developers to redevélmpan) brown field sites, where planning
limitations, site orientation and layout restricetdesign parameters of the building. A lower
person count per household eliminates the requimeifioe multiple bedrooms, and combined
with the land issue, results in smaller “compadtam” dwellings. As a result, the variation in
building type, size and layout is limited. For tktsidy, compact urban is defined as when the
living space of this type of dwellings is limited 50 nf, height restrictions limit the building
to either apartments or two storey building wittila roof, in an urban setting with close
approximation to other buildings. Low person copet dwelling and a small footprint reduce
the requirement for space heating. Lower energyirements allow a centralised generation
in an on site (small) plant room, eliminating tlpase required for heating equipment in each
individual dwelling. But, as space comes at a puemithis still limits the possibilities of the
installed renewable technology, in particular tlefrspace required for harvesting solar
energy.

This research, by using a “compact urban” caseydtudding, establishes the energy demand
and investigates the possible generation optioasdhfor a compact urban setting.




Aim and objectives

2 AIM AND OBJECTIVES

From the introduction it was concluded that thedion of the building industry in the UK is
heading for small apartment based dwellings. ThdeCior Sustainable Homes defines the
direction of the legislative framework to which nessident building needs to adhere. One of
the key factors of this direction is that the dwels must be “zero carbon” during occupation.
No research has taken place into the feasibilitgesb carbon for this type of dwelling. For
developers it is therefore difficult to establishigh and how much of the available renewable
energy generation is required for this type of diwgl PS Sustainability Ltd. is at the
forefront of zero carbon design and needed an approf development for these types of
dwellings. As this approach is not generally avddathe goal of this research is to find an
answer to this question.

So the overall aim can be defined as:

To understand the effect of practical constraimtsreal building design and technology on
achieving zero or low carbon performance in compagan dwellings in a maritime northern
European climate.

Specific objectives are:

 To critically review the renewable generation tembgies that are currently
commercially implementable and appropriate in cachpgban dwellings;

* To develop a model based approach to evaluatenthige consumption and energy
balance in these type of buildings;

* To critically review the available information fqrarameter selection to drive the
simulation and to model the case study buildingwdnch to base further analysis,
validating the predicted energy consumption wittasuged data;

 To develop methods of visualising the combined peot, building and energy
system generation and consumption characteristisggport better design; and,

e To utilize the visualisation methods, combined wsilmulations of the case study
building to investigate the performance of diffdresombinations of renewable
generation technology to establish the combinabest suited to achieve zero or low
carbon performance in practice.
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3 ADOPTED METHODOLOGY

As the overall aim is to study the feasibility afnepact urban zero carbon dwellings, the
consumption of energy vs. the low carbon generatiapabilities of systems in an urban
setting are compared, i.e. the main focus is tked energy balance to achieve zero carbon
compact urban dwellings. The research plan undemtak shown in Figure 1. An initial
literature review showed limited knowledge on tlesidn limitations for, and implementation
of, low carbon energy strategies in compact urbaellthgs. A further literature research was
carried out on the usability of renewable resourcesan urban setting and the energy
requirements for this type of dwelling.

To achieve no C@emissions during occupation, the complete eneadgnte, consumption
and generation, need to be studied. One part ®ktiergy balance is the energy consumption.
Literature and UK specific models like BREDEM (Amdgen et al., 2002) contain the
parameters for this part of the study. The othet phthe balance is the energy generation.
The reviewed literature contained the feasibibtyach specific renewable energy option and
the expected limitations. These consumptions amdtdiions are used to determine the
boundary parameters.

With these parameters found in literature, theseirfigs then needed to be combined to study
the feasibility of zero carbon. One approach to loiok and investigate the results is by
computer simulation. From these findings, a compuiedel using a building simulation tool
(TRNSYS) was generated. Outputs of the simulatiamesthe energy consumption and the
interdependencies between key system parametesscdimputer model, generated from the
observed parameters in literature and the restilssnaulations, can identify limitations and
generate solutions in the problem space withoutnded for study of a real-world building
with the installed systems.

As any model of simulation it is only an abstrastioom reality and therefore inherent with
limitations (it is not possible to simulate evegpact of the building) and discrepancies from
reality. One of the main advantages of computerukition is the allowable flexibility.
Location, geometry, materials and shading can sdyechanged. To limit the scope of the
research, the location, geometry, building desigd eaterials of the building are fixed,
adapted from a design of a case study building.sthéied variation existed in the amount of
energy the occupants consume and the energy geneoations. As the occupational energy
consumption varies, the renewable energy generaiistems must be capable of adjusting
their output to accommodate this variation. It $eful to generate a tool to visualise how and
if the plants are capable to cope with this vaorati

The Code for Sustainable Homes states that theemetgy balance over one whole year
period must be net zero carbon. This implies thatsimulation must at least cover one year.
However, a surplus generated during a certainvat€e.g. in case of electrical energy, PV. in
summer or a CHP during daytime) may be consumedader time.

The study and simulated outputs were verified it data from a real world case study
building. Data from the case study building is &al@e and has been compared with the
computer model generated data. Data gatheringsexaral years will be required to allow an
indication of whether the consumption is within #et parameters and/or the yield data from
the individual sub systems, e.g. the amount of Igaftherated by the P.V., is comparable with
the model for that subsystem. Without this veriiima, the presented tool is based only on
general assumptions.
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Figure 1 Work flow diagram research undertaken
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3.1 SIMULATION TOOLS/MODEL

Although the main object of the study is a builditige focus is on the energy flows within
the building. Therefore a simulation package mustsblected that can incorporate these
energy flows. Most building simulation tools focas the building materials, temperatures
and lighting, but have limited access/capabilityirdegration of renewable energy systems.
Crawley et al.. (2005) compared the capabilitiesaofariety of building simulation tools,
which resulted in the selection of TRNSYS 16.0les pireferred simulation program for this
research. The capability of this tool to integrabenplex external models and controls made
this tool preferable over other options.

Apart from the method, setting the scope is as napt Limited research is done on
redevelopment of inner city brown field sites, witieir own set of limitations. The trend in
the building industry is towards smaller apartméased dwellings. Limited study was
available in literature on the feasibility of zerarbon for this type of building, with factors
that have not been considered such as:

e apartment based compact urban;

e non optimal orientation;

e shading due to other buildings;

* occupation driven instead of weather driven eneansumption; and

* lack of energy storage space (for all forms of gper.g. bio fuel, thermal energy etc.).

These factors have a substantial influence on #reopnance of the installed low carbon
technologies. A computer model can show the linoitet in design to achieve zero-carbon
and demonstrate the effect of these building camgs.

Simulation was considered the best option to pmte answers to the developer’s questions
on implementation of the renewable technology withiven building design. The simulation
can be verified once real life data is available.

3.2 METHODOLOGY DEVELOPMENT/REFINEMENT

Most simulation tool software packages come wistamdard library of validated models to
build the complete simulation. TRNSYS is no exaaptio this. However, some of the parts
in this library need adequate parameter settingneble correct simulation of the equipment.
This allows the user to integrate adequately hisdven equipment into the model. As an
example, the heat pump model in TRNSYS requireQ® curve and research was required
to establish the parameter setting in a real enwment for this part of the simulation. Out of
this research, an updated heat pump model was ajedeto be included into the overall
simulation. The paper resulted from this reseasdttached in Appendix A.

3.3 ANALYSIS AND VISUALISATION

Developing a model does not give the required arsswsarameter variation and rerunning
the model generate a variation in outcomes, whaih lze analysed. Generated graphs will
help visualise the findings from the simulationsl @an be used as an aid during the design
process to determine the possible renewable geémeraptions. The result of the analysis
resulted in two papers, attached in Appendix B@nd
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3.4 VERIFICATION AND VALIDATION OF THE APPROACH

Computer simulations are only an abstract of tla¢ werld. To validate the computer model
and the assumptions behind it, real world dataecuired. Thus a Building Management
System needs to be included into the building t@suee the key parameters of the energy
consumption and generation, enabling the validabiothe model approach. The findings are
used to validate the calculation of the U-valu¢hef walls. The results of these measurements
are attached in appendix D. A qualitative verificatof the build quality with a thermal
image camera report is attached in Appendix E.
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4 THE RESEARCH UNDERTAKEN

The aim of this work is to understand the effegpiafctical constraints on real building design
and technology on achieving zero or low carbongrerénce in compact urban dwellings in a
maritime northern European climate. The goal iglétermine a complete energy balance,
with on one side the consumption and on the oppasde the feasibility of the possible
generation plants. From the literature review a ehateds to be generated and from the
outcome of the model, verified with real word data,approach to estimate the feasibility of
the various generation options and their,@@issions can be calculated.

Publications extracted out of this research arevehia the appendices. This chapter contains
an expansion on the published work.

4.1 UNDERSTANDING THE DRIVING INPUTS FOR LOW ENERGY
COMPACT URBAN BUILDINGS

The requirements for a comfortable living spacebgok to when human kind started to live
in caves. Sheltering from the elements and usinggid wood to increase the temperature of
the cave, preparing the kill and providing somdtlign the dark days fulfilled the earliest
energy requirements. Modern living is basically geme, although the requirements for
comfort are better specified and buildings havéaega the caves. The occasional dive in the
local river is replaced by a warm morning shower.

The wood that provided the light, space heating emoking has been replaced by other
(mostly non-renewable) sources. As discussed irptehd, the amount of people now living
on this planet and the high G@mission of the resources used are likely to reavapid
changing climate effect on this planet. To redi@sé CQ@ emissions whilst still creating the
required comfort in the living space a more intégglaapproach with renewable energy
sources needs to be taken. Such an approach etep Figure 2.
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Figure 2 Block diagram showing integrated genesieevable energy approach.

On the right hand side is the demand requirementstMf the energy demand requirements
are determined mainly by the occupant, although désign of the building has a large

12



The Research Undertaken

influence on the requirement for space heating lagiding. To generate this energy, four
principal energy carriers, wind, sun, thermal apid)(fuel are available, as shown on the left
hand side. Sun and wind as energy sources ar&km@An, as is (bio) fuel, in the form of gas
(e.g. methane), liquid (e.g. oil) or solid (e.g.odd. Thermal energy is the energy that results
of matter having a temperature above 0 K, or asy@opaedia Britannia state$hermal
energy is the part of the total potential energy &metic energy of matter that results in the
system temperaturé Encyclopaedia Brittania, 2013). This energy bt&nextracted from a
fluid (mainly air or water) using a heat pump.

As the generation and consumption might not happewltaneously, a store needs to be
provided. To estimate how much energy needs to émeergted and when, and what the
storage capacity needs to be, the energy consumpeieds to be estimated first.

4.1.1 ESTIMATION OF ENERGY CONSUMPTION

With a given building design, estimations can beegated for the total energy consumption.
As stated in the Code for Sustainable Homes (2Qfl6gnergy needs to be generated from
renewable resources. The consumption side of terygribalance can be split in two parts:

1. Thermal demand

2. Electrical energy demand

Thermal demand can be split up further in energuired for space heating and domestic hot
water. Electrical energy demand includes lightiogpking, energy for white goods and
ventilation with heat recovery and small power.

4.1.1.1Thermal demand: Space heating

The largest energy use in dwellings in the UK isl $a be space heating. Historically this is
due to the low insulation value and high air peroilég of the building envelope. The UK
housing energy fact file (Palmer and Cooper, 2Gh®ws that space heating takes up around
60% of the total energy consumption. Low carbonshg has been shown to be possible by
reducing the space heating demand by improvingliagacteristics of the building envelope
and increasing the air tightness, with controlledtitation (Lowe, 2007).

Mahdavi and Doppelbauer (2010) provide informatmm passive house design and the
influence of high insulation and low ventilationskes on the indoor environment. They
conclude that space heating requirements can heceddto 10W/rh by using effective
insulation and ventilation loss reduction. The logat loss might even require cooling during
the warmer parts of the year, due to the largeaohpf the internal gains.

Neither the Code for Sustainable Homes nor theiym@$é®use standard state any temperature
settings and/or heating requirements in the dwgllifo obtain the required heating settings,
guidelines for these requirements need to be giVha.CIBSE guide defines comfort levels
with set temperatures between 18 and 24 °C, howewit#rout occupational profiles. The
BREDEM model (Anderson et al., 2002) defines a zamd weekly pattern. The temperatures
are set to 21 °C in zone 1 and 18 °C in zone 2 valotime (occupied and people not asleep)
and no heating outside these periods. What typearh(s) the zones are in is not defined in
the BREDEM model. Yao et al. (2005) identified fiddferent occupational patterns and
resulting heating load profiles. One of these pesfiscenarios matches occupation times of
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the BREDEM set points, however, the temperaturgetsto 15 °C when not active. For the
temperature setting parameter in the model, thp@ats for BREDEM are used, with zone 1
the upstairs living area and zone 2 the downstagdrooms. For the flats all rooms are
assumed to be in zone 1.

As the internal temperature and therefore the spgeating requirement has multiple
dependencies (weather, occupancy and internal )gées energy calculation requires a
dynamic simulation.

4.1.1.2Thermal demand: Domestic hot water

The other main thermal energy demand is the derf@andomestic hot water. Currently the

average household in the UK, according to the Ukisiy energy fact file (Palmer and

Cooper, 2012), spends 18% of the total energy copsan on hot water. This report

identified a trend in reduction in DHW consumptiame of the reasons for this reduction is
given to be a shift to electrical (power) showensl @ishwashers, which both result in an
increase in electrical consumption, but a reduatiogenerally centrally generated DHW.

The quantity of Domestic Hot Water (DHW) to suppynot specified in the CSH, although a
limit of 80 litres/person/day of potable water exquired for the application of code level 6.
This is achieved by a combination of water savigcets, smaller baths, and the use of grey
water for flushing toilets etc. However, the CSHedglaot state the amount and temperature
setting for domestic hot water to achieve levaiénce other data is required to estimate this
demand.

Different sources of data specify different volunsasl temperatures of daily domestic hot
water resulting in different energy requirement@lwhe and energy requirement can be
calculated using the equation in the BREDEM modelderson et al., 2001). The volume in
this model is 38 + 25 N, with N the number of peojpl the household. With one person this
equates to 63 litres/day, approx. 20% below that lfior the CSH level 6. The Energy
Savings Trust (EST) Measurement of Domestic HotaV&onsumption in Dwellings report
(2008) estimated a higher volume to be 46 + 26 Nh\&he person, this equates to 72 litres,
10 % less than the CSH limit. For two people thisisges to 98 litres. If we assume the
maximum spread as the consumption limits from ti&¥ Eeport, the minimum estimated
consumption is 37 litres/day to a maximum consuamptif 99 litres per day for single person
households. This is lower than the average hot wet@sumption of 122 litres/day per
household, according to the same report.

The EST report (2008) also measured the monthlyageewater inlet temperature, and
showed that the inlet temperature varied betweeanti020 °C. The average inlet temperature
of this profile is approximately 5 °C higher thdme tassumption in Yao et al. (2005) of 10 °C.
A larger variance was found on the outlet tempeeataf the DHW. Widén et al. (2009)
assume an outlet temperature of 55 °C, others €Yah, 2005) define an output temperature
profile depending on usage patterns, and the BRED#del assumes an output temperature
rise of 50 °C and a 15% heat loss between the at#rwylinder and the tap point. Using Yao
et al. their profile results in an average tempeeabf the DHW draw of 47 °C. With an
assumed inlet temperature of 10 °C, a temperatseeaf 50 °C and a loss of 15%, the
effective average output temperature using the BR¥Dnodel (Anderson et al., 2001) is
52.5 °C. The DEFRA report (2008) showed a largeiamae in outlet temperature; however,
the mean delivery temperature for regular boilerss wneasured at 52.9°C with 95%
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confidence interval at +1.5°C, corresponding witite tBREDEM values. The DEFRA
estimated the energy requirement for hot wateretd 26 kJ or 0.035 kWh per litre hot water
consumed. With an occupation of two people thisagggito 3.25 kWh/day, or a continuous
load of 125 W. The BREDEM does not define a drafvpattern; the DEFRA measured an
average draw off pattern per hour, with a peakOfies in the morning and a smaller peak
of 20 litres in the evening. If this thermal enengytaken from a temperature dependent
resource, like solar thermal panels or a heat pangpdraw off pattern has an influence on the
inlet temperature to this resource. Therefore, &pture/generate the required output
temperature, the energy yield needs to be calaititeamically.

Temperature is an important factor, however heaittl safety of drinking water provision
also needs consideration. The major threat in dbmbst water is the Legionella bacteria
(Legionella Pneumophila) causing Legionnaires Bisedccording to the Health and Safety
Executive (2009), to avoid Legionella, hot waterodd be stored above 60 °C and
transported above 50 °C.

As an assumption for the volume of DHW for the mpdevaries from the lower limit of 37
litres per day to a maximum of 122 litres per dByis equates to approximately half and one
and a half the CSH level 6 requirement and the tdin@t corresponds with the lower limit
of the DEFRA report. The higher limit correspondghwthe UK household average. This
setting was chosen as it was expected that the emwfboccupants in these dwelling is
expected to be less than average. As the profiléhi® inlet temperature is not known, the
same assumption has been used as Yao et al. (20¥%), The outlet temperature is set to
50°C. This is the median between the outlet tenipess of the BREDEM model and DEFRA
model and the temperature of the profile Yao etlatived in 2005. The draw off pattern is
set to the DEFRA measurements and adjusted fdotakevolume of water per day.

4.1.1.3Electrical energy requirement

As the Code for Sustainable Homes does not prositle guidelines on the amount of
electricity used, other sources for this informatimaust be found. For code level 5, the next
performance level down the scale, the energy pmdace is stated to be 100% better than the
2006 Building regulations Part L (Department forn@ounities and Local Government),
which is “...zero emissions in relation to Building Regulatimssies (i.e. zero emissions from
heating, hot water, ventilation and lighting)..From this, it can be inferred that in order to
comply with code level 6, all energy used for spaeating, ventilation, water heating,
lighting, small power (i.e. non regulated) and Hary loads such as pumps and controls must
be generated through the use of zero-carbon teohiesl The CSH also statehe carbon
benefit of energy generated by low or zero carbechmology can only be allocated to
dwellings that are directly supplied by the instéitbn via dedicated suppliefCSH, 2010).
This makes remote generation in an urban envirohimgsractical. As currently there are no
options allowed under the CSH code level 6 to pasetzero-carbon energy from the market,
an implication of this is that all electricity usbyg the occupant must be generated on site. It is
interesting to note that the allowable solutionst@omorrow’s new homes report by the Zero
Carbon Hub (2011) is proposing to exclude the umetgd use (more than 50% of the
electricity consumption) from the definition of mecarbon. In effect this is dropping the
energy requirement for CSH level 6 back to level 5.

The challenge for the designer is that there isefi@rence to the electricity consumption from
non-regulated loads (such as appliances) that dhoeilattained. Therefore other ways of
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estimating electrical consumption requirements nigstound. DECC studied in 2012 the
electrical consumption patterns in the UK This Pomge the Nation survey found that, on
average, 2.83 MWh of electrical energy is consunmeflats and 2.89 MWh of electrical
energy is consumed in small terraced houses im #tedy, for which 50% or more of the
electricity used in homes surveyed was used foliapges. This survey suggested that 16%
of household electricity powers cold appliancesd@fes/freezers), 14% is used for wet
appliances (washing machines and dishwashers), fad%onsumer electronics, and 6% for
information and communication technology. The BREDEodel (Anderson et al., 2001)
estimates the annual electrical energy consumptith 50 nf of living space and an
occupation with 1 person to be 2.88 MWh (all lovergy lighting and cooking on electric).
This seems to correlate with the DECC study fas tipe of apartment.
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14 1@ High consumption
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Yearly consumption (MWh) >

Figure 3 Electrical consumption distribution uskigh et al. (2008) dataset

One of the factors that fluctuates the electrid@gnsumption is the occupant behaviour.
Richardson et al.. (2010) confirmed the findings=oth et al.. (2008) of a 10-fold difference
in electricity use of similar type of dwellings. @hHowest consumption found was one
dwelling with an annual consumption of 0.8 MWh, thighest of 7.86 MWh, as shown in
Figure 3. Firth et al.. also showed a large diffieee between similar dwellings for cold
generation (i.e. for fridges and freezers) anddstanelectricity consumption, from below 50
W to over 500 W, again a 10-fold difference in aamgtion. However, both studies omit the
floor area of the dwellings researched and the atofuoccupants in the building. Firth et al..
(2008) split the dataset in three groups; a lowdioma and high energy group. However, if
the dataset is binned in 16 bins with a bin sizé@J kWh/year electricity consumption, the
distribution curve emerges as shown in Figure 2% Wtal dataset is split between 0 to 4.5
MWh/year and 4.5 to 8.5 MWh/year. From this cuivean be derived that 80% of the data
in the dataset is part of the low consumption cui@s curve seems to indicate a normal
distribution, with an average electricity consuraptiof 2.5 MWh per year and a standard
distribution of 750 kWh. As no mention was madeh# type of dwellings, apart from the
spread, no other assumption can be made fromttidy.sTwo standard deviations will cover
95% of the consumptions, so a lower limit of 1 M\a@hd an upper limit of 4 MWh per
annum per dwelling are used for the simulation.
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If the BREDEM model (Anderson et al. 2001) is usedstimate the yearly consumption a
value of 2.29 MWh per dwelling is calculated, baseda floor area of 50 100% low
energy lighting, 2 people occupying the dwellingl @ectrical cooking. This approach gives
a point to which a comparison of systems can beas base load of 75 W was estimated
for the MVHR unit and electricity required for tliedge-freezer. Working backwards from
the target of 2.29 MWHh, subtracting the base lod5%V running 24 hours, 365 days of the
year, leaves a load of 496 W during occupied hdaksen to be 07:00 until 09:00 and 16:00
until 23:00. 75% of the load is assumed to be cmeglin the living area (first floor), where
the cooking takes place. The base load is 25% lthaaT the base load as established by Yao
et al. (2005) and the assumption was made dueetbitfher efficiency of the appliances and
lighting. Seasonal variations are not consideredtaged in the BREDEM model and apart
from the energy consumed in extract fans, intelnealt gain to each apartment is equal to the
electricity used for appliances and lighting togetlith 90% of the energy required for
cooking (Anderson et al., 2001More elaborate load profiles are available, e.gmir
Richardson et al., (2010) but the influence of ¢hes the space heating, due to the time
constants involved, are limited. Hence a simplel Ipeofile was adequate in this situation. As
the Code for Sustainable Homes requires a net azeua CQ emission, the fluctuation of
the electricity is not relevant to achieve the clalel 6.

4.1.2 GENERATION OPTIONS

To achieve the highest level in the Code for Snatale Homes, all energy must come from
renewable sources. The CSH states that code legah@e achieved by..Using low and
zero carbon technologies such as solar thermal |sar@omass boilers, wind turbines, and
combined heat and power systems (CHP). It wouldhnfi@aexample that energy taken from
the national grid would have to be replaced by lmwzero carbon generated energy, so that
over a year the net emissions were zer6.Qnly very recently (2012) has Good Energy
entered the national utilities market, claimingpt@vide only zero carbon energy, although
this option is not applicable under the CSH, asupaots are free to choose their energy
supplier. The CSH also states thahé carbon benefit of energy generated by low oo ze
carbon technologies can only be allocated to thellimgs that are directly supplied by the
installation via dedicated suppliesFor rural communities, a remote zero-carbon atBttr
generator, e.g. a wind turbine, can comply witls tieiquirement; however, remote generation
in an urban situation requires dedicated cablabdasite, which is impracticable. Therefore
the above statement implies that all the requiresfgy must be generated on site.

In principle there are only four renewable energsyriers:
1. Solar (either for electrical or thermal energy)
2. Wind (mainly electrical energy)
3. Thermal energy from ambient (either from soil an@/o)

4. Biomass (depending on fuel, thermal and/or eleateoergy)
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4.1.2.1Solar

Solar energy capture can be split in three majegraies:
1. Passive solar capture
2. Solar thermal capture
3. Solar electric capture

Passive solar capture has the longest history, yenvé is only utilised for space heating. It
mainly relies on (south facing) glazing, since #iknits, but prevents re-emission of the solar
energy. Mahdavi and Doppelbauer (2010), Kachadofd®97) and Berggren et al. (2012)
show the principles of passive solar design. ThiEsegns include optimised orientation for
solar gains, inclusion of the use of solar spates, U-value walls and windows and
ventilation with heat recovery. An urban settinghna site dependent orientation and in close
proximity to other buildings limits the availablelar gain in winter when required, and
summer solar gain is to be avoided to prevent @atihg. Limiting the environmental
influence due to well insulated walls and roofsmbined with controlled ventilation with
heat recovery will aid towards a lower heating ggeequirement.

Solar thermal collectors are used for active stil@rmal capture. Solar thermal collectors
come in various shapes and sizes, from concergratinrors generating steam for turbines,
the possibility of including photovoltaics (Nortagt al., 2011) to almost passive hot air
collectors. The most common system on domesticeptigs in the UK are flat plate solar hot
water systems. A solar thermal system’s performaisceptimized by positioning the
collectors in direct sunlight and locating themasloped roof with a southerly orientation.
Practical field tests show an annual yield in thé &f 250 to 400 kWh/fyear (Martin and
Watson, 2001) on a 30° pitched roof due southuffigent storage is provided. Lower
pitched roofs will show a lower yield, especially winter; CIBSE shows 8% reduction in
yearly total irradiation incident but 30% less andary comparing a horizontal surface with a
surface at a 30° pitch. For direct irradiation sth@alues are 22% reduction on a yearly basis
and 65% reduction in January (CIBSE, 2005). Thaltsblar radiation is around 1000
kWh/mfyear (Energy Savings Trust, 2012). If a reductib@2% is assumed due to the non-
optimised pitch the minimum total yield is 200 kWfiyear. A conservative yield is therefore
estimated to be around 20% of the solar energyadlaifor solar thermal.

Generating electricity via photovoltaic (PV) is tleest form of solar energy capture. PV
panels convert energy from the sun into electrititsough semi-conductor cells (Energy
Saving Trust, 2004). PV technology is mature (Wigimet al., 2010) and its performance can
be easily predicted (Jardine et al., 2003). Thwllesl cost of a typical photovoltaic array for
a dwelling used to be relatively high (Energy Sagvinrust (2004), Ramanathan and Ganesh
(1994)) with payback times measured in several dlesg\Watson et al., 2008). Ren et al.
(2010) questioned the technology’s cost efficiertdgwever, prices for PV installations are
decreasing; wholesale prices for PV modules drofped0% between May 2009 and June
2012 according to sologico.com. Feed In Tariffsadtced in 2010 have accelerate payback
times, which is encouraging deployment, as expe¢Wdliams, 2010). Pay-back times
within a few years have now been quoted by inswlldue to the lower cost price of the
installation.
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Photovoltaics have been shown to provide net reshetn both CQ emissions (Allen and
Hammond, 2010; Ren et al., 2010; James et al.,)284d significant contributions towards
the annual electrical demand (Bahaj and James,)200i¢ approximate percentage of an
average household’s electricity demand providedahtypical solar PV installation ranges
between 27-57% (Allen et al., 2008; Allen and Hamoh@010) with claims for export levels
as high as 70% in some cases (Allen and HammontD); ZBahaj and James, 2010). The
actual output of a PV module is a function of ota&ion, solar radiation, wind speed, air
temperature, soiling and various system-relatese®gTian et al., 2007). Typical yields in the
UK are given of around 750 to 800 kWh per year oufpr each kW installed (Huld et al.,
2008). This yield might cover the net electricigndand for a compact urban home (the only
feasible space to fit solar panels is on the raagfund 25 rof roof space will allow around
2-3 kW, PV array fitted).

Norton et al. (2011) stated that there are sewvaalbined solar thermal with integrated PV
on the market. The disadvantages stated are thiendatal effect if the thermal part of the
panels becomes stagnated due to system failurendine complex installation and increased
cost. As the PV system voltage increase for areasad system performance, an increased
risk of electrical fault due to leakage must be atstigated if the thermal transfer medium is
conductive (e.g. water with glycol). Therefore tla@ moment the preferred option is to keep
both systems, PV and ST, separate. As a resuP%hwill be competing for space with the
solar thermal energy collection, either the eleatridemand or heat demand might not be
covered by solar on its own.

4.1.2.2Wind

Wind turbines harness the energy in wind to prodeleetricity (Energy Saving Trust, 2008).
Only small scale wind turbines installed within tailt environment are classified as micro
generation technology (James, 2010). The powerubutpa wind turbine is proportional to
the cube of the wind speed; therefore, to be dbsttese, turbines must be placed in windy
locations (Bahaj et al. 2007), i.e. with an averggarly wind speed higher than 5 m/s

Many studies claim that roof-mounted turbine tedbgy has the potential to reduce £0
emissions (Allen and Hammond, 2010; Bahaj et &Q72 James et al., 2010) and reduce
consumers’ dependence on conventional electri@source (Allen and Hammond, 2010;
Bahaj et al., 2007). The payback time is expectethad beyond the typical lifetime of a
turbine (James et al., 2010; Peacock et al., 2008)unclear how usable any of these claims
are, as yield estimates are complex (James €(HlQ, Peacock et al., 2008), manufacturer’s
performance claims are unverified (Dayan, 2006) awmdd resource appears to be
overestimated (Bahaj et al., 2007; James et &l0;2Peacock et al., 2008) and unsuitable for
urban application (Peacock et al., 2008). It i® alst clear yet how payback time is being
influenced by the Feed in Tariff.

Building mounted wind turbines experience poor @erniance in urban locations (Heath et al.,
2007; Bahaj et al., 2007; Energy Saving Trust, 2Q@4nes et al., 2010; Mithraratne, 2009;
Watson et al, 2008). Trials cited by James et211Q) and Bahaj et al. (2007) show that the
wind resource in urban locations in the UK is naffisient and annual generation is far less
than predicted. Turbines in the urban environmemegally experience an increased level of
turbulence, which can reduce output and increassessbn turbines (Dayan, 2006). Allen and
Hammond (2010) show that the average urban widgrerprovides only 2-5% of a typical

household’s electricity usage. Turbines mountedatier buildings in the urban environment
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may experience fewer issues with wind resourcetarizlence (Bahaj et al., 2007; Dayan,
2006). Urban wind generation has also been showrcalzsse noise problems to the
surrounding area (Watson et al., 2008).

Off-site wind turbines can be considered under @hewable solutions, however the CSH
stipulated a dedicated supply. Therefore it will be feasible in an urban setting.

It is uncertain whether sufficiently efficient periing turbines will become commercially
viable for use in urban locations by 2016. Commumiind turbines in a non-urban setting
are allowed under the CSH rules, as long as thplgup connected to the dwelling(s) via
dedicated cables. Therefore, for all of the ab@asons, wind is not considered an option as a
source of energy in compact urban developmentisnstiady.

4.1.2.3Thermal energy

Thermal energy is available in the air, water af, smd although abundant, it is not normally
at the right temperature level in the UK to be udadctly. Air temperature is weather and
season dependent, but the average soil temperattite Midlands UK is around 10 °C (Met
Office, 2012). Low temperature space heating reguat least a temperature of 40 °C and
DHW at least a temperature of 50 to 55 °C (Knoldl aWagenaar, 1994). One method to
extract the thermal energy and increase the termyer#o a useful level is by using heat
pumps. A heat pump transfers heat from a lower tugher temperature by consuming
(electrical) energy. Cabrol and Rowley (2011) shdweat heat pumps can be effective in low
carbon dwellings; hence heat pumps can be used alseanative way to provide the required
thermal energy. The thermal yield of a heat pumpexpressed in the Coefficient Of
Performance (COP), which is the quotient of thevedebd thermal energy and the required
energy input to deliver the output energy. Heat psimequire, depending on their operation
point, 25 to over 75% (in most installations elieet) energy input, and upper limit
temperatures vary between 55 °C and 65°C (Spaain, @011, Kingspan Datasheet, 2009). In
a compact urban setting, however, the surfacefarderizontal ground source heat pumps is
likely to be too small (Baxi, 2006), and for vedigground source heat pumps the costs are
prohibitive. Therefore only air sourced heat puraps considered in this study. The Energy
Saving Trust (2012) found that the yearly Seas®saformance Factor (SPF) of air source
heat pumps was 1.89, however, no precise dataaitable about the system conditions that
generated this data. To determine the electricplirement for the given thermal output over
a longer period of time, a dynamic model is reqli@s a large parameter set to determine the
overall system performance.

4.1.2.4Biomass

Lam et al. (2010) state that biomass is one ofkdherenewable energy sources. The most
important biomass fuels are solid, sawdust, woodoschbark, straw, cereals, grass
(Obernberger, 1998) and fuel wood (Ramanathan asesh, 1994), each with different
combustion behaviour and potential (Obernberge®8l9egetable Oil (VO) is an available
liquid renewable fuel, which can be easily conwrieto bio-diesel by transesterification
(Pennsylvania State University, 2008). They carmaleasily stored and transported (Hall and
Scrase, 1998). Anaerobic digestion of solid andidigbio mass could generate bio-gas;
however, this bio fuel is not readily availabldla moment.

The payback period for biomass systems dependgeabitype, as well as the fossil fuel that is
displaced (Energy Saving Trust, 2004). Fuels likee@chip and logs still compare favourably
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with coal, oil and LPG, although pellet fuel canmwompete with current gas prices (Energy
Saving Trust, 2004). Generally speaking, systems fpa themselves over their lifetime
(Energy Saving Trust, 2004). The Energy Saving T{2808) claim biomass is a low carbon
fuel and Gomes and Muylaert de Aradjo (2009) alstntreductions in C@emissions (as
compared to fossil fuels).

However, most of these claims often don’t take aot®f the environmental impacts of bio
fuel production (Hall and Scrase, 1998), such gh Bpecific land use (Lam et al., 2010) that
strain agricultural resources also needed to gdisfd demands (Lam et al., 201G:kBla et

al., 2010), water consumption and pollutant emissi@®aula Gomes and Muylaert de Aradjo,
2009), deforestation (Lam et al.,, 2010) and thelltast loss of biodiversity (Lam et al.,
2010). Especially the use of palm oil as a reneav&blergy source has come under scrutiny
because of the vast expansion of palm oil fielgga@ng tropical rain forests (Stichnothe and
Schuchardt, 2011) that could lead to an increaggoival warming. (Bala et al., 2007)

Demirbas (2005) stated that the cost of bio-diesekfined version of vegetable oil, varies,
depending on the base stock, geographic area,bildyieof crop production, the price of
crude petroleum and other factors. He stated tieptice for vegetable oil is approx. twice
the price of fossil fuel, mainly due to the highcprof the raw material. Zhang et al. (2013)
studied the carbon emission balance of differergd$éock and concluded that some
production methods to produce vegetable oil for loostion are even carbon negative.
However, if electrical energy is required to aclkigkie required CSH level, and can not be
generated by solar, vegetable oil is the only opfiar small scale generation, although at
twice the expense of fossil diesel oil.

Combined heat and power (CHP) plants can also beonubiomass (Energy Saving Trust,
2008). Micro-CHP allows individual homes to generatproportion of their own electrical
supply, whilst also supplying heat and hot watengiigy Saving Trust, 2004). The Energy
Saving Trust (2004) refer to it as a technology tlee future, whilst Obernberger (1998)
claims it is of growing importance for small-scalgplications. Once the technology is fully
established and commercially available, micro-CHBtesns can provide enough heat for
domestic heating and hot water and have the pateaatimake substantial savings in £0
emissions from the home, according to the Energyin8aTrust (2004). Watson (2004)
estimates a payback time of well over a decaded-ked ariff is available for micro CHP
installations smaller than 2kW; however, this mited to 30,000 installations, with a review
after 12,000 installations planned (DEFRA 2011).fdgtunately, oil fed CHP’s are not
eligible under this scheme. Larger installationsg®nergy from waste can take advantage of
Renewable Obligation Certificates. (DEFRA 2011).

McManus et al. (2010) found a number of disadvasgagf this technology by stating that
micro CHP systems do not perform as well underligalvorking conditions as claimed by
manufacturers and that output is significantly edsowards heat, which would be wasted in
well insulated houses, especially in summer when giistem must still be operated to
produce electricity. They also reference a studythey Carbon Trust (2007), stating that
carbon savings as a result of micro-CHP in smadled newer houses are likely to be
insignificant. To mitigate against (a part of) thvaste, Haeseldonckx et al. (2007) propose
the use of a thermal storage not to waste thedesarated by a micro-CHP.
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Table 1 Carbon intensity factorp] for electricity and heat generation.

Source Carbon intensity factors ¢ (kg CO,/kWh)
Natural Gas 0.18
Grid Electricity 0.52
Vegetable Oil/Biodiesel 0.14

The release of C{from the fuel must also be considered if low cargeneration devices are
used such as CHP or biomass boilers,. The conweffsictors for grid electricity, gas
conversion and vegetable oil are taken from theaiepent for Environment, Food and Rural
Affairs (2011) and given imable 1. SAP 2009 (Building Research Establishment, 2009)
estimates the carbon intensity factor for vegetatileonly at 0.04 kg C@kWh. This
conversion factor corresponds with the direct emmmssf the combustion of fuel as stated in
the DEFRA report, not including the indirect emiss associated with the productions and
transport of the fuel. Although the G@missions are zero for bio fuels, the DEFRA enaissi
calculation is including the NOCemissions as CQequivalent. As more than 60% of VO is
derived from tropical locations (US Department afrigulture, 2013) with long transport
routes, the higher value (Scope 3, biodiesel) ®DEFRA is assumed in this thesis.

Burning biofuel therefore generates also,Gfguivalents. In order to achieve zero carbon
performance, over production of electricity andsaduent net export to the grid is required in
order to offset the emissions. The combustion gfet@ble oil with low C@ emissions can
replace grid generated electricity with relativedigher emissions. It is still possible to
generate electricity with biofuel with a negativ®£emission, if the electrical output of the
generator fed by VO is higher than 27% of the tetargy input and net fed back into the
grid. This surplus offsets the G@mission generated by the grid electricity, albtrginally.

In an urban area, air pollution as a result of laesncombustion (Paula Gomes and de Aradujo,
2009) is a disadvantage for using biomass. Cleamyfuel is therefore required to mitigate
the risk of air pollution.

4.1.3 STORAGE

Supply and demand are usually not in balance. Quhe day and in summer there is a larger
likelihood of a surplus in solar energy, this imtast to cold winter nights. This supply and
demand mismatch can be offset through the useearfjgrstorage.

Electrical energy can be stored in various wayg, &emical (batteries), electric (capacitors)
or magnetic fields (superconducting inductors).aAdynamic store, electrical energy can be
“stored” in the grid, whereby a surplus of eledtienergy is fed into the grid and a
deficiency of electrical energy is taken from thelgWestra and Tossijn (1980) concluded
already in 1980 that grid connection is the most @fficient and low carbon way of storing
electricity if a large proportion of the electricigeneration is generated with non-renewable
carbon intensive energy sources.

Thermal storage has to be considered on site. Ypastof storage need to be considered, one
to buffer the variation of day and night (diurnedrage) and one to buffer the variation of the
seasons. Garg et al. (1985) described in deptbuwsmethods of thermal storage. They state
that sensible heat storage in water is only ecocalnfor a few days. Although Ampatzi et al.
(2012) assumed a 70 °C temperature difference water based system is feasible, they
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acknowledge the fact that this might undersize dtege and 35 °C temperature difference
would be more pragmatic.

Instead of high temperature storage, low tempegasiiorage in rock (packed bed) is an
alternative for larger stores; the lower tempemtand lower risk of boiling/freezing and
leakage makes this option an economical altern&tiveeasonal storage. Size and insulation
values for the diurnal and seasonal store for catnyrdan dwellings are likely limited by the
available storage space. Heat pumps then coulthéf temperature to a required level. A
review of papers by Pinel et al. (2011) concludedt tfulfilment of the requirement for
seasonal storage of thermal energy is difficula¢bieve with the current set-up due to long
term self discharge.

The capacity and configuration of the thermal sthies a significant impact on the

performance and operational characteristics ofjreeration equipment (Haeseldonckx et al.,
2007). Heat pumps have a start up time constaatafnd 2 minutes (Steijger et al., 2010)
and CHP require a longer time to reach the optinperformance point, so a prolonged

running period is preferred. Thermal storage bsftee demand and supply side, resulting in
a longer running time of the generation equipmemigared with energy delivery on demand.
A higher energy storage loss needs to be takeractount with this solution.

For diurnal stores, the choice between a singgelatore or smaller distributed thermal stores
is complicated (Grondzik et al., 2010; Knoll and §aaar, 1994). One large central store has
lower losses per volume of storage than distribustdres with the same thermal
characteristics. Distributed stores have a largefase to volume ratio and therefore incur
higher losses. The benefits of distributed systemes the shorter pipe runs to the final
consumption and the lack of circulation pump reegiito avoid long time lags between
opening the hot water tap and achieving the reduimp temperature or facing this time lag
that might occur. This has been shown to be areisgth centralised systems (Knoll and
Wagenaar, 1994).

Biomass storage space can also be a major iss@edomestic application in an urban area
(Energy Saving Trust, 2004). A high density enesgurce is required. Solid fuels such as
wood have an energy density of 2500 kWh/figquid (bio-) gas such as LPG 7000 kWH/m
and liquid bio fuel (diesel and/or VO) approximstdl0000 kWh/m (BINAS, 1998). For
cogeneration purposes, bio gas is currently intéchisupply with an immature distribution
network. If in future sufficient biogas becomes italde with a well established distribution
network, this might become an option for generatbrzero-carbon thermal and electrical
energy. Solid bio fuels are currently widely avihi&a on the market; however, small
commercially available solid bio fuel plant canyugbnvert this energy into thermal energy,
leaving out the flexibility to generate electrieadergy. For these reasons, notwithstanding the
aforementioned constraints, liquid bio fuel in fbem of vegetable oil is the chosen option
for this study; it has the highest energy densdy ywlume, the lowest risk (no pressurized
gas), a mature distribution network and the coneerdo electricity and heat is well
established using a standard diesel micro CHP.

4.1.4 CONCLUSION ON ENERGY BALANCE

Compact urban dwellings in the Midlands UK showirtloevn specific set of limitations to
achieve zero carbon.

On the consumption side, space heating used toebeighest energy consumer. Although the
average space heating requirement is at the mo6@8ntof the total energy requirements,
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higher insulation standards, lower uncontrolled iafiltration and ventilation with heat
recovery reduce this requirement. Occupancy pattand set temperature are defined by
Anderson et al. (2001) in the BREDEM model. CIBS&es that comfortable temperatures
range from 18 to 24 °C. An accurate estimatiorhefrequired energy for space heating and
internal temperatures is dependent on a large mdeanset, like the internal temperature
settings and occupation, weather patterns, soldratiner gains. Hence it is likely that a
dynamic model is required to estimate the requégete heating energy.

Domestic hot water energy requirement is splitwo tkey parameters. From the DEFRA
study, the hot water consumption for a single oaotiglwelling is estimated to be 72 litres
per day with a maximum variation between 37 and li28s per day. As no data was
available on the water inlet temperature, this terafure is set to 10 °C, the delivery
temperature to 50 °C. The draw off pattern is ti@esas measured by the DEFRA, adjusted
for the total volume. As heat pumps and solar ctdies have a performance that varies with
the inlet temperature, the energy captured/gerérageds to be simulated dynamically.

From the Code for Sustainable Homes (2006) it caninferred that all (regulated and

unregulated) electricity needs to be generateditenusing zero carbon technologies. The
CSH itself does not state a limitation or demanafifgr to the electricity consumption, so a
demand profile has to be generated. The BREDEM ino@elicts a yearly consumption of

2.29 MWh per dwelling with an assumed base loadppirox. 75 W during non active hours,
resulting in 496 W during active hours.

On the generation side the limits are more stringBime CSH states that code level 6 can be
achieved by‘...Using low and zero carbon technologies such asarsthermal panels,
biomass boilers, wind turbines, and combined healt power systems (CHP). It would mean
for example that energy taken from the nationatlgriould have to be replaced by low or
zero carbon generated energy, so that over a y@ganet emissions were zero. The above
statement implies that all the required energy rbasgenerated on site. From the four energy
carriers (solar, wind, biomass and ambient thermahd is not feasible. Field tests have
shown this. Passive solar is limited due to shadiradjacent buildings; place for active solar
capture is only available on the roof of the buntgi Orientation and pitch are given by the
limitations of the design; hence the orientatiorgimibe sub-optimal. As combined thermal
and electrical generation panels are not readigil@ve, PV and solar thermal compete for
the same roof space.

Biomass can come in three forms, solid (wood pelielephants grass etc), liquid (in the form
of vegetable oil or bio diesel) and biogas. Fromsththree forms, the liquid form has the
highest energy density per volume and is the dagesonvert into thermal and electrical
energy. To generate electrical energy in a smalegaion plant, (micro CHP) the only viable
feedstock is vegetable oil, although with a hight@nd a questionable overall €kalance.

Thermal energy can be harvested using heat purhpse trequire electrical energy as an
input. As this is an energy resource, the energyhi® heat pump(s) must be generated on site
to be considered for the energy balance.

Buffering is required to timely match the genematamd consumption. The grid is used as an
infinite buffer for electrical energy. Two types tiermal energy buffers are required, a
diurnal one to level out the day/night generatienddnd pattern and a seasonal buffer to level
the summer/winter generation/demand pattern. Diuttmermal storage can be realised in

24



The Research Undertaken

decentralised hot water storage, seasonal storedbeautilised in sensible heat store in a
packed bed. The capacity of these stores needsdetbrmined.

As there are a few interdependencies (roof spacediar thermal and PV, electrical energy
consumption vs. space heating requirements and dfotivermal/electrical energy with CHP
and/or heat pump) a static calculation is not bletarherefore a dynamic model is required.

4.2 CASE STUDY BUILDING, MODEL DESCRIPTION AND
SIMULATION RESULTS

Building simulation can be used as a tool to adelyaestimate the behaviour of a building
and the corresponding energy consumption. The lasyiséem that needs to be modelled is
shown in Figure 4. The left hand side is the geirmraside, comprising of thermal energy
generation via solar thermal panels, heat pumpaa@#iP, and electricity generation via the
PV system and the CHP. Wind power is omitted. Tglet hand side is the consumption side,
with the influence of the building itself (buildingaterials, orientation, shading etc.) and the
occupants inhabiting the building. As the demand #me consumption might not occur
simultaneously, storage is required. Electricalrgynés “stored” in the grid, whereas thermal

energy is stored in water for diurnal storage. 8eals storage was considered but not
implemented at this stage.

To generate a model of a building, the charactesisif the building need to be established. In
this thesis a case study building is used.
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Figure 4 Block diagram of the total system with &vailable low carbon generation options.

4.2.1 THE CASE STUDY BUILDING

The compact urban dwelling used as case studysmakearch is a newly developed building
under the project name of SHINE-ZC. The SHINE-ZUddg in Derby (UK) comprises of

9 adjacent compact urban dwellings; six 2-storaysks and a 3-storey block containing three
flats and a shared staircase. Each dwelling hasiray Ispace of approximately 50%niThe
total internal volume is 13263nThe dwellings are adjoined as shown in Figured Bigure

6. A photo of the finished building is shown in &ig 7.
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The front of the building faces approximately nostinich is dictated by the shape of the site.
This, in conjunction with the close proximity ofreounding buildings (the distance to the
adjacent building on the North side is less thanmBlers, the distance on the south side is
less than 5 meters) limits the winter solar gaime Toof area is split in two levels; around 160
m? on the houses and 7 ion top of the flats. Due to planning height resions the 230 fm
roof faces south with a 6 degree slope, rather thar0° south facing slope that is deemed
ideal in terms of solar collector yield for thigitade (Energy Saving Trust 2004). Due to the
close proximity of other buildings, the roof spase¢he only space available for solar energy
collection.

The wall is constructed with Insulating Concretellweorm (ICF), a layered and highly
insulating construction comprising of 150mm of Exgead Poly Styrene (EPS), 150mm
structural concrete, another 75mm of EPS and tleenal surface is plasterboard with a skim
coat to a total of 15mm thick. The external surfaas either 10mm thick wooden cladding or
10mm render, depending on the location on the lmgjldsee Figure 5 and Figure 7). The
resultant U-value is calculated to be 0.123 WWmThe construction quality was closely
managed and on-site air permeability tests shoveech@ability 1.88 ri(hr.nf). This results

in a less than 0.35 air exchanges per hour for daatling in occupation. The windows are
triple glazed, with a certified U-value of 0.8 Wi The g-factor is specified to be 0.31.
Special sealing around the window openings previesds loss through draught, the effective
air leakage is 0 (Sheerframe, 2009). The solar gwinter is minimal (<50 W) due to the
shading of adjacent buildings, practical experieingag in low energy dwellings show that
the solar gain needs to be limited to prevent ce&tihg in the summer as the internal gains
are expected to provide enough heat to maintairdés&red space conditions for all but the
coldest parts of the year (Den Boon, 1979). Tharsgdin is limited by placing the majority
of the windows on the north side of the buildindnilat south facing windows are shaded in
summer by an overhanging roof ridge and adjaceitdibgs. The north facing windows are
large enough to provide enough light during daytithe artificial lighting in the building is
generated by low energy lights.

Figure 5 Render of the development (Simon Footéifects 2008).
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Proposed First Floor Plan

Figure 7 Photo of the front (North side) of thelbimg, the six two story terraced houses at thébac
three apartments on top of each other at the front.

The building is designed to have warmer living gsaand cooler bedrooms by placing the
living space on the first floor and the bedrooms @athrooms on the ground floor in the
houses. The apartments occupy just one floor eagilant room is built at the back of the
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plot to house the control equipment, HP and CHPoxarview of the key design parameters
for the building is given ifTable2.

Table 2: Key parameters of the building.
End Middle Bottom Middle  Top flat

house houses flat flat
Number of units 1 5 1 1 1
Floor area (rf) 55 55 42 44 46
Volume (n7) 140 140 105 110 115
External wall area (f) 75 45 47.5 50 52.5
Window area (rf) 8.5 8.5 5.5 6.5 6.5
Roof area (M) 25 25 - - 70
Ventilation rate (ACH) 0.88 0.88 1.28 1.28 1.28
Heat loss fabric (W/K) 21 18 13 11 15
Ventilation heat loss (W/K) 17 17 17 17 17

Infiltration was estimated to be small. The leakageasured during blow door tests of 1.88
m>h.nf with an envelope area of 14G,nthen adjusted for the normalised pressure aatgrdi
to CIBSE (2005), resulted in an estimated air ergkaduring occupation of 0.35 Air
Changes per Hour (ACH).Ventilation is provided bymeechanical ventilation and heat
recovery (MVHR) unit. The domestic ventilation raseset as required by the UK building
regulations (Part F), which is 17 litres/secondMing (Department for Communities and
Local Government, 2006). As the MVHR is a centalisystem, the kitchen and bathroom
fans are balanced using local shutters in the dgciihe heat recovery rate is specified to be
90 % (Segen, 2006). In summer the MHVR will runpimvide ventilation without heat
recovery. When the room air temperature is aboW& Zmaximum acceptable temperature
according to the CIBSE guide (2005)), the extracbgpasses the heat exchanger. It switches
the heat recovery on again when the temperatuggsdyelow 22 °C. With the set ventilation
rate and heat recovery rate the ventilation lossbeacalculated.

With a finished design as described above, the TRN®odel can be implemented using the
in built program TRNBUILD. As common with these ggof simulation tools, the building
is modelled in zones. For each of the houses twesz@re allocated, the upper and lower
floor. For the flats and the common staircase ame per entity is allocated. This results in a
total of 16 zones. Parameters to define the priggef the individual elements (walls,
windows, roofs, etc.) are set according to the nedtproperties (e.g. thermal resistance of the
Expanded Polystyrene (EPS) in the ICF structurefanmanufacturer specification (e.g.
doors and windows).

On top of the flats a 4 kW PV system was instaltau the roof of the houses, 6 fields of 9
panels, each with an area of 2, mpectral selective flat plate solar thermal @ibes were
installed. A 22 kW diesel motor and generator s&$ wonverted to a micro CHP. The size of
the CHP was chosen so that its thermal capacitidqumavide twice the amount of required
thermal energy at 99% of the days. Heat pumps kened to be installed, but were not
installed during the original build phase.

A central BMS system, measuring and logging tentpega in the dwelling, the storage tanks
and the solar thermal array, controls the compleggallation. Once the installation is
finished, the complete system will be as shown igufe 8. Weekly energy measurements
combined with the data obtained from the BMS wilicate the state of the energy balance.
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Figure 8 Schematics of the thermal energy distidlout

4.2.2 SIMULATION TO AID THE DESIGN OPTIMISATION

Simulation is just a tool to predetermine answersame of the design questions. As the main
focus is the optimised generation mix with the leWw€Q emissions, the first answer
required is the energy requirement. The thermatggnieas two parts to it, the space heating
and domestic hot water. Space heating is deperatefthe internal gains and as the space
heating requirement is expected to be low, a vanah the electrical consumption is likely to
have an influence on this requirement.

Domestic hot water is the other energy requireméhis requirement has limited influence
on the space heating and/or electrical demand.

Other simulations are required to determine therdgpendencies between various generation
and demand parameters. With a relative small diutimarmal store, the yield for solar
thermal is dependent on the water consumption. Atdar thermal is competing with PV on
roof space. Simulation is required to determinectiaracteristics of these interdependencies.

Heat pumps show a yield dependency based on tetupewdifference between evaporator
and condenser coil. As the chosen source of theemafgy is ambient air, simulation is
required to determine the seasonal performancerfacarying on which part of the year the
heat pump is required to run.

With these parameters established, the feasilofitycarbon neutral home can be determined.

4.2.3 DEMAND PARAMETERS

As described in section 4.1.1, the energy consumpmtepends on the occupation and shows a
large variation.

4.2.3.10ccupational profile

The BREDEM model parameters have been used in TEN®Ygenerate an occupational
profile for weekdays and weekendSgure 9shows the schedules for Zone 1, and Zone 2
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during weekdays and weekends. The heat gain forpeople seated at rest is added to the
living area of the dwelling (the top floor in theudses).
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Figure 9 Occupation schedules for zone 1 and hdwieekdays (a) and weekends (b)

During the night (23:00 till 7:00) the internal hegin is calculated as two peoples’ heat gain
(seated at rest, 115 W per person (CIBSE, 2009)¢cdo Zone 2 (the bottom floor in the
houses).

4.2 .3.2Infiltration, ventilation and air movement

Ventilation is provided by a mechanical ventilatiand heat recovery (MVHR) unit. No air
movement is modelled between the different zonesem@ the ventilation air through the heat
recovery unit. The uncontrolled air exchange rdt6.85 ACH is included in the simulation.
For the purpose of assessing the heat losses YR, the ventilation rate is reduced by
the efficiency using the manufacturer’'s performaheachmark data as described by Taylor
et al. (2010) the thermal effects of ventilation heat recovery b& simulated precisely by
reducing the ventilation rate by the proportionh&fat recovered” The heat exchanger in the
heat recovery unit is bypassed if the temperatsrligher than 24 °C and heat recovery
resumes when the temperature drops below 22 °GwArltemperature is not possible as the
reference temperature for heating is set to 21 €€ording to the BREDEM method
(Anderson et al., 2001). The electrical power usedrive the fan and the heat electrically
generated by the heat recovery unit is added tanteenal gains according to the BREDEM
method.
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4.2.3.3Electricity demand and internal gains

Since the CSH does not specify the electrical deisamd the COemmission is based on a
net-annual value, the BREDEM model (Anderson ¢t24l01) is used to estimate the yearly
consumption; calculated to be 2288 kWh per dwellifigs value represents the total energy
requirement including cooking, electrical lightirghite goods and portable equipment for the
whole building. A base load of 75 W was estimated the MHVR unit and electricity
required for the fridge-freezer. Working backwafidsn the target of 2,288 kWh, subtracting
the base load of 75W running 24 hours, 365 dayb@fyear, leaves a load of 496 W during
occupied hours, taken to be 07:00 until 09:00 a6GdDA until 23:00. 75% of the load is
assumed to be consumed in the living area (ficgirjl The base load is 25% lower than the
base load as established by Yao and Steemers (2883he assumption was made due to the
higher efficiency of the appliances and lightingooking is assumed to be done using
electrical energy, it requires the lowest energmaled (according to Andersen et al., 2001)
and as it does not release moisture into the aipas of the combustion process, the
ventilation requirements are lower comparing tokiog on gas. Seasonal variations were not
considered as stated in the BREDEM model and dpart the energy consumed in extract
fans, internal heat gain to each apartment is eu#ie electricity used for appliances and
lighting together with 90% of the energy required ¢ooking (Anderson et al., 2001). More
elaborate load profiles are available, e.g. fromthFet al. (2008) or Richardson et al. (2010),
but the influence of these on the space heatingtalthe time constants involved, are limited;
the time constant of the building is much larganthhe fluctuation of the electricity in the
building, therefore an average consumption oveptreod is adequate.

The total electricity over a year has an impacthmrequired space heating; due to the low
heat loss parameter, an increase in electricaluropson will have a large effect in reducing

the requirement for space heating. Firth et al.0&0showed a ten-fold difference in

electricity consumption. This variance needs to thkeen into account to establish the
robustness of the chosen generation solution. Agdéhjuirement for space heating is small,
high internal electrical gains might be sufficietat fulfil the space heating requirement

completely.

4.2.3.4Heating set points, control and scheduling

The Code for Sustainable Homes does not defineirttesnal comfort settings for the

dwellings. Therefore the BREDEM temperature sestihgve been used (Anderson et al.,
2001). The set-back space heating setting is 18uthg the night (23:00 until 7:00 hours)

and non-occupied hours and 21°C during the occumeds (se€igure 9.

Standard radiators fed from a storage tank proWde space heating; a coil in the tank
provides hot water. The reason for this decisionevibe robustness that the occupants were
expected to be familiar with the system, and shaaldible to operate the heating system. A
central thermostat controls the circulation of tlo¢ water and radiator thermostats control the
individual room temperatures. The space heatingtitpthe living spaces is calculated from
the radiator models described by Knoll and Wage(E294):
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Pout = Py fo fn (AT/50) ™

Pout IS the output power, (kW),

P, the nominal output power of the radiator, (kW)

fo and f, correction factors for radiator type and flovs,ia determined by the way the
radiator is connected, (top/bottom, one both sateection).

With the input temperature and flow rate given, theput power and therefore the return
temperature to the tank can be calculated. Dubddaw water content in modern radiators
and the high output power, the time constants foadsator are low, heating up less than 1
minute, but cooling down typically 7-10 minutes,edto the capacitance of the radiator.
Therefore the radiator control time constants aeitee the time step for the simulation, which

is set at 1 minute. The water is drawn from andrretd to the tank. The capacitance of the
radiator represented in the model results in & érder system cooling down with a time

constant of 9 minutes.

4.2.3.5DHW storage, draw off and scheduling

The thermal storage is provided by a water tankaoh dwelling. These have to be large
enough to provide one day of energy for space mgathd DHW and small enough to fit in
the limited dwelling space. Practical limitationa the size of the thermal energy storage
require a larger temperature difference in the tan&nable sufficient diurnal thermal energy
storage. Each dwelling therefore has a tank assuonlee fully mixed (worst case) containing
315 litres of water. Stratification might occur,jsttwill enhance the performance of solar
collector and HP, therefore a fully mixed tankhs worst case. The CHP and flat plate solar
thermal collectors can provide high temperaturentia¢ energy (albeit for the solar thermal
collectors with a dramatic efficiency drop); up@ °C to prevent boiling of the water, so to
store this energy this temperature is the uppet.lifo more thermal energy can be stored if
this temperature is reached, and therefore thentddeenergy provided by the CHP or solar
thermal is wasted. Given that the UK DHW supply penatures are typically 48 °C or above,
the thermal stores are taken to be able to supplyseful heat if the bulk water temperature
drops below 50°C.

The CSH requires that for a level 6 dwelling théapte water consumption must be less than
80litres/day/person. The assumption has been made that the majority of this water is
going to be used for personal hygiene, as thetsodal use gray water. The dwellings are
considered here to be single occupancy and sire®HW system uses potable water it is
assumed for the sake of capacity sizing and hegtlgthat the whole 80 litres is drawn off as
hot water each day. The energy requirement is lzdabml with a fixed inlet temperature of 10
°C and an outlet temperature of 40°C.

As an assumption for the volume of water for thedelpa variation is simulated from the
lower limit of 37 litres per day to a maximum of 2L2itres per day. This equates to
approximately half and one and a half the CSH |éseequirement; with the lower limit
corresponds with the lower limit of the DEFRA reppand the higher limit the average
household hot water consumption with an occupamdypeople.

The BREDEM calculations use the same water volluejt does not suggest a water draw-
off pattern. It is, therefore assumed that halfhaf domestic hot water is used in the morning
(between 7:00 and 8:00) and half in the eveningnden 18:00 and 19:00).
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4.2.4 MODELLING THE GENERATION OPTIONS

Solar thermal collectors, photovoltaic panels,saurce heat pumps and a bio-fuelled, micro-
CHP where considered in this analysis. Wind ger@ratground source heat pumps and
biomass boilers were not considered in this caseeisons explained in section 4.1.4.

The only place available for solar collection ig ttvof. Solar thermal and PV are competing
for this space, as there are no combined thermagdéls readily available on the market.

Heat can be harvested by the solar thermal arrag.phrameters required for this model are
taken from the datasheet (Dimplex, 2011) The zewat loss efficiency is stated to be 74.8%
with a heat loss coefficient of 3.93 Wi The solar thermal panels are modelled using the
theoretical flat plate collectors, type 73 basedaoddottel-Whiller quasi-steady state model.
This is allowed, as the solar radiation steps a&eglable in one hour steps only and the time
constant of the solar collector are much smallentlthis time step. One of the main
parameters affecting the yield of the Solar Ther@allectors (STCs) is the temperature of
the fluid entering the collector, coming from thettom of the tank with the lowest
temperature. A rise of the inlet temperature haggative influence on the yield of the solar
collector due to the higher thermal losses in thléector. Solar thermal energy is transferred
from the collector into the tank if at least onetloé tanks has a sufficiently low temperature,
measured at the bottom of each tank. No heat ischttlthe tanks if the tanks are completely
charged.

If the most common type of PV array (crystallinkcen) is used, Bayod-Rujula et al. (2010)
show that around 9frof roof space is required to install 1kWp of P\heks. With 230rh of
roof space, a maximum installation of approximat2gkWp can be installed. TRNSYS
standard library type 194b with inverter is usealsdd on models developed by de Soto et al.
(2005), to determine the yield of the PV array.

To convert biomass into useful energy the biofustds combustion. A boiler would only
provide thermal energy whereas a CHP can provigldredal and thermal energy. Hence only
a CHP is considered in this simulation, howeveo, foielled boilers could be used in cases
where only thermal energy is required. There iare of heat to power ratios for CHPs from
10:1 (Whispergen, 2010) to 2:1 (Baxi Dachs mini CB@®10). A small diesel CHP, however,
can reach a 1.5:1 heat to electricity ratio (TigkereBioGenio, 2010). Additional thermal
losses with the operation and transport of theremargy of these small CHP can be high
(30% is not uncommon). The total efficiency of tGeIP is assumed to be 35% electrical
output, 35% effective thermal output, 30 % thermogkes and hence a limiting case of 1:1
heat to electricity has been taken here. The i is modelled as a constant power output
with an electrical power estimated at 10kW. Wittygical thermal time constant of a CHP of
ten minutes and if the CHP is started once a dayuswally runs un-modulated for longer
than two hours to deliver the heat to the 9 therstades (2.8 rhwater), the run time is much
larger (>10 times) than the start-up time and sodtart-up and shut down time constants
have been neglected. If the thermal stores areeatiximum temperature the CHP switches
off. Integration over the CHP running time deteresinthe amount of electrical energy
generated. As we do not have the exact lossedatiore to the running temperature and the
complexity of the control and accurate modellingatifthe pipe work in the dwelling, we
assumed a relatively high initial thermal loss (3@&accommodate this variation i.e. a worst
case scenario.
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Heat pumps are used to harvest the thermal enemy &mbient. From experiments
described in Appendix A, a computational model wasated by implementing the equations
generated from the experiments. The resulting mocktulates the Coefficient Of
Performance (COP) as a function of air humidity,tamperature on the evaporator side and
water temperature on the condenser side. The poymsumption and the COP was integrated
into the TRNSYS model for this standard heat puniih \& rated COP of 3.5 and a high
performance heat pump with a rated COP of 4.3 usi@d@dard conditions (;T= 15 °C, Ty =

35 °C) (see Appendix B and Sparn et al. 2011). Ureld conditions, it can be expected that
the COP is lower than under these set test conditias the input temperature is lower and
the output temperature is higher than the tempesitduring the specification tests. The
maximum temperature the heat pump can deliver i@%%hence the heat pump switches off
when the bottom nodes in each of the storage tesdksh this temperature. The electrical
power consumed by the heat pumps needs to be bifjseither the PV array or micro-CHP.
The start up time constant for an air source heatpis approximately 40 seconds and since
the time to charge the thermal stores is very miader (larger than 2000 seconds) typically
the unit would be expected to run for 30 minutemore and hence the start up dynamics can
be neglected in this analysis. The electrical ltadhe heat pumps is assumed constant;
however, as stated, the heat output is dependeahiecsperating conditions.

Superposition, where possible, is used to deterthi@®perational parameters of the installed
renewable energy generation options. The generaptions are season dependent, e.g. it is
beneficial to run the heat pump in summer (alsoviging DHW with a temperature of at
least 50 °C) and the CHP in winter. The store chedwelling is sized to supply at least one
day of thermal energy, and therefore each day eavidwed as an independent “generation”
day from the day before. Because of the size obtbee, resistive top-up is not considered in
the simulation.

4.2.5 SIMULATION RESULTS

The model is run with different scenarios to obtaim estimation of the energy balance
parameters for the real building. The following id@eristics have been investigated:

1) The overall energy consumption of the dwellingjtspb between space heating,
domestic hot water and electricity.

2) The relationship between space heating and elggtiwonsumption. It can be
expected that if the electricity consumption inse=g the requirement for space
heating in low energy dwellings is reduced.

3) The effect of variation of the thermal and eleetrienergy consumption utilising
the mix of installed renewable generation optiongh® emission of CO

4) The relationship on the division of roof space qied by solar thermal and PV
with a third parameter the DHW consumption. It dan expected that with a
higher DHW the yield of solar thermal increases ifvlaand Watson, 2001),
however, a balance needs to be struck betweeniet¢generation of the PV and
the thermal generation of the thermal panels.

5) The change in seasonal performance of a heat puprgdite various periods of the
year. As the performance of a heat pump changéstigt temperature difference,
it can be expected that the seasonal performaneehefait pump is lower if used
throughout the year, instead of using it for (togpup) DHW during the summer
period.
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4.2.6 ENERGY CONSUMPTION

One of the main questions for compact urban zerbotadwellings is if the chosen mix of
renewable energy systems can deliver the requimechg requirement. The TRNSYS model
can generate the required energy balance by siowlaf different scenarios. An initial
simulation, using the BREDEM model as input, alsgeadows some interesting conclusions
as shown in Figure 10. Thermal energy for spacéifge#s only required from November
until March, and only counts for less than 10% loé total energy requirements in this
simulation. DHW requires about 40% of the energyuneed and the electricity requirement is
approximately 50% of the total energy demand. Tdial telectrical energy demand for the
whole building (9 dwellings) is 20.6 MWh. The siratdd thermal energy is demand
19.2 MWh, for which 3.8 MWh is used for space hagti

The total modelled energy consumption can be vidlay the electrical meter readings. As
in 2012 no renewable energy source (apart fromPi¥ewas operational, this measurement
gives an accurate reading of the actual total gneagpsumption. The energy consumption
was read weekly from the electricity meters fron0012012 to 31/12/2012.
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Figure 10 Estimated energy demand for the whol&igure 11 Indication of energy consumption of
building (9 dwellings) using the TRNSYS model the whole building (9 dwellings) based on
with the BREDEM parameter setting. measured meter readings
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Figure 12 Heating degree days of 2012 measurdek awelling,
the reference temperature was set to 10 °C
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Although the measured energy demand can not beugpfirecisely, an estimation of the split
can be made. The first assumption is that in Augogheating is required and August shows
to have the highest energy consumption withoutihgatf this energy requirement was
subtracted from all other months, the surplus efdther months could be assumed to be for
space heating, as low energy lighting is used girout the whole dwelling. This assumption
has more validity as the months October and Novemeee exceptionally warm in 2012, in
contrast to the much colder December, reflectetiendegree days graph shown in Figure 12.
Apart from the month November, the thermal energguired for space heating correlates
with the measured degree-days. The resulting anspate heating energy requirement
estimation was 11.4 MWh nearly three times as mashthe model predicted. Another
assumption is that the electrical demand is equakéch month, and only the DHW varied
throughout the year. This was based on the permabase load, which is assumed
independent of the season. Potable water was meditin a less regular basis (readings at
the beginning and end of the year) and since petabter was used for toilet flushing, it was
assumed that 35% (WaterWise.org 2012) is used ldswater and constant throughout the
year, a total of 12.6 MWh is used for DHW. A tot#l 24 MWh. of thermal energy was
estimated to be consumed during 2012. The resbitteese assumptions are shown in Figure
11. Electrical use is estimated to be 15.5 MWh. irwelel predicted an electrical energy use
of 20.6 MWh.

As the electrical demand is estimated to be loWwan the model predicted, the space heating
requirement increases as shown in Figure 13. Tikaalso some anecdotal evidence resulting
in higher space heating requirement, some occuamtshed off the ventilation and heat
recovery unit, and used opening windows as a pyinsaurce of ventilation. Also it was
observed that occupants smoked cigarettes outsithetie front door completely opened
(during heating season). Wall flux measurements @idicate a higher U-value for the wall
than predicted (see Appendix D).

The total amount of energy is measured to be 39%/8hMThe TRNSYS model estimated a
total yearly energy use of 39.8 MWh.

4.3 CHALLENGE OF THE COMBINATORIAL NATURE OF THE
DESIGN PROBLEM

Using the above results from simulations, the tesale now graphically presented to enable
analysis of the design problem. Each generatioralmaty has its own characteristics and
limitations. The challenge here is to find the optm solution for the lowest possible €0
emissions.

4.3.1 UNDERSTANDING THE MODEL INTERDEPENDENCIES

The interdependencies between the different pdrtheo model need to be understood, to
enable proper design decisions. The following sesticontain the studies into the most
pronounced interdependencies in the model.

4.3.1.1Relationship between electricity consumption and sgre heating

As the space heating requirement is low, the imibeeof the electrical consumption on the
space heating is relatively high, as, accordinBREDEM, most of the electricity consumed
is added to the internal gains, therefore lowetimg requirement for space heating. Firth et
al.. (2008) and Richardson et al. (2010) showesh#otd difference in electrical consumption.
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If this variation is applied to the space heatiaguirement, it is clear that the space heating
requirement is reduced, as shown in Figure 13. \Afitkelectrical consumption of 33% of the
BREDEM value, (6.8 MWh for the 9 dwellings) an anhspace heating is required of 5.7
MWh. With an electrical consumption of twice the BBREM value, (41 MWh for the 9
dwellings), the space heating requirement has d@dgp 1.7 MWh for the 9 dwellings.
Although Firth at al. found a variation of 10, fitve purposes of this thesis, it was judged that
this would be closer to a variation of 4 by avemggover 9 dwellings, but further work is
required to generate a more robust limit. Thisltesn a lower limit of approx. 10 MWh. and
an upper limit of 40 MWh for the whole building ftire annual electrical demand.

7.5 4

2.5 A

Thermal energy required (MWh)

T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
Annual electrical consumption (MWh)

Figure 13 Simulated annual thermal energy requirgrfoe space heating vs. annual electrical
consumption for the whole building.

4.3.1.2Effect of variation of DHW consumption on the thernal energy
consumption

Apart from varying the electrical consumption, tB#W is also occupant driven and
therefore variable. As an assumption for the volaiheater for the model, it varies from the
lower limit of 37 litres per day to a maximum of 2LAtres per day with a median of 80
litres/day. This results in a thermal demand of M\Wh to 23.4 MWh per year for the whole
building for DHW. These values are a thermal demamdithey need to be added to the space
heating demand over the complete graph, as showigure 13

4.3.1.3Visualisation of the “Demand Envelope”

With the electrical generation boundaries and tegmal boundaries, the amount of energy
that has to be generated is now defined. Adjushiegooundaries with the thermal demand for
heating, an area with these limitations (Electridainand, thermal demand): (10, 12.3) to
(40,25.0) This area, henceforward called the denssaveélope, defines the boundaries of the
energy requirements for the whole building. Thisndad envelope is the area shown in
Figure 14. The BREDEM value is shown as the blaekgle in this figure.
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Figure 14 Variation on thermal and electrical cangtion.
The grey area, the demand envelope, defines trecwgvariation of the thermal and electrical
energy consumption due to the variation in eleatamd DHW consumption.

4.3.1.4Relationship of solar thermal and PV on roof occupacy

Since both electrical and heating energy can bergézd on the roof, albeit only one system
can occupy a given space, it is useful to loolatttade off characteristics between STC and
PV. Instead of looking at the systems separateigrma “roof yield” could be defined as being
the energy collected from the roof. A variationteacthnology (PV or STC) defines the type
and amount of energy harvested from the roof.

The electrical generation of the PV is taken topbeportional to the array area and the
simulation confirms the findings of the literatuie, that each kWp installed on the roof
generates around 750-850 kWh per year for thigilmzawith the set parameters of the solar
panels and the inverter 806 kWh per year is geeerat every kWp installed.
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Figure 15 Solar thermal yield as function of rocdaaand DHW draw

The variation of the heat output of the STC is lcfion of roof area and the collector inlet
temperature, which is dependent on the temperatom@ng from the bottom node of the
thermal stores. The relationships are similar wséhpublished by Brinkworth (2001) who
derived a set of plots using the storage capaaitithe collector area as variables. The plot in
Figure 15 depicts the results of 16 simulationdhwiarying STC area and DHW draw-off,
since the volume of water draw has an impact onetmergy stored. As thermal storage
capacity is limited, due to space constraints, total of 2835 litres and a total solar thermal
collector area of approximately 110°nthe store capacity is the limiting yield factdihe
higher use of DHW empties the diurnal thermal st@ltewing the heat to be replenished,
hence increasing the yield from the STC. It is @onbted that the solar thermal yield is much
lower than the yield estimated in the literaturea(ivh and Watson, 2001), due to the limited
thermal storage. Also, due to the low pitched roofyield is generated if only space heating
was required (i.e. no DHW thermal energy demand).
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Figure 16 PV/Solar thermal trade off electricity thteermal energy yield

Figure 16 depicts the electricity to heat collecterea trade-off characteristic generated for
this building. Note from section 4.2.6 that the amnBREDEM estimates of electricity and
heat consumption are 20.6 MWh and 19.1 MWh respagti If the whole roof were covered
with PV, the yield would be around 18.5 MWh, or 99®f the electrical demand of the
building, as shown in Figure 16.

On the case study building a 3.78 KRV system, consisting of 3 x 6 Yinli 210 W PV pisne

is installed on the roof above the flats. The tsiaiface area of these panels is 27 just
under 40% of the available roof space of the fldise reason for this limitation is the
maximum return on the feed in tariffs; systems gv&kVp have a lower pence per kWh feed
in tariff rate. Every week the yield of the PV syist was recorded. The simulation estimates a
yield of 3.04 MWh per year. The measured yield V@8 MWh 5% higher than the
simulation. If the feasible roof would have beetlyfeovered with PV (excluding partially
shaded and 1 meter from the roof ledge), a towldyof 19.4 MWh or 95% of the total
electricity consumption could be generated. AltHougthis case the electrical demand might
completely be covered, no room would have beerfdeftolar thermal collection.

The main observation is that neither PV nor ST sapply 100% of the electricity and heat
demand, even when 100% of the roof is covered with or the other technology and so
additional low-carbon heat and/or electricity gexi@n is required. Another observation is
that the yield of PV is higher than the yield ofasdhermal energy. The reasons for this are
the limited storage capacity and the low pitchha toof. In summer, the diurnal store is at
the maximum temperature and therefore limits theddyfrom the solar thermal array. In

winter, the low pitch of the roof, along with thewer temperatures and limited radiation
reduces the collected energy.

It must be noted that space heating has a miniffedtgless than 0.5 kWh per year for the
whole building) due to the lower pitch of the sotaermal collectors. There is hardly any
collection during winter so the solar power coléettis only during the time that no space
heating is required and it is therefore used foMDH\s the capacity and time constant of the
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storage tank(s) is laid out for diurnal storagdaisenergy collected in summer can not be
used in winter.

4.3.1.5Variation of seasonal performance of heatpumps

To utilize the ambient thermal energy, heat pungrshe used. A heat pump transfers thermal
energy from a lower to a higher temperature by gomnsg a second source of energy. For
domestic application this is generally electricagyy. The COP gives the performance of the
heat pump at a set point; however, to estimateyiblel of a heat pump, the seasonal
performance factor (SPF) needs to be calculatedfoilie simulation. It is custom to specify
heat pump at temperatures that result in a high ,@@Pgenerally non general conditions,
e.g. 15 °C in and 35 °C out. As a result the sedgmerformance can be expected to be less
than the COP, as the average input temperatucsvisrland the output temperature is higher
than the temperatures set in the tests. Theretbig,seasonal performance over a given
period must be calculated from results from theusation by:

SPE= z Ethermal (11)
Trunninan
Where:
SPF Seasonal performance factor ()
Etherma Generated thermal energy (kWh)
Trunning Time that the heat pump is running (hrs)
Pin Electrical input power (kW)

Two heat pump models were simulated, a “standaedt pump as tested in appendix A, and
a high performance heat pump from the NREL tesbntepy Sparn et al.. (2011). One way to
model a heat pump is by its COP function:

COP = {A Tw,outz +B Tw,out"' C} Twet bulb2
+{ D Tw,out+ E} Twet bulb (10)
+{ F Twou + G Tuou+ H}

with:

COP Coefficient of performance (-)

Twet bulb Wet bulb temperature (°C)

Tw,out Water outlet temperature (°C)

The coefficients of the two heat pumps are showhahble 3. For the high performance heat
pump the coefficients A and B are 0, generatingpadard bilinear equation, as described in
appendix A.
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Table 3 Coefficients of the COP equations for tlaedard and high performance heat pump.

Heatpump Coefficients of the COP equation

A B C D E F G H
Standard -1.2.100 9.6.10' 0.017 0.0003 0.057 -0.0043 -0.46 13.3
High -- -- 1.1.10 0.0007 0.059 -3510 -0.11 12.9
performance

Table 4 SPF for a standard and high performancepusap
and two water flow temperature set points

Running period Seasonal performance of the heat pumps

Restricted to: Stggfgrd Stggfgrd nghGchr:form. nghSchr:form.
Whole year 1.64 2.33 1.89 2.66
Mar — Nov 1.68 2.58 2.09 3.01
Apr — Oct 1.72 2.78 2.28 3.33
Jun — Aug 2.10 3.15 2.59 3.82

The simulations confirmed the anecdotal evidencewfperforming heat pumps. Although
the COP in the datasheet stated a value of 3.qylaied seasonal performance in TRNSYS,
using the dataset obtained as shown in appendixth,a 315-liter storage tank and a switch
off temperature of the maximum temperature of 658Gwed a seasonal performance of 1.64
for a whole year of operation, a 50% reductionenf@grmance. A simulated high performance
heat pump increased this value to 1.89. The highBst was 3.82, using a high performance
heat pump, running during the summer and a watgplguemperature control set point of
55 °C. Table 4 shows that the difference in peréoroe is more dependent on the switch
point setting (55°C vs. 65°C) than on the statafopeance (3.5 vs. 4.3). The whole year
values are similar as found in the heat pump tiedd report from DEFRA (2012)

4.3.1.6Conclusions from the modelling

The energy balance shows a total energy requiremiearound 40 MWh for the whole

dwelling. Just over half (20.6 MWh ) is required faectrical energy, 19.2 MWh thermal
energy is required for which only 10% of the tagakrgy requirement (3.8 MWh) is required
for space heating. Including the variation due tzupant behaviour, the likely variation
boundaries are minimum 9 MWh electrical and 12.2 Milvermal energy to a maximum of
36 MWh electrical and 25.2 MWh thermal energy.

Limitations due to roof space on the PV and/or Syi€ld (with 100% available roof
coverage, the yield estimated to be 18.5 MWh) stppbe conclusion that solar energy on
its own can not provide all the electrical andh@rmal energy required.

Limitations on available thermal storage limits tfield on solar thermal. With a 315 litre
water store in each dwelling, the total yield ofasdhermal is only 7.5 MWh. Higher water
consumption increases the yield; with a consumptibd60 litres the yield is 10.5 MWh,
about half the yield of PV.

The performance of heat pumps depends on the tatoperdifference between the cold and
hot side. Running the heat pumps therefore dumingnser (provision of hot water) will result
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in a higher seasonal performance. Lowering theckivity temperature from 65 °C to 55 °C
also improves the seasonal performance, even rharethe difference between a standard
and a high performance air source heat pump. Thatia on performance ranges from 1.64
(standard heat pump, providing all thermal enehggughout the whole year and a switching
off temperature of 65 °C) to 3.82 (high performaheat pump, providing hot water during

the summer and switch of point set at 55 °C).

4.3.2 M AKING DESIGN DECISIONS BASED ON ANALYSIS OF THE RESULTS

The previous chapters described the consumption possible generation options. This
chapter investigates which combination of genenatiptions will lead to the lowest carbon
generation what effect the variation in consumptias on the generation option.

Figure 14 in section 4.3.1.2 depicts the demanelepe, and a similar picture for each of the
generation options is also required.

4.3.2.1Graphical representation of the generation options

From the previous studies it was concluded that ¥N,HP and CHP were the only suitable
candidates to generate on site low carbon enerpgsd generators are visualised in a
thermal/electrical grid, the results are shown iguFe 17. On the vertical axis the thermal
energy generation is depicted, and the horizoxial@epicts the electrical generation.

A heat pump with a seasonal performance of 1.64ldveequire 1 kWh of electricity to
generate 1.64 kWh of thermal energy. As a resudt,slope of that vector is negative with a
factor -1.64. A heat pump with a higher performamegquires less electrical energy to
generate the same amount of heat, therefore the sloreases.
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Figure 17 Vector diagram of the generation options
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On the right hand side of Figure 17 similar eletyiheat characteristics for two different

types of micro-CHP are also plotted. The CHP casvén this case) vegetable oil into both
thermal and electrical energy, the ratio of whigllétermined by the plant. The limiting cases
here are taken to be 1:1 to 10:1 (heat to elettyicAgain, the length of the vector is

proportional to the number of running hours andl$® proportional to the amount of fuel (in

this case) vegetable oil used. Note that since sabgdler, biomass boiler or ST do not

generate any electricity, they would be represehted vertical line extending upwards along
x = 0 from the origin of the plot to the appropriate walaf annual heat generation: PV
extends horizontally rightwards aloryg= 0, to the appropriate value of annual electricity
generation since it does not produce heat.

PV and ST share, however, another limitation; tad space. If “roof space” is considered as
the generator, the vector could generate thernthksectrical energy, similar to the CHP, but
only limited to the “roof yield limit” line. Althogh combined PV/ST are in production, they
are not commonly available. If they become comna¢ravailable, the electricity generated
by the PV would be a (fixed) horizontal line, ame thermal collector yield a vertical line,

depending on the storage and the consumption.

4.4 FINDING THE LOWEST CARBON GENERATION MIX

4.4.1 GENERATION COMBINATIONS FOR LOW CQO, EMISSIONS WITH A SINGLE
CONSUMPTION POINT

The heat/electricity generation characteristiciateg for the generation equipment in Figure
17 can be used in isolation, or in combination é&ednine the annual total building €0
emissions (tonnes Cyear), ¢,

A 9¢gas + Tchpluchp¢veg_oil

boiler ,7chp

(@)

§0: A‘E‘wgrid +

where Ag = £, — &4,y the difference between the annual generationlesftricity and the

annual electricity demand (MWhl/year) amg, is the carbon intensity factor for grid

electricity (kg CQ/kWh). If the installed generation equipment doest produce the
electricity required, grid electricity is used t@ake up the difference. Conversely if there is a
surplus of electricity generated, the £@missions from the buildings will be negative,
indicating an offsetting of COemissions released by electricity generated by ghe.
A6 =08, - b, is the difference between the annual generatioanaf demand for heat
(MWhlyear) and ¢, is the carbon intensity factor for natural gas.lyOBHP has been
considered in the analysis and hergg, and 4, give the run time (hrs) and the fuel
consumption (fffhr) and again factored by the efficiency,,() and the carbon intensity
factor @, . - If surplus heat generated, this is dumped andéenmplete energy balance

can not be achieved, resulting in a waste of themnargy (1.3 MWh in the simulated

44



The Research Undertaken

BREDEM case). If the generation equipment doespnotluce sufficient heat it is assumed
that this is achieved by burning natural gas inmventional boiler plant.

The deficit in thermal energy demand supplied bg thoiler is factored by the boiler
efficiency, 7,,..- A& and A@ are derived from characteristic plots that dephet annual

generation characteristics of the renewable engeperation equipment. These have been
derived from the simulation and hence implicitlpmesent any operational characteristics that
are due to control set-points, strategies and digmdcigure18 shows two plots: the left with
the high performance heat pump, running all ye#n wiwater flow temperature of 85 (SPF
equals 2.66); and the CHP characteristic linesttier1:1 heat to power generation plotted.
The right plot details the STC/PV trade-off curven Figure 18 for the BREDEM case of
80litres/day DHW draw-off. On both plots the tar§BREDEM) heat/electricity demand is
indicated by the large black dot: this is the tangdue, if the generation line crosses through
the demand point there is no over or under gemeraind the demand is satisfied. The CHP
in the first plot demonstrates that the CHP aloreenvrun for 2350 hrs can satisfy the
electrical demand, but with around 1.4 MWh/yearropgeoduction of heat. The HP uses
electricity to generate heat and requires aroun2l BWh/year in addition to the
20.6 MWh/year required to satisfy the electricaindad from appliances. The right hand plot
demonstrates that on this building the limited rephce means that the target demand for
electricity and heat cannot be met with either P\&®.
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Figure 18 Single and “roof’ system generation cdjpis and the required energy generation target.
This way of representing the analysis can be exend include multiple generation devices.
Figure 19 depicts the characteristics of a numbecoonbinations of equipment and the

resultant generation demand deficit, note thagtiek acts as an “infinite” electrical store and
that in the simulations each dwelling was equipwéd a 315 litre hot water store.
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Figure 19 multiple generation capabilities andrédgpired energy generation target
Figure 19 depicts four plant combinations. Thettep plots (a, b) show two, two-technology
options, PV and HP (a) and PV and CHP (b) and botifigurations utilise a 100% of the
roof area covered with PV. The former option hageaeration deficitAe =137 MWh/year,
while the latter option has a heat generation defi =171 MWh/year, although the CHP
required heatd provide a surplus of
Ag =-271 MWhlyear electrical energy, which may be desiraldepending on feed in

can be run for

tariffs.

longer to deliver the

The bottom two plots (c, d) in Figure 19 depicteintechnology options. The option on the
left uses a combination of PV and ST on the rdw, halance of which is determined by the
selection of the CHP. In the plot the dotted linerans the relationship between PV and ST
yield in Figure 16. The solid line represents tbenbined heat/electricity generation from the

roof-installed technologies. The dashed line dspice CHP generation. Here a CHP with a
heat to power ratio of 1:1 has been selected, wihdtarmines the gradient of the dashed line.

Following this line down from the target intersedise PV/STC characteristic line,
determining the appropriate balance of roof gemaratechnologies to be 44% PV and 56%
STC. The length of the dashed line represents Hieé @inning time and hence the quantity of
fuel used: this line is shorter than the CHP limeshe top right plot and in the bottom left
plot, reflecting the reduction in vegetable oil dise
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The last plot in Figure 19 shows the second ofttinee-technology options. The additional
PV on the roof, a 100% in this option, is usedftsai the power required for the heat pumps
shown by the solid line. The dashed line showsatlditional heat and electricity generation
provided by the CHP, producing 5.6 MWh/year of haatl the same of electricity. The
reduction of the CHP run time between this optiow @ahe former option is due to the
additional heat generated by the HP and this sagmfly reduces the vegetable oil required
and hence the GQproduced. Option d depicted in Figure 19 is thefigoration with the
lowest possible C@emissions for this building.

Table 5 Summary of onsite thermal and electricégayation options for the SHINE-ZC building

Solution Onsite energy Capacity Operational Percentage of base-case  Annual total
code system time building energy demand  building CQ
supplied by onsite energy emissions
systems (tonnes
CGQOylyear)
Thermal Electrical
- Base-case Gas boiler 20 kW Jan — Dec 100% 0% 14.32
-%_ HF Heat pump 20 kw Jan — Dec 100% -35% 14.58
; CHP CHP 22 kW Jan — Dec 107% 100% 8.05
{%’ STC Solar thermal 230m Jan — Dec 47% 0% 12.67
PV Pv 25 kw Jan — Dec 0% 90% 4.59
Heat pump 20 kw Jan — Dec 53% -18%
HP'-STC Solar thermal 230%m Jan — Dec 47% 0% 12.80
Total - - 100% -18%
Heat pump 20 kW Jan — Dec 100% -35%
® HP'-PV Pv 25 kw Jan — Dec 0% 90% 4.85
2 Total - - 100% 55%
8 CHP 22 kW Jan — Dec 61% 56%
E CHP-STC Solar thermal 230°m Jan — Dec 39% 0% 9.25
Total - - 100% 56%
CHP 22 kW Jan — Dec 11% 10%
CHP-PV PV 25 kw Jan — Dec 0% 90% 3.94
Total - - 11% 100%
CHP 22 kw Jan — Dec 66% 61%
CHP- Solar thermal 130%m Jan — Dec 34% 0% 4.92
STC- PV 10.75 kwy Jan — Dec 0% 39%
PV Total - - 100% 100%
ol CHP 22 kw Dec — Feb 29% 27%
% HP -CHP- HP 20 kW Mar — Nov 71% -17% 2.19
§ PV Pv 25 kw Jan — Dec 0% 90%
E Total - - 100% 100%
HP 20 kw Jan — Dec 50% -18%
HP'-STC- Solar thermal 130m Jan — Dec 50% 0% 6.94
PV PV 10.75 kW Jan — Dec 0% 53%
Total - - 100% 36%

Note:" if a heat pump is used whole year round, a stankdeatl pump with 65 °C switch off
temperature is used (SPF = 1.64) For the March/Mdéee period, the SPF of 1.68 is used.

Expanding the generation equipment combinationooptirable5 details the balance of heat
and electricity generation and demand for eachede and gives the annual goduced in
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each case. A value of 100% shows that all of teentlal or electrical demand is met by the
onsite energy system, a value of 0% shows that obiiee thermal or electrical demand is
met. A negative value shows that the configuratimmeased the electricity demand required
(i.e. to power a HP). A value greater than 100%wsha surplus generated: Electricity is
exported to the grid, but heat is assumed to bepednto atmosphere, the g@®missions,
however, are added to the total. Overruns of plarachieve the production of electricity
while dumping heat or vice-versa is not consideredhis analysis, although is a viable
option. Using the model and the BREDEM energy consion values, the amount of GO
emitted is 2.19 tonnes. The measurements and atisaspf the first year during occupation
shows an estimated electricity consumption of MWh and thermal consumption of 24
MWh. Using these values, the emission of,@@creased to 1.34 tonnes.

4.4.2 GENERATION OPTIONS COVERING THE DEMAND ENVELOPE

Section 4.4 looked into the lowest g@mission possible to achieve one fixed simulation
point. However, as shown in Figure 14, due to theation in occupant behaviour it is not
one point that needs to be covered, but the demawelope. The same technique can be used
to determine the feasibility of fulfilling the ermggr demand through the on site generation
equipment.

In this instance, it is assumed that the roof seced with PV, the simulation show a higher
yield from PV than from ST. The combination of geatmn plant is therefore similar to
option d of Figure 19, PV is generating the eletiriand a combination of running hours of
the CHP and HP to match the balance in electrivadlthermal demand.

The result is shown in Figure 20. The demand eipeels shown as the greyed area 1-8. PV
generates up to 18.4 MWh per year, and this peiimdicated by point A. The CHP and HP
will be required to generate the energy that the &Winot, hence these generator’s
characteristic line is rooted at point A. As stabediore, the heat pump requires electricity to
transfer heat, therefore the resulting line A-B hasegative slope, defined by the seasonal
performance. To the left of the line the PV will &lgle to satisfy the electrical demand and the
power required to run the heat pump to satisfylthat demand. To the right of the line
additional electricity generation is required henoere PV or where that is not possible, the
use of CHP.

A CHP generates electricity and heat, thereforsldgpe is positive, the slope defined by the
heat/power quotation. The resulting CHP charadteris line A-C. To the left of the line the
CHP will produce a surplus of electricity, whichnche either used for the heat pump to
generate additional thermal energy, or fed bact the grid. To the right of this line, the
electrical demand can not be satisfied without pootg a surplus of thermal energy and
thermal energy is wasted in this case.

As a result, the demand envelope is split in tlsesions, area 1-3-4-5-6-8-1, 1-2-3-1 and 6-
7-8-6. In area 1-3-4-5-6-8-1 a total energy balazare be struck by a combination of running
hours of the heat pump and the CHP. Both the stedilanergy demand (dark triangle) and
the measured demand (grey diamond) shown in FigQrare in this area. On the left hand
side of line A-B there is a surplus of energy gatien; line A-B is the “zero-carbon line”. In
area 1-2-3-1 a surplus of electrical energy is gerd by the PV, which can be sold back to
the grid, in this situation the dwellings are tcggbon negative and the CHP is not required.
In area 6-7-8-6 more electrical energy is requingith a surplus of thermal energy. In this
case thermal energy must be wasted if 100% ores#egy generation is required.
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The zero-emission line is line A-B. On this lineetelectrical energy generated by the PV is
sufficient to cover the electrical energy demand #re electrical energy required to run the
heat pump, to generate the required thermal englgy CHP has a fixed ratio of electrical to
thermal energy, independent of the amount of rumhiours, the angle is fixed, but the length
is determined by the amount of energy required,thacefore linked to the emission of €O
This results in a parallel line to the line AB dwetamount of emitted GO

=237 liter DHW/day + 122 Ilter DHW/day
35 7| —=—CHP yield 3/
. —+— Heat pu yield A Modelled energy consumption
¢ Measured nergy consumption oo CO2 emissions
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Figure 20 Coverage of the demand envelope by therggon options of PV, HP and CHP.
In respect of C@ emissions, the emissions increase linearly with imning time of the
CHP. This is shown in Figure 20 with the emissioies parallel to the heat pump yield line.
The highest C@emission is at point 5, which requires the largesbunt of operating hours
of the CHP. At this point the G@missions are estimated to be 6.5 tonnes.

The PV, CHP and HP are all needed to have a goadcehof achieving a complete energy
balance with a minimum of waste heat generatiore Tbverage risk indicator;, can be
calculated by,

Iy = ahpp/alde, (2)

where @y, and @e are the heat/power possible provision area (1-&®) likely demand
envelope area (1-8) respectively. For this buildjreB0%. Especially high electrical demand
combined with low thermal demand might result insteaof thermal energy. If the CHP
heat/electricity production ratio increases frorh, The value of will go down indicating an
increased likelihood of the building not performmgh a complete energy balance as waste
heat is generated.
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Another area of interest is the area with low eieat use, 1-2-3-1. In this area the PV array
on the roof is producing more electricity than riegad to generate the thermal energy with the
heat pump, i.e. the building is carbon negativee Thverage carbon negative indicaigt,
can be calculated by a similar formula dividing #rea of 1-2-3-1 with the total area of the
demand envelope, as in (2), and in this ¢ase 10%.

With the first year measurement and estimatiorhefénergy consumption, a larger thermal

but less electrical energy than modelled was requiThe total energy requirement is the

same. As a result the CHP has to run fewer houdstlh@ heat pump running hours are

increased. The net effect is a lower £émission with the measured energy consumption
values than the simulated values. With the measeneiigy consumption and an optimum

energy generation, the G@missions are reduced with 40% from the 2.19 tempredicted

by the TRNSYS model to the 1.33 tonnes with thesuesd data.
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5 FINDINGS & IMPLICATIONS

As with any study, the findings and implicationg amly valid within the set assumptions.
Different types of building, (with regard to oriatibn and/or envelope), plot size and/or
location and of course economic factors deternfiaegiven solution is valid and economical.
In this case study, the limitations of a flat roadyy limited storage capacity, limited plot size,
commercially available systems and the focus oneimessions of Cg rather than cost,
resulted in these key finding. These key findingd their implications are detailed in the next
sections.

5.1 REQUIREMENTS FOR MULTIPLE RESOURCES

Due to variations in energy consumption by the peatls, multiple renewable energy sources
have to be implemented to achieve the lowest ples€i©, emission.

Table5 showed the possible energy generation configamatand their corresponding €0
emissions. Of the single source options (eithearsddiomass or ambient thermal), installing
PV to cover the roof has the lowest £€nission with 4.6 tonnes GOThis is due to the high
CO, intensity of the national grid. Biofuelled CHP esninearly double the emissions
compared to PV, (8.1 tonnes gQollowed by solar thermal (12.7 tonnes £.CAn air source
heat pump with a SPF < 2.4, used year round witt glectricity, emits more than a
conventional gas boiler. If limited (diurnal) stgeais available, the yield from PV is higher
than the yield of solar thermal.

With dual resources, the lowest emissions are agtignto be achieved by the combination of
bio-fuel CHP and PV, where the CHP only runs in ¢th&lest months, December/January.
During the rest of the year the g@missions of a condensing gas boiler are assuites.
total CQ, emission from this option is 3.9 tonnes Qt&r year. The next preferable option is
PV/Heat pump. As 90% of the electricity consumptienprovided by the PV, the GO
emissions from the electricity used by the heat pane reduced to 4.9 tonnes 8&r year,
again the emissions of a condensing boiler arenasguto provide the required thermal
energy. Using triple resources, a combination of EMP and HP results in the lowest £0
emission, 2.2 tonnes Ger year. First year on site measurements showtehthermal
consumption combined with a lower electrical conptiomn compared with the modelling
assumptions. In this case the emissions are lrfesoof CQ per year.

5.2 FEASIBILITY OF ZERO CARBON IN COMPACT URBAN
DWELLINGS

Although the combination of PV, CHP and HP is tbevdst generation option, it is not
completely carbon free when producing the requekttrical and thermal energy, with a
simulated emission of 2.2 tonnes £fer year for this case study building. If it isased
that the case study is typical of new urban dwegdinthis suggests that there is a high
likelihood that zero-carbon energy generation cainbe achieved in compact urban settings
with the currently available technology and carliitense grid electricity when including the
in-home appliances (unregulated) as stated in 8id. ©ue to the possible variation in energy
consumption across dwellings, a demand envelopdefmed. With the given energy
generation options, 90% of this demand area cacolered without a surplus of electrical
and/or thermal energy over a period of one yeamswomplete balance of thermal and
electrical energy can be achieved by selectingtineect mix of renewable energy generation
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systems, PV, CHP and HP. In approximately 10% efdémand envelope, zero carbon can
be achieved using PV and HP. The building can len @arbon negative, i.e. the surplus of
electrical energy produced offsetting the carbdangse grid electricity will effectively reduce
the CQ emission.

5.3 SHIFT OF ENERGY DEMAND

As expected, the sum of electrical energy and thkemergy for DHW outstrip the demand
for heating in low carbon dwellings. This is a aamftion of previous studies (Gill et al.,
2011).

In the building industry there is a perception tiet largest energy consumption in a dwelling
is thermal energy required for winter heating. éasing the building standard with better
insulation, lower air leakage and ventilation witteat recovery reduces this energy
requirement. Historically, space heating accoufbedver 60% of the energy consumption,
however, the simulations show that with highly ilased dwellings the amount of space
heating required could be less than 10% of the allvemergy consumption. Electricity

(including cooking, lighting and appliances) regsirapprox. 50% of the energy demand
according to the model and DHW requires 40% otdh& energy demand.

The on-site measurements showed that the actuairedgspace heating of the case study
building in 2012 was much lower than the UK average60% of the overall energy
requirement, but not as low as the 10% achievatiensimulations. It is estimated that just
under 30% of the energy was required for spacerediower electricity consumption of
15.5 MWh instead of 20.9 MWh per year resulted inigher space heating demand as the
actual internal electrical gains are lower thanudated electrical gains. The 2012 summer
was exceptionally wet and dull and there is anedd®mtidence of switched off MVHR units
(instead ventilating by opening windows) and obatons in low energy conscious occupant
behaviour, e.g. people leaving the doors open whitwking at the front door. These factors
will increase the requirement for space heatingh@lgh higher than the simulated 10% of
the total energy consumption, it is still less thelf that of a conventional dwelling. Further
measurements and information to encourage enemgcmus behaviour to the occupants are
required to confirm this finding, or if this is @xception mainly due to occupant behaviour.

5.4 CONTRIBUTION TO EXISTING THEORY AND PRACTICE

5.4.1 REVIEW OF THE ENERGY CONSUMPTION AND GENERATION
TECHNOLOGIES

In the literature there are numerous articles at#8l on the design of zero-carbon homes.
Generally speaking the generation side of theserpdpcuses on either the electrical side or
on the thermal side of the energy required. Howeeele used as design criteria both aspects
are equally important.

For most simulation studies in the literature, datian parameters are not optimised for a
compact urban situation. Although the building faljparameters are similar as for most
studies, the rest of the parameters used in thdystapartment buildings with limited roof

and storage space, in an urban location with slyaloynneighbouring buildings, suboptimal

orientation and roof angle and low wind yield) pieva much more likely scenario for homes
built now and going forward in the UK, due to urlsation and the trend towards smaller
households.
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Available space puts a limitation on storage. Far $torage of electrical energy, the grid is
used. However, for thermal storage, the maximize sf 315 litre water tanks could provide
thermal storage only for one day of thermal hedis Volume was set as the lowest limit.
Each property has its own thermal store, so a twathlme of 2835 litres thermal store is
available. A larger thermal store would increase ytteld of solar thermal, but this benefit is
of limited benefit due to the low pitched roof.

Energy reduction is mainly focussed on the spaegirige requirement, standard to be over
60% of the total energy demand. Well insulated diag fabric, in combination with
ventilation with heat recovery, reduces this demant0% of the overall energy requirements
in the simulation. The from the energy meter regsliastimated space heating energy use in
the case study building was 30% of the total, thirees higher as the simulated space heating
requirement, potentially due to a lower electrigsg, fabric (higher U-value of the wall) and
occupational (switching off heat recovery unit apening windows etc.) factors. DHW and
electrical consumption (i.e. the unregulated consion) can not be reduced by modifying
the building, but only by educating the occupamtsiesired behaviour. The values generated
by the BREDEM model generate a good starting plminthe simulation; the measured total
energy required matched the simulated value, affhcau smaller amount of electricity was
used. The demand envelope, the limit of the minimamd maximum of the thermal and
electrical demand has shown to be valid for thé®aech; however, more research is required
to finalise the precise boundary and shape ofates.

Solar energy can be harnessed in the form of tHeamd/or electrical energy. However,

limited storage space (in this case around 25 fiérent of solar collector) and a low pitched

roof (higher fluctuation in solar irradiance ovhetyear) limits the yield of solar thermal and
although, as described in most literature, geneRM has a lower yield in kWh per year, PV
is favourable in these circumstances when grid eot@a (the most efficient way of “storing”

the electricity) no local storage is required. A®sult the net yield of PV is higher than STC
per nf roof space. Certainly, because of the recent @mopV prices, the cost per kWh

installed becomes more favourable for PV.

Thermal energy can be recaptured from ambientsungi heat pumps. Ground source heat
pumps (vertical and horizontal) are under normaturnstances not suitable for compact
urban dwellings, either for cost reasons or gechlgdependencies and space limitations.
This restricts the solution to be mainly air souneat pumps although other options might be
possible, depending on the circumstances. A newlatitons model for an air source heat
pump, as described in appendix A, has been usé#tkisimulation, taking into account the

high air humidity often occurring in a cool marignslimate.

A small CHP plant can generate electrical as wellh@&rmal energy. To obtain the smallest
footprint and the ability to generate electricakmgy, the preferred option is vegetable oll
(VO) or bio diesel. Solid bio fuels have a lowerergy density and currently there is no
combustion plant available for these fuels thategat® electrical energy on this small scale.
Bio-gas is currently not readily available. Liqua fuels are expressed as a low carbon fuel,
these still emit C@equivalent green house gasses. As vegetable i €0, costing are
estimated to be twice the cost of standard di@s€lHP is approx. 5-10 times more expensive
than a condensing boiler, the economic viabilityra$ solution is questionable.

Literature review shows that wind energy is nobramended in an urban setting due to low
yield, high turbulence and noise.
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5.4.2 VISUALISATION AID FOR DESIGN

During the design stage, the implementation confepienewable technology is a key factor
in the feasibility of low carbon dwellings. A coittnting aspect of this study is the
introduction of a visualisation technique to aictid®n making at design stage on the lowest
carbon combination of generation options, alonghwittroduction of a coverage risk
indicator, which indicates the percentage likelith@d a particular generation configuration in
achieving a zero carbon building. Within the graghia demand envelope has been
introduced, the boundaries of which are the minimamd maximum expected thermal and
electrical energy over one year.

5.4.3 ANALYSIS OF THE GENERATION OPTIONS

On site renewable energy sources, as dedicatedystgmections to remote generators, and
as required by CSH level 6, are not feasible inudman situation. With limited storage
facilities on-site, resulting in only diurnal stgeaand low pitched roof, the yield of PV is
higher than solar thermal. Thermal energy can begeed by either using a heat pump or
CHP. For the lowest CQOemission a combination of PV, heat pump and CHRedgiired,
emitting 2.2 tonnes of COper annum simulated with the demand parameterdysehe
BREDEM method. This combination would only emit 1oBnes if the energy consumption,
using the measured data from the first year eneogygumption, was optimised using these
generators.

To achieve a complete energy balance, the demarelope must be covered by the energy
generation options. In this case study, approx. 8%e demand envelope, the combination
of PV, CHP and HP can cover the required combinaticthermal and electrical demand. As
the CHP is emitting C&only the combination PV/HP can achieve zero carlblois, is the
case in approx. 10% of the demand envelope. Therafo around 90% of the demand
envelope the case study building will emit net carbver the course of a year.

5.4.4 HEAT PUMP PERFORMANCE VARIATION

The simulation also shows that heat pumps expegi@negariation in seasonal performance,
depending on at which time(s) of year they are wsgtithe outlet temperature set point of the
heat pump has a large influence on the performéseeTable 4). Comparing a standard heat
pump with a high performance one, this switchingqhpeven had a larger influence than the

performance difference, running the pump to 55rf&ead of 65 °C had a higher impact than
the difference between a standard heat pump amghgokrformance heat pump. It would be

recommended to run the heat pump with as low a feegberature as possible, although a
high performance heat pump will decrease the étatigeneration demand.

5.5 IMPLICATIONS/IMPACT ON THE SPONSOR

The visualisation technique and coverage risk etgicintroduced in this study enable PS
Sustainability Ltd to decide on the most optimaintination of generation options for future
compact urban building projects at design stagemfthe perspectives of energy demand
coverage, cost and G@missions. It also enables them to calculate iktedyl level of on
going revenue in their capacity of Energy Servicenpany (ESCO).

On-site measurements and observations have indidht further communications are
necessary at the SHINE-ZC project to influence paat behaviour and achieve a demand
pattern that is more aligned with the sponsor’d gbaero carbon housing.
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The space heating demand was higher than the vsilmegated. One of the factors could be
the higher U-values; the wall measurements indithét actual U-values of the ICF are
higher than those claimed by the manufacturerss likely that the sponsor will want to
investigate this further.

5.6 IMPLICATIONS/IMPACT ON WIDER INDUSTRY

The results of this research show a number ofestarg facts that will have an impact on the
way low carbon dwellings will be designed and bugitting forward. Code Level 6 in the
Code for Sustainable Homes as it was declared @6 29 difficult to achieve in compact
urban dwellings. As the 2010 standard requiresadgell supply lines for remote generators,
the latter statement still holds true. Excluding tbnregulated electricity consumption
effectively eliminates CSH level 6, as the mairfetégnce between level 5 and level 6 on the
CO, emission site is the unregulated electricity comgtion. Net import from external energy
sources (renewable or not) is required. The teclgsdntroduced in this study can be used by
the industry at design stage to define the comiminadf energy generation equipment to
achieve the lowest possible g@missions for the site’s parameters.

The implication of smaller apartment based, higbdaled dwellings with high levels of
insulation and resulting low energy loss, shifts émergy demand from heating and weather
driven to electrical and DHW, and therefore occupdnven. Another effect is that, in
combination with a predicted increase in ambiemerature due to global warming and
higher electrical consumption (due to more effitidt increased number of electrical
consumer goods), maintaining an acceptable condonperature level is more difficult to
achieve in summer. The focus on energy generati@refore, needs to shift from heating
provision to electricity and DHW provision.

Economic factors will decide in the end if a saduatis viable or not. However, due to the high
volatility of some of the energy carriers and/oneerters, an economic view can only be
taken on a project by project basis, dependinghencbst/benefit analysis of that particular
project at that particular time. It is almost impilée with ongoing change in legislation and
tariffs, and the development in the PV market teegan adequate indication of the most
economical generic solution. In this respect, midtgeneration options, although they might
give the lowest possible G@missions, might not be feasible due to the ecanosstraints.

5.7 RECOMMENDATIONS FOR INDUSTRY/FURTHER RESEARCH

The findings of this study indicate that Code Le&eh the Code for Sustainable Homes as it
was declared in 2006 is difficult to achieve in gawot urban dwellings, which are the most
likely types of homes built now and going forwaddie to urbanisation and the trend towards
smaller households. In 2010 the requirements fateQaeevel 6 were relaxed, so that import of
renewable energy would be allowed. However, theirement that dictates dedicated supply
lines negates the feasibility of remote generatiptions. Although this is not a requirement

of* Allowable generation options” but the “Allowablgeneration option” is effectively a step

back, exempting the unregulated electricity consiondrom the energy balance.

The lowest C@ emissions are generated with PV in combinatiom aitheat pump. If a gas

connection is on site, thermal energy can be gé&knasing a standard condensing boiler,
otherwise, with larger emissions, provide thermargy through the heat pump throughout
the whole year. Due to the lack of (thermal) steragpacity, in a compact urban setting and
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with a flat roof, solar thermal is likely to havdawer yield than P.V. per installed kW. Due
to the price recent drop of PV, this might alsdhmecheaper option.

Building simulation methods using heat pumps inaitime climate should consider using
the heat pump model introduced as part of thisystadcalculate COP as a function of air
humidity, air temperature on the evaporator sicwaater temperature on the condenser side.

Further research is needed into new generationsém@ge technologies as they become
mature, such as combined photovoltaic and theriaa¢ls for example. These would need to
be included for consideration into the techniquesppsed in this study, to find the optimal
combination of generation options for a particudailding.

It is recommended that further studies are perfdratethe SHINE-ZC building, using actual
monitoring data once systems have been completdialied. This will enable further
investigation into actual demand patterns agaitfigrdnt weather patterns.

5.8 CRITICAL EVALUATION OF THE RESEARCH

One of the key factors of the Code for Sustain&ldenes is that new residential dwellings in
the UK must be “zero carbon” during occupation.haligh the direction of the building
industry in the UK is heading for small apartmeaséd dwellings, limited research has taken
place into the feasibility of zero carbon for thype of dwelling. For developers it is therefore
difficult to establish at design stage which anavhouch of the available renewable energy
generation is required for this type of dwellindieTaim of this research was, therefore, to
understand the effect of practical constraints eal building design and technology on
achieving zero or low carbon performance in compaaan dwellings in a northern European
maritime climate.

Current commercially implementable renewable gdaim@raechnologies were evaluated for
their suitability in a compact urban setting. PMI&@®TC compete for roof space, the only
available space for solar collection; air sourceathpumps were deemed the only
commercially available and therefore viable elealrito thermal energy converter and a
micro CHP running on VO the only bio fuel micro geation plant capable of generating
electrical and thermal energy. As vegetable oilter@iQ, costing estimated to be twice the
cost of standard diesel, the economic viabilitytlwf solution is questionable. Similarly,

ground source heat pumps, horizontal, verticalgltamles) or integrated in the building fabric
are possible, but not readily commercially avagabhd likely to be cost prohibitive in a

compact urban setting.

A model based approach was developed to evaluateeiergy consumption and energy
balance under the specific constraints of compdmrubuildings, i.e. limited roof and storage
space, shading by neighbouring buildings, suboption@ntation and roof angle, and low
wind yield. Most other low carbon home simulatiogsins in the literature use favourable
parameters to meet the objective of low carbon gioms, however, these do not satisfy the
much more likely scenario of compact urban buildindue to urbanisation and the trend
towards smaller households. This study further jolex a review of the available information
for parameter selection to drive the simulation smchodel the case study building on which
to base further analysis, validating the estimateergy consumption with measured data. The
simulation based analysis of the renewable systmmbmations enabled investigation of the
influence and interdependencies of heat and et@gtilemands on the on-site zero-carbon
generation performance, for which there is limitgfdrmation in other studies.
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Another contributing aspect of this study is th&#aduction of a method of visualising the

combined occupant, building and equipment genaradiod consumption characteristics to
support better design and enable decision makindeaign stage on the combination of
generation options with the lowest g€@missions during occupation. A coverage risk
indicator was introduced, which indicates the petage likelihood of a particular generation

configuration of achieving a zero carbon buildinGraphical representation enabled
introduction of a demand envelope, the boundarieshech are the minimum and maximum

expected thermal and electrical energy over one.y€he visualisation methods and

simulation of the case study building were impletednto investigate the performance of
different mixes of renewable generation technoltmgstablish the combination most likely

to achieve zero or low carbon performance in peacti

It can, therefore, be concluded that this studydaisfied its aim of developing an approach
that can be used to establish the most appropmnatef low carbon generation technologies
to satisfy the net yearly demand for low energy paot urban dwellings in a maritime

Northern European climate at design stage.

Having a real compact urban building as a caseystad helped set realistic parameters in the
simulation model, and on-site measurements ardngelp corroborate the findings in this
study.

The main academic recommendation as a result sfrésearch is on going research into
emerging generation technologies (e.g. the combmaif PV and solar thermal) as they
become mature for consideration into the technigoeposed in this study, to enable
identification of a future combination of renewaldeneration technologies capable of
establishing true zero carbon compact urban dvgslin

A further academic recommendation is the use ofhis@ pump model introduced in this
study in building simulations for a maritime clireatlf the COP curves or equations are
known, this model has and can be adapted for otloglels of heat pump.

Recommendations for the sponsoring company inctaaginuation of measurements at the
case study building to enable confirmation of egergnsumption findings so far, further
education of occupants of the case study buildingchieve a demand pattern that is more
aligned with the sponsor’s goal of zero carbon mgysand investigation of measured wall u-
values against ICF manufacturer performance claims.
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APPENDIX A An Air Source Heat Pump Model
For Operation in Cold Humid Environments
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pump model for operation in cold humid environmer@th International conference on
system simulation in building$3-15 December 2010 Liege

Abstract

There is considerable interest in the use of heaips as a potential low-carbon alternative to
fossil fuel-based domestic space heating and htgrveystems. In many cases, heat pumps
are combined with other energy sources such as th@anal and/or electric resistive heating,
to ensure that building thermal loads can be nret,ia order to minimise carbon emissions
from such integrated systems. Whilst meeting thefoat demands in the occupied space,
relatively complex control strategies are requiredomparison to simple thermostatic control
typically implemented to control gas fired heatiagstems in domestic buildings. Well
characterised models of the principal componenthede systems are required to explore and
identify the most appropriate strategies in simafatHowever, models of air source heat
pumps (ASHPs) operating in humid climates, sucthadJK, are limited. This paper presents
an experimental setup designed to capture the tiperaf the ASHP in conditions similar to
those found throughout a typical heating seasdahariJK. Results from a number of tests on
a 10kw ASHP are presented in terms of the coefftaé performance (COP) and the steady-
state operation are used to develop a model usmgirieal curve fitting. The overall
maximum time constant is also established. Thetregunodel calculates COP as a function
of air humidity, air temperature on the evaporasmte and water temperature on the
condenser side.

Keywords — Air source heat pumps, empirical model ...

Paper type — Conference paper
Corrigendum: Equation (2) on page 67 is not coraect therefore the sentence:
The heat transfer on the refrigerant side is gibsgrequation 2.

Q=pVdhg (2)

can be ignored.
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1 INTRODUCTION

Simulations can be used to study the performancebus physical system or component
configurations in order to identify suitable values control parameters that aim to reduce
running time, reduce energy consumption and mirgmiserating costs (Fu et al, 2003). The
identification of appropriate control strategiesrisreasingly important for domestic systems
that have two or more sources of heat generatiail &éfined and realistic models of the key
components, of which ASHP’s are one, is esserAi@HP’s offer great advantages in terms
of cost and a reduction in installation time, butisadvantage is that by using external air as
the heat source, makes them sensitive to the fireyair condition. In humid climates such
as the UK it is common to observe close to satmatonditions for significant periods during
the heating season, which results in partiallyutilyfwet coil operating conditions. In colder
periods this can lead to frost formation on thepevation coil, to prevent excessive frost
build up the ASHP must run from time to time ineese, to free the air-side coil of ice. The
identification of these characteristics has beenftitus of the work described in the paper,
this work was carried out in order to develop a eldtat more correctly reflects the likely
operating conditions for an ASHP in a cold humigisonment.

The paper presents the test set up, data fromes sdrtests performed on a 10kW domestic
packaged ASHP unit. A model is developed that dessrthe ASHP operation for
approximately 70% of typical heating seasons imticiands of the UK.

2 MODELLING HEAT PUMPS

Existing literature describes approaches for theeldg@ment of heat pump performance
models. One such approach for heat pump performgimadation involves characterising the

operation in terms of the underlying physics of tirecesses in each of the individual
components, i.e. the compressor, condenser, expangalve and evaporator. The

simultaneous solution of the equations describingssn momentum and heat-balance
equations, thermodynamic and thermo-physical ptgpeglationships and heat or work

transfer relationships needs to be executed torgenan output from the model (Welsby et
al, 1988). The governing equations take the formrdinary differential equations in dynamic

models, compared with algebraic equations usedtieadyg-state modelling (Ahrens et al,

1983). System variables such as refrigeration mexticompressor efficiency and the
refrigerant flow through the heat exchangers, h@rekave a great influence on the overall
performance of a heat pump and are difficult to ebo@he result is that first-principle based
modelling of heat pumps is complex, error prone ahdimited practical use (Heap et al,

1979).

Another approach is to treat the heat pump as ackblbox’, modelling the internal
thermodynamic and heat transfer processes impligitithe relationship (Morrison et al.
2004). Taking the empirical data and fitting a neatlatical curve to this is one such
approach, and has been proven effective for modelieat pumps. A key parameter for
assessing heat pump operation in heating mode iI€@P. This is defined as the ratio of the
amount of heat output (in this case heating of wate the energy input, in this case the
electrical energy used to drive the refrigerant pudm an ASHP the heat source is the
ambient air, the driving power is electricity aree theat is transferred to water in the heat
distribution circuit. The variables of each of tae®mponents are listed in Table 1. Not all of
these variables need to be explicitly modelledesimany have little impact on the COP and
therefore can be neglected, simplifying the resglgolution.
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Table 1: Required variables for ASHP modelling.

Air inlet properties EIectrich Water outlet properties Time constants
properties
Inlet temperature of the air Voltage Inlet temperature Starting up time constant
Outlet temperature of the inlet airCurrent Outlet temperature De-freezing time constant
Air Humidity of the inlet air Frequency Flow rate Heat transfer time constan
Air Humidity of the outlet air Power factor Density
Flow rate through the evaporator Specific heat capacity
Wind regime over the heat pur
(angle and speed)

t

2.1  SELECTION OF INLET AIR PARAMETERS

The air inlet temperature is a key parameter usethe characterisation of ASHP. A simple
model as used by Andre et al (2008) that modelsetmperature difference between the cold
air inlet and the hot water output. According toabHeet al (1979) air humidity has an
influence on the performance of an air source peatp; if the temperature on the evaporator
is above freezing, the latent heat from the condgnsir moisture will increase the
performance. However, if the temperature of thepevator coil is below freezing, ice will
collect eventually closing off the flow around teeaporator fins. Chen et al (2009) studied
the influence of the air humidity and recorded &oclfluctuation in COP with an air humidity
variation of 65 to 90%: Freezing of the evaporatoit was stated as the main reduction in
performance. The inclusion of air humidity as apunparameter is therefore critical when
modeling ASHP performance in locations with a hgyevalence of excessive humidity at
low ambient temperatures.

If we assume that the air is not re-circulated,ainéeaving the heat pump has no influence on
the heat pump anymore and hence has no bearingeoperformance of the heat pump.
Exhaust air parameters like the temperature anddiynare assumed to have no influence on
the performance. In practical operation, in cordirspaces this might not be the case, but
installation recommendations should limit this tydecirculation.

The flow rate through the evaporator coil, is cdesed to be constant. In a real installation
the evaporator coil will experience the collectwiy dust, pollen, leaves, etc on the air-side
coil surface (Pak et al, 2003), which could hawdetimental effect on the performance. The
effects of variable wind velocity (Yao et al, 20@8n also influence performance, but these
issues are beyond the scope of the work reported he

2.2 ELECTRICAL PARAMETERS

The heat pump is controlled through on/off switchiof the compressor, and as such is
representative of the most commonly installed ASHiRs used for domestic applications.

ASHP’s are electrically driven and the input eleetr supply is assumed here to be a nominal
230V at 50Hz. It is recognised that to accuratelgwate the COP of the heat pump, the time
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varying characteristics of the input power neetidaletermined precisely, this necessitates an
accurate power factor measurement. As partial hgadif heat pumps using frequency
inverters for the compressor becomes more comrhervdltage frequency and/or the partial
load factor will need to be included (Bettanine&t2003).

2.3WATER OUTLET PARAMETERS

The heat on the condenser side of the heat purtranisferred into a fluid (typically water)
via a heat exchanger. Here the water is not mix¢ll antifreeze or other liquids, and so the
relevant properties are taken to be: density, 998 expansion coefficient, 0.21 xI0C
and specific heat, = 4.1855 kJ/kg°C @ 25°C. The heat transferrechéovtaterside can be
evaluated using equation 1:

Q=pV AT (1)

Where p is the density, V is the volume, ¢s the specific heat capacity amdl the
temperature difference between the water inlet \@ater outlet temperature. Variations in
density and specific heat are considered to beigielgl over the range of temperatures
experienced during normal operation. The heat tearex! into the water on the condensing
side is determined by the heat exchanger configurand operating conditions. The heat
transfer on the refrigerant side is given by eaquna®.

Q=pVAhg (2)

with Ahyap the specific latent heat of evaporation. Fromwith a given heat output Q, a set
flow rate V and a constant density and specifid,hather the heat distribution loop outlet or
inlet temperatures are required to determine thgpéeature difference over the evaporator
colil.

Water mass flow rate through the heat exchangatsis important, particularly if the flow
rate is sufficiently low such that it is laminahig will have a significant impact on heat
transfer coefficient.

24  SYSTEM TIME CONSTANTS

The aspects discussed above are the static paraméte heat pump. To generate optimised
control, the time constants within the system adsed to be known, especially the start-up
time constant. This is the time between startirgghtbat pump and the output power reaching
63% of its end value with all other parametersdixe

Another performance related time constant is thatchn between defrost cycles. This time
constant is dependent on the temperature and theiaidity. As stated previously, Chen et
al (2009) recorded the time between defrost cyaksa function of the air humidity and
temperature.

The third time constant relates to the heat capatithe heat pump coils. If the flow is varied
within the coil, there could be a delay in tempearatvariation due to the heat capacity of the
heat exchanger within the ASHP.
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From the above discussion the focus of the sinmanatvill be on the temperature and
humidity on the evaporator coil/air inlet side betASHP, the water in, outlet temperature
and the flow rate of the water in the condensee %fl the heat pump. Time constants,
especially the starting up time, also need to kebéished.

3 EXPERIMENTAL SET-UP

The test rig as shown in Figure 21 was built ummenvironmental chamber. Water was
connected to the ASHP via a three way valve (V3hesl a water mass flow controlling two
way valve (Valve2). A pump provided the necess#éow ffor circulation. The water outlet
temperature (Jo.u)at the condenser is controlled by adjusting théewanass flow rate
(Valve2). The condenser water inlet temperatutg{Tcan be controlled by mixing the warm
water from the outlet with the cold external fe&tl{el). A bypass valve placed in parallel
with Valve2 ensures a minimum flow rate. The flavmeasured with a calibrated oval gear
flow meter, with an accuracy of £0.5 % of the maximflow.

Environmental Chamber
. . Tout_
Circulating Pl L~ valvel
Steamer air ; control 1 i Warm water out
Heat pump E : :““*:
Tamb e % ! E i )
} Tw,out B ! i
ypass ! |
i } valve ! !
\ ( > Tun = E | Cold water in
%RH N w,in 1 ! P
: < i 6]/ N ! -
| T ! Valve2 i
! Power i Pum ;
| o measure- | |
Pl T b o menr T Pl !
q-------—- J ment T L
control 3 Ui, I in _1 control 2
T%RH set 230V,

Figure 21: Schematic model of the Test rig.

The principle of the test is based on definingaatstg temperature and air humidity, within
the chamber, and then letting the ASHP run codlivegchamber down and thus varying the
inlet air temperature on the evaporator side. Eststare started at an air temperature of 15°C
and tests verified that the rate of change in eanperature was slow compared to the time
constants of the ASHP, and so the test measurermantde considered to be made at, or
close to, steady-state. Air humidity is maintairsédhe desired value by adding steam via a
steam humidifier in the supply air duct to the chem

Temperatures are measured using PT1000 elemenBINOEN 60751 Class Y. The
maximum error on the temperature measurements Icsilaged at £0.2 °C. Humidity is
measured to £3% and the power measurements (vpkagent and power) to an error of
+0.5%. The nominal electrical power taken up by lileat pump was approximately 3 kVA
with a cos¢) of 0.85.

69



Evaluating the Feasibility of 'Zero Carbon' Compawtellings in Urban Areas

3.1 TEST SERIES

The range of each of the driving environmental tngariables on the air-side needs to be
determined. For the U.K., CIBSE gives guidance warage temperature and air humidity,
but not in correlation to each other over a heasisgson. If a heating hour is defined as when
the ambient temperature is less than 15°C, an a&tiof the heating season can be made
using weather data from the nearest geographitatigted weather station. Weather data
from Sutton Bonnington airfield was obtained, appdyabove 15°C limit it can be calculated
that for 72.2% of the heating season period, théeaperature is between 2°C and 15°C with
a humidity of higher than 75%.

Since the heat pump COP decreases with increasmpetrature difference between ambient
air temperature and the hot water set point, thegitng flow temperature (I ou) in the
dwelling should be as low as possible: A flow tenapare (T, ou) Of 35 °C to 50°C has been
assumed. The return flow into the heat pumyp §J will under normal operating conditions
be approximately 10°C — 20°C lower than the feetperature. The volumetric flow rate in
domestic water based heating system is normallydsst 0.05 and 0.5 litres/second.

A series of tests were developed to characterise¢lyion of operation. Each of the following
test were run for ambient air temperatures thrabghrange 15°C down to 2°C:

COP as a function of the air humidity: The air humidity was controlled at 85% RH, 90%
RH and 100% RH. The water outlet temperaturg {f at the condenser is set at 40°C and
the water inlet temperature () to the condenser heat exchanger was held coredt20eC.
The data was used to generate the curves for ffrendency on the air humidity.

COP as a function of the condenser outlet water teperature: The outlet water
temperature (J ou) after the condenser heat exchanger is contrallef)°C, 45°C and 50°C.
The air humidity is kept constant at 90% RH and ithlet temperature (Tw, in) to the
condenser heat exchanger is set at 20°C. Thishdatheen used to generate the standard COP
curves of the heat pump.

COP as a function of the inlet water temperature (¥, in): The inlet water temperature was
controlled at 20°C, 25°C and 30°C, the air humidilys set at 90%RH and the outlet
temperature was set at 45°C. From this set of mems&nts the dependency on the inlet
temperature has been determined.

3.2 MEASURED DATA

Data was collected every 10 seconds and each &ssapproximately 5 hours in duration (the
time it takes to cool the room from 15°C to 2°Cyuife 22 depicts data from one test: The
ambient air can be seen to change at a rate obsippately 1 degree every 20 minutes. The
plot shows noise on the calculated COP that caattibuted to the condenser water inlet
flow regulation in order to maintain the inlet aodtlet temperature settings. The fluctuation
in the air humidity is a result of the used stegroace the internal overflow was full, a drain
and a following automatic refill sequence resuited slight fluctuation of the air humidity.

As the two control loops interact with each othlerpbtain stability, the output temperature

control was set within a time constant of 1 mincdatrol, the control for the inlet temperature

was set at 10 minutes. As extra heat was adddeettest chamber at start to maintain a slow
decrease in temperature, as the test series cedtihis heat was switched off manually if

the temperature did not decrease for more thad@.ih 10 minutes. As a result, some step
changes in the temperature and COP are visibleeigurves. (around 11:30 and 13:00)

70



An Air Source Heat Pump ModelResults

The COP has been calculated for each of the teigtss@ o do this using the quasi-steady
data, the ambient air temperature was used to latdchin samples that fell into sequential
bins of 1°C, from 15°C down to 2°C. The data fahezariable was averaged according to the
samples that fell into each bin, and these werd us¢he analysis to represent the steady-
state performance characteristics of the ASHP.
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Figure 22: data from one of the test series. Onethi@xis from top to bottom the %RH, outlet water
temperature, inlet water temperature and the arhbhietemperature. On the right axis the calcul&€xP of the
heat pump.

4 RESULTS

For each of the test series the results are pes$emd discussed. Appropriate models from
the literature are then identified and appliedgquentially build up a new model for ASHP
operation in cool, humid environments.

41  COP AS FUNCTION OF THE AIR HUMIDITY

Three test series were conducted and the resuoliieglin Figure 4. Note that the limitations
of the environmental test chamber resulted in @24 humidity test series ceasing at 6°C:
The steam humidifier, prevented a further reductioremperature while maintaining 100%
saturation.
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Figure 23: COP as a function of the air humiditiieToutlet water temperature was controlled to 40
°C, the inlet water temperature controlled at 20T4& ambient temperature varied between 14 and 2
°C.

Figure 23 shows the dependence of COP on ambietgraperature, and a weaker, but not
insignificant dependence on air humidity. The ceds operating in at least partially wet
conditions during the test, and so further testsraquired to determine dry coil operation. It
was noted during the test that the exhaust air maasured to be close to saturation
throughout most of the test period.

4.1.1 M ODEL DEVELOPMENT

The model used by Morrison et al (2004) (Equatignu8es input variables air inlet
temperature and humidity, and a formula to link tie. It uses a linear equation to link the
ambient air Tp with the outlet water temperaturg, di It does not, however, give values of
the system parametersta a:

COP = (@ + @(Tw,out— TamQ) (1 -3 (Tamb— TwetbuIQ/(Tamb— Tdewpoin) ) (3)

When calculating a value for constagff@r the relationships shown in Figure 23 it wasrfd
that the solution for a3 varies between 2.2 < &3 with an ambient air temperature range of
between 2°C and 14 °C. Therefore this approachrgjasted due to the large variation.

Another approach is to take the viewpoint from eap®ration dynamics point of view. It was
noted that the exhaust air was saturated. We hemdd assume that the evaporator coil was
covered in moisture and air was blowing over it.stish the evaporator coil is operating in a
similar state as the wick in the wet bulb measurgmee. the balance between the
condensation and evaporation on a wet surfacef ®e iinput for the model is not the dry
bulb, but the wet bulb temperature, not only théiamt (dry bulb) temperature, but also the
air humidity is automatically incorporated into tmedel.
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Lawrence (2005) derived a simple approximationafaorrelation of the dew point and the air
humidity for air humidity’s higher than 50%:

Ta = Tamo— (100 - %RH) / 5 or Fo— Ty = (100 - %RH)/5 (4)

In the measurement range of 2°C and 14 °C anduanidity higher than 80%, the factor
between the wet bulb depression and the dew pejredsion ranges from approximately 1.5
to 2.5. Assuming the average of 2, the depression i

Tamb_ Twetbu|b= ATrh = - (100 = %RH) / 10 (5)

With the air humidity changing from 85% to 100 %e temperature difference caused by the
air humidity AT, caused an effective ambient air temperature ineredésl.5 °C. This is
confirmed by our measurement results. So the meamnts confirm that instead of using the
dry bulb temperature for calculating the COP, faghhair humidity’s, the wet bulb
temperature is more appropriate as input valuehiermodel. If only the relative humidity is
known, the wet bulb temperature can be calculasatjuiequation (5).

So at high air humidifies (>85%), using the wetlbtgémperature instead of the dry bulb
temperature as input to the model compensatetidaait humidity in this experiment.

42 COP AS FUNCTION OF THE CONDENSOR OUTPUT
WATER TEMPERATURE

The results are shown in Figure 24. There is aifsignt dependency on the temperature
difference between the air temperature and the exmset water output temperature. As the
temperature difference between the air temperdigrend the water outlet,l.: increases,
the COP decreases, confirming the characteristissrged in most of the relevant literature.
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Figure 24: COP as function of the ambient tempeeadind condenser water outlet temperature.

Baek et al (2005) already formulated an equatioth Wie temperature dependencies (using
the wet bulb and outlet water temperature as tteetefe temperatures):

COP = 3+t alTwet bulb + @Twet bulb2 + a2>Tw,out2 + 34Tw,out+ aE;Twet buIbTw,out (6)

with g to & system constants, depending on the heat pump.

Using these graphs and equation 5, a numericati@olgenerates the relationship between
the COP on one side and the wet bulb temperatyie.band the water temperaturg J;:on
the other side of the equation. As the polynom@ation used by Baek et al (2005) is
quadratic the highest term has been assumed gigafrathe equations. With a, byt of 40°C
the polynomial describing the curve is:

COP = 0.00217et bui? + 0.069 Tyet puip + 1.82 (7)

Similar for Ty out = 45°C and 50°C:

COP = 0.0018 Jet puit+ 0.072Tyet bun + 1.36 (8)
COP = 0.0009et buiZ + 0.073Tyet buip + 1.12 (9)

With these three equations we have a relationsbipvden the coefficients with the only
variable the output temperature. An equation carediablished for the quadratic term, the
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linear term and the constants. If we use the tlpemts to fit a curve for the output
temperature, we can determine the coefficientshisrheat pump:

COP = { -1.2.10° Ty ouf + 9.6.10° Twour— 0.017} Tuver bui®
+{ 0.0003 Tout + 0.057} Tusetbuis (10)
+{ 0.0043 T, ouf - 0.46 Tyou + 13.3}
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Figure 25 The difference of a square polynomiarmblation and a linear interpolation for the
guadratic term is negligible for this heat pumpe Tuadratic interpolation is slightly better with
higher Tuet buband Ty ou

It has two extra terms comparing with Baek et 80&). These extra terms are the result of a
polynomial interpolation on the quadratic term bk tequation. A constant would have
resulted in the same formula as Baek et al (200%) the differences between the two
methods is negligible as shown in Figure 25.

Combining (4) and (9) it is possible to check theasured data against the computed model.
The result is shown in Figure 26. Although the anshneous error peaks at 10%, the moving
average over 60 periods (10 minutes) after stansupelow 2.5 %. This is due to the fast
control of the flow for the instantaneous value,evdas the model is based on the
temperatures only, which have a time lag as shovihe next paragraph.
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Figure 26 Comparison of the model with the realigal As the instantaneous error is peaking at 10%
due to the fast control of the flow rate, the rajliaverage error averaged over 60 samples ishass t
2.5 % after start-up.
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Figure 27 Comparison of the model with the diffeem using the dry and wet bulb temperature.
Using the dry bulb temperature creates an offsstden the real measured COP and the calculated
COP in the model.
Figure 27 shows the influence of the air humidityhe normal ambient temperature is used,
the COP follows a curve just above the more acewatve using the wet bulb temperature.
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The advantage of the new model is that it combihedindings of Baek with a compensation
for the influence of the air humidity. This resultsan error less than 2.5 % in an average over
60 samples.

43 COP AS FUNCTION OF CONDENSOR WATER INLET
TMPERATURE

Figure 28 shows no major influence of the condemdet temperature on the performance on
the COP. However, the plot demonstrates that the fate through the water heat exchanger
is fully turbulent. The flow rate changes from 0ligtwith an inlet temperature of 30°C and

ambient temperature of 15°C to 0.04 I/s with an iantbtemperature of 2°C and an inlet

temperature of 20°C. The outlet temperature war@aited to 45 °C. If there was an influence

from the flow rate, the graphs would not overlagheather and disperse at a low flow rate if
the flow was to change from turbulent to laminarwas observed that there was a drop in
heat transfer as the flow rate dropped below 0/®1which was attributed to the onset of

laminar flow in the water side of the condensertte@hanger.

27
*Twin =20 4
= Twin =25 4
0_2.4
3 AT,in=30 8
A
21 x
oS
A
A A
18 ‘ F
*
e 0 2 4 6 8T (C) 10 12
mb

Figure 28: COP as function of the condenser watet temperature. Outlet temperature was held
constant at 45, flow rate of the water was moddlatéet temperature between 12 and 3 °C.

4.4  TIME CONSTANT OF THE HEAT PUMP

To determine if the heat pump should be modelleth vai steady-state simulation or a
dynamic one, the time constants of the heat pured teebe established. If the time constants
are much less (<100 times) than the steady-statamg time of the heat pump, the error will
be less than 1 %, and can be ignored. If the tiomstants are >100 times the steady state of
the heat pump, the error cause by this will bedgrgnd has to be taken into consideration. As
the heat pump under test has a constant comprgssed, the time constant of switching the
unit on and the heat output needs to be established
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Figure 29 shows the input current and the outpuoiperature during switch on. The heat
output shows similarity with a first order systenthna time constant between approx. 30 to
40 seconds.

If the running time of this heat pump is much laren the time constant of the heat pump
(assume time step of simulation >100 times the torestants of the heat pump i.e. between
3000 and 4000 seconds). The error due to the gpatime can be neglected as the start-up
time is 40 seconds and is therefore negligible wbempared with the heat pump running

time.
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Figure 29 Switching on time constant of the heahpuThe time constant between switching on the
heat pump and generating heat out is approximédteseconds.

The control for the flow rate is run on a 10 secopde, well within the time constant of the
heat pump. This is the reason for the relativedangtantaneous error between the model and
the measurements.

5 CONCLUSION

To develop control strategies and parameters gsttimodelling is a useful tool. However,
the results of the simulation are as good as théetsaused. This paper looked into all the
relevant parameters and confirmed, albeit withed#ht equations, the previous studies. A
new empirical model, combining the findings of Baetkall (2005) and Morrision et all
(2004) and time constants have been establishedrferheat pump, and the error over a
rolling average of 60 samples (which equates 1Qutes) is less than 2.5% of the measured
values. This model, in its present form, needsetodfined. More empirical data comparisons
need to be made, particularly with different typéfieat pumps and lower air humidity’s. The
model may then be used to conduct a full paramétnglementation of heat pumps for
developing control and optimisation strategies.atidition, expansion of the model is to
consider inverter driven heat pumps, the effectlofiging up the evaporator coil and/or
defrosting need to be researched, and for a maxgae dynamic model, transients and start-
up influences needs to be developed. More resaeatodnce necessary to obtain an universal
air source heat pump model.
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APPENDIX B ESTABLISING THE ZERO-CARBON
PERFORMANCE OF COMPACT URBAN
DWELLINGS

Steijger L.A., Buswell R., Smedley V., Firth S.khdaRowley P., 2013. Establishing the zero-
carbon performance of compact urban dwellings, lEdwf building performance simulation,
DOI:10.1080/19401493.2012.724086

Abstract:

This paper presents an analysis of the zero-capgmsformance of a case-study building
which is representative of a growing number of newldings that are being built on
redevelopment sites in inner-city areas in the @&mpact urban dwellings are apartment
style buildings with a floor area of 50°rper dwelling, often based over two floors. The
constraints of this type of building on achievireg@carbon performance in the context of the
Code for Sustainable Homes is discussed and thécehungs of the code are demonstrated
in terms of the target heat and electricity deméangets for the design of the building
systems. A graphical representation of the simufatesults is used to present the findings. It
has been demonstrated that in specific urban ctmtegro-carbon performance as defined
within the current UK compliance framework may bery difficult to achieve in practice
given the assumptions used in the simulation Rererefore, it is very likely that zero-carbon
compact urban dwellings may require a net offisitport of electrical and/or thermal energy.

Keywords: zero-carbon; energy generation systent#?;Gsolar; compact urban dwelling;
system integration
Paper type: Journal paper

Corrigendum: Equation 2 on page 95 the efficientyhe CHP is incorrect, the formula
should read:

A 6¢gas + Tchp:uchp¢veg_oil

boiler ,7chp

(0= A‘E‘(ogrid + (2)
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1 INTRODUCTION

It is widely accepted that climate change is aossriand urgent issue that needs to be
addressed by reducing the level of GreenHouse GHS| production globally (Stern 2007).
The Intergovernmental Panel on Climate Change (PCburth Assessment Report (2007)
confirms that the primary concern is that greenkayess emissions from human activity have
risen “by 70% between 1970 and 2004”". Following ffeyal Commission on Environmental
Pollution (RCEP) report (2000) the UK governmentnoaitted to an 80% reduction in GO
emissions by 2050, enforcing changes through letsl. Meeting this emissions goal of the
UK can only be achieved through setting and achggeirict targets in all energy-consuming
sectors (McManus et al. 2010), and as over 27% K& WO, emissions come from the
energy used to heat, light and run homes (Depafttni@n Communities and Local
Government 2007), it is vital to ensure that highestainability performance standards are
integrated within the design of new homes.

The UK government has introduced the Code for $hetée Homes (CSH) to drive a step-
change in sustainable home building practice (Diepant for Communities and Local
Government 2006). The CSH is an environmental ags&st method for rating and certifying
the performance of new homes and is a UK governmened, national standard. The CSH
covers nine categories of sustainable design, atlwB are mandatory (energy and £O
emissions, water, materials, surface water runvadiste and health and well-being) and 3 are
flexible (pollution, management during build andcogation and ecology). To obtain the
highest level of the code, level 6, net emissidn€@, must be zero. With the exception of
water consumption, the objectives are flexible arelrated to a point scheme, where points
are accumulated in each category and summed taolatdca percentage of the target value.
The required percentage to achieve level 6 is 90%.

By 2016 all new homes built in the UK must meetstheriteria of the CSH (Department for
Communities and Local Government 2008), requirihgnt to be “zero carbon” (Energy
Saving Trust 2008). As a result, to meet the eneigyand, zero carbon energy (used for
space heating, hot water and power for lighting eledtrical appliances) must be generated
in or near the building to offset any fossil ordibgyenerated fuels imported into the home, so
that over a year, the net carbon emissions are(k&gblanus et al. 2010).

To compound the challenges of compliance with thiegeirements, the UK housing market
is under pressure from a rising population andethsra shift towards the construction of
smaller dwellings (McManus et al. 2010). It is gaied that between 2004 and 2016 there
will also be an extra 1.85 million single persornuseholds in England alone, with these
figures contributing to a total increase of 2.8limil new households by this date (Department
for Communities and Local Government 2007). Bardiid Peacock (2007) state that the
trend towards inward migration is resulting in neames being built on brown field sites in
towns and cities, where space is limited. The lafckpace for buildings on such sites tends to
produce workable designs of smaller, apartmentdasecllings, which is different from
single property living in a house on its own lantdieth is common throughout much of the
UK. These new built homes, or compact urban dwgdliroften have a living space of around
50 nf in either one or two stories with a likely occupatof either one or two people. The
CSH stipulates that all energy must be generatesiterand hence the limited space for the
installation of energy generation plant, heat gferaquipment and bio-fuel storage presents a
major challenge.
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The shape of the site and planning restrictionsnoffonstrain the orientation of the building
and the roof height, which has a direct impact tu dvailable solar energy received by the
building. The availability of solar radiation in mier in particular, can be severely restricted
due to close proximity of existing structures tbah cause shading on the roof, which in most
cases is the only surface available for collecgotar energy. In compact urban dwellings,
this problem is exacerbated because a living spéee0 nf over two stories results in a
maximum roof area of 25nper dwelling; multi-storey flats have less thaisth

This paper investigates the implications of thecpecal constraints of delivering a real

building to code level 6 performance standards. phper focuses on the selection and
evaluation of suitable building energy generatigistam options under engineering and
installation constraints for a case study buildidgrumber of workable generation options for
the building are established and the performancEaoh option compared in terms of the net
annual CQ production.

2 CSH LEVEL 6 BUILDING AND SYSTEM DESIGN:
PRACTICAL CONSTRAINTS

In the CSH (Department for Communities and Local/&oment 2006) the highest rating is
level 6 and the code states that for this statusetawarded to a building it needs to‘bea
completely zero carbon home (i.e. zero net emisssbearbon dioxide (CO2) from all energy
use in the home)...

For code level 5, the next performance level dowendcale, the energy performance is stated
to be 100% better than the 2006 Building regulai®art L (Office of the deputy Prime
Minister), which is :..zero emissions in relation to Building Regulatiossues (i.e. zero
emissions from heating, hot water, ventilation #igtiting).... From this, it can be inferred
that in order to comply with code level 6, apadnfr the requirements for code level 5 for
energy used for space heating, ventilation, wagatihg, and lighting, occupant consumption
of small power and ancillary loads such as pumps$ @ntrols must be also generated
through the use of zero-carbon technologies. Assthadard refers to a net emission rate,
generation of the energy does not have to occuul&@meously to the consumption, e.g. if
zero-carbon electricity is generated and fed ihtodrid, and consumed at a later stage from
the grid, it is still accepted to be zero-carbohe Thallenge for the designer is that there is no
reference to the electricity consumption from negulated loads (such as appliances) that
should be attained. Therefore, designing systendeliver zero carbon performance in use in
order to achieve this standard is challenging aeptesents a significant omission in the
document.

Zero carbon housing has been shown to be possjbteducing the demand for energy in
combination with micro generation (Keirstead 200ih)e largest energy use in dwellings in
the UK is said to be space heating. Mahdavi andpeliyauer (2010) provide information on
passive house design and the influence of highlatisn and low ventilation losses on the
indoor environment. They conclude that space hgataquirements can be reduced to
10W/nf by using effective insulation, low ventilation &&s through air tight building and
ventilation with heat recovery and by maximisingnter solar gain. Wall constructions with a
U-value of less than 0.15WfiG and windows with a U-value of less than 1.0\iare
becoming viable options in the building industryddrence designing to the highest thermal
insulation standards is a significant step towaictseving a zero-carbon building.
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Minimising infiltration losses by assuring high mstiards of construction and using systems
such as Insulated Concrete Form (ICF) is importoipled with heat recovery in the
ventilation system which can reduce typical vetitla losses by up to 90% (Segen 2006).
The inclusion of the mechanical ventilation and shbsequent reduction in heat demand is a
necessary trade-off with additional electricity cerd.

The quantity of Domestic Hot Water (DHW) to suppdynot specified in the CSH, although a
limit of 80litres/person/day of (the sum of hot aoodld) potable water is applied for the
application of code level 6. This is achieved lmpebination of water saving faucets, smaller
baths, etc. and the use of grey water.

The combustion of biomass in boilers or combinedt t@d power (CHP) plant is a low-
carbon alternative to the preferred zero-carbort tiea can be generated either by the
application of solar photovoltaic arrays (PV) omditurbines used to generate electricity to
drive heat pumps (HP), or by solar thermal collect¢GTC). The only space available for
solar collection is the roof where approximatelym85s available for solar collection per
home. Practical field tests for an optimised systeith sufficient thermal storage show an
annual yield in the UK of 1000 to 1500 MJear (Martin and Watson 2001) on a 30°
pitched roof due south. Lower pitched roofs combingh limited storage will show a lower
yield, especially in winter. With a DHW requiremauit approximately 5500 MJ/year (1528
kWh/year) 20% of the roof space should be suffictercover the demand for DHW.

To fulfil the electrical energy requirement for aecarbon dwellings, all the electricity
consumed by the building has to be generated wittembon emissions. Allen and Hammond
(2010) found in their analysis that the combinatadra micro-wind turbine and a solar PV
system can completely displace the need for eb#tgtrirom the grid. Wind generation,
however, has also been shown to cause noise prebé have a low yield in urban
locations (Watson et al. 2008). Numerous papers baen published on the yield of PV, for
example: Allen and Hammond (2010), Ren et al. (201&mes et al. (2010), Bahaj and James
(2007); and with a specific focus on urban envirents by Steemers (2003), Tian et al.
(2007) and Compagnon (2004). Huld et al. (2008Wsti@at a typical yield of a PV system in
the UK is around 750-800 kWh/year per kWp-instaljgalver. This yield may meet the
electricity demand for a compact urban home, bebihpetes for roof space with the solar
thermal energy collection and so practically thended for heat and power is unlikely to be
met from solar collection from the roof alone.

The CSH states that code level 6 can be achieved..lBysing low and zero carbon
technologies such as solar thermal panels, biob@itss, wind turbines, and combined heat
and power systems (CHP). It would mean for exantipde energy taken from the national
grid would have to be replaced by low or zero carpenerated energy, so that over a year the
net emissions were zero. ...". The conversion facteaper from the Department for
Environment, Food and Rural Affairs (2011), howewdates that all bio-fuels generate a
certain amount of carbon emissions and are thexefot strictly speaking carbon neutral, but
have lower C@ emissions than fossil fuels. To comply with theledevel 6 standards, any
CO, produced by the combustion of bio-fuels wouldl stded to be offset such that the net
emissions are zero over a year.

Biomass fuels can be obtained in (liquefied) bipdmpiid (waste vegetable oil) or solid
(wood, elephant grass) forms. Space is at a prenmuthe urban environment, so the fuel
with highest energy density is likely to be favalir&olid fuels such as wood have an energy
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density of 2.5MWh/r, liquid gas such as LPG 7.0MWhnand waste vegetable oil
approximately 10.0MWh/fh(BINAS 1998), making this a likely candidate fuli.addition,
there is a distribution network available, no reguoient for pressurised storage of vegetable
oil and the conversion to heat and/or electriditytigh micro-CHP is well established. When
considering the use of biomass feedstock as amggrsmurce, fuel availability and price
volatility are issues to be considered. For cogeier purposes, bio gas is currently in
limited supply with an immature distribution netwoHowever, if in future sufficient biogas
becomes available with a well established distrdsuhetwork, this might become an option
for generation of zero-carbon thermal and eledtrez@ergy. Solid bio fuels are currently
widely available on the market; however, small camrally available solid bio fuel plant
can only convert this energy into thermal energaving out the flexibility to generate
electrical energy. For these reasons, notwithstanthe aforementioned constraints, liquid
bio fuel in the form of waste vegetable oil is tiesen option.

The CSH does not give any reference to the expeetedlgy consumption of dwellings
through lighting and small power, although credit® earned for the use of efficient
appliances and lighting systems. A key challengelesigning a building to deliver zero-
carbon performance is understanding the range obuwuption that can reasonably be
expected in-use and the idea of a ‘performancelepgehas been proposed (Steijger et al,
2012). This is particularly important since a stualy Richardson et al. (2010) showed a
tenfold difference between the lowest and highbsitecity usage in comparable dwellings,
which has a significant impact on the determinatminthe balance of the generation
technologies for a specific building. Achieving @ararbon in practice can only be achieved if
realistic assumptions are made with regard to #meathd. Once a building and its systems are
complete the only recourse for a building that ddesperate at zero-carbon is to reduce the
energy demand in-use which is challenging since ithionly likely to be achieved through
long term education of the occupants (Bahaj andedé2007, Keirstead 2007).

In summary, achieving the CSH level 6 in compabgardwellings is challenging principally
due to the constraints on building orientationghgiroof area and pitch and the limited space
for the generation equipment, thermal and fuelagfer The problem is compounded for the
designer by the lack of benchmarks and targetsdecate realistic occupant led demand.
These include:

e internal air temperature, affecting the space heating load through vametiin
control and thermostat settings;

* hot water demand and consumption profiles although minimised with efficient
devices, this is still largely dependant on theupemnt; and

* lighting and small power, again minimised through efficient devices, buages still
led by the occupant.

Apart from the obvious contribution to the UK gowerent’'s CQ reduction targets, the CSH
highlights the benefit of lower energy bills inedtproperties and this is a key selling point
property developers use to attract customers. W4ulae degree of occupant education on
effective use of the systems with in a zero-canp@perty is necessary, obtaining the correct
balance of the provision of electricity and heatgarticular) while placing practical limits on
the supply is critical to whether the building Wik judged successful by the occupants. This
lack of guidance hampers the designers job of dwtémg sensible values on which to base
the analysis of the mix of zero and low carbon gati@n technologies.

84



Establising the zero-carbon performance of compdin dwellingsDescription of the case study boddi

The rest of this paper focuses on a real compdmhnuihousing development that was
constructed in 2011. The building is introduced d@hd assumptions in the analysis are
discussed. These lead to an analysis of the €&Qissions performance of various mixes of
generation technologies.

3 DESCRIPTION OF THE CASE STUDY BUILDING

The SHINE-ZC building in Derby (UK) comprises ofa@jacent compact urban dwellings;
six 2-storey houses and a 3-storey block contaittinge flats and a shared staircase. Each
dwelling has a living space of approximately 50 frhe total internal volume is 1326’ nThe
dwellings are adjoined as shown in Figure 5 andifeid.

Figure 30: Render of the development (Simon Foatdifects 2008).

Proposed First Floor Plan

Figure 31: Floor plans of the dwellings (Simon FoAtchitects 2008).
The front of the building faces approximately nodfctated by the shape of the site. The roof
area is split in two levels; approx. 166 on the houses and 7¢ mn top of the flats. Due to
planning height restrictions the 23G mof faces south with a 6 degree slope, rather than
40° south facing slope that is deemed ideal in depinsolar collector yield for this latitude
(Energy Saving Trust 2004).
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The wall material is constructed with Integratedn€@ete wall Form (ICF), a layered and
highly insulating construction comprising of 150mof expanded polystyrene, 150mm
structural concrete, another 75mm of styrene apdternal surface is plasterboard with a
skim coat 15mm thick. The external surface haseeildmm thick wooden cladding or 20mm
render, depending on the location on the buildsge(Figure 1). The resultant U-value is
~0.12W/nfK. The construction quality was closely managed @mdite air permeability tests
estimated air permeability less than 0.35 air ergka per hour for each dwelling during
operation. The windows are triple glazed, with avalue of 1 W/MK. The solar gain in
winter is minimal (<50 W) due to the shading ofaadjnt buildings, but the solar gain needs
to be limited to prevent overheating in the sumrasrthe internal gains are expected to
provide enough heat to maintain the desired spanditions for all but the coldest parts of
the year. The solar gain is limited by placing thaority of the windows on the north side of
the building, whilst south facing windows are shchdesummer by an overhanging roof ridge
and adjacent buildings.

The building is designed to have warmer living gsaand cooler bedrooms by placing the
living space on the first floor and the bedroomsl dathrooms on the ground floor. An
overview of the key design parameters for the lngids given in Table 6.

A critical part of the building is the thermal stowhich is required to buffer the heat
produced from the generation plant and the demantidat. The capacity and configuration
of the thermal store has a significant impact om therformance and operational
characteristics of the generation equipment. Thacehbetween a single large store and
smaller distributed thermal stores is complica@@doqdzik et al, 2010, Knoll and Wagenaatr,
1994). Various factors like charging regime, heasés and control need to be considered. In
this case study, a distributed system has beerenhd$e decision to go for a number of
separate stores over a single store was made lwasdlde concern for electrical power
required for the circulation pump and lags in tbp@y of hot water that has been shown to
be an issue with larger centralised systems (Kawodl Wagenaar, 1994). This was a decision
made early in the design since it has an impac¢hemprovision of volume required to house it
and hence on the architectural layout of the buogdi

In this building individual thermal stores provitlee space heating and DHW capacity for
each dwelling, a 315 litre water tank per apartntieat is heated through circuits serving each
generation device. The space heating is drawnttirdom the tank and the DHW extracts
heat from the tank via a coil of copper piping gtas a heat exchanger. Space heating is
provided through radiators, each with a thermastatiliator valve (TRV) for individual room
air temperature control. The space heating in eleblling is also controlled by a central
thermostat located in the hallway of that dwellwhich switches a circulation pump to
circulate water heated by the thermal store throthgh radiators. Figure 32 depicts the
arrangement of the heat and electricity supplyHerbuilding.

Table 6: Key parameters of the building.

End Middle Bottom  Middle Top

house houses flat flat flat
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Number of units 1 5 1 1 1
Floor area (rf) 55 55 42 44 46
Volume (n7) 140 140 105 110 115
External wall area (fy 75 45 475 50 52.5
Window area (1) 8.5 8.5 5.5 6.5 6.5
Roof area (1) 30 30 - - 70
Ventilation rate (exch./hr) 0.53 0.53 0.93 0.93 0.9
Heat loss fabric (W/K) 21 18 13 11 15
Ventilation heat loss (W/K) 17 17 17 17 17
Thermal
Store
Solar > i > . .
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Figure 32 the arrangement of the building heatedectricity generation options

4 MODELLING ASSUMPTIONS, ISSUES AND

CONSTRAINTS
TRNSYS Version 16.01.003 (Klein et al, 2007) wasduto investigate the influence of heat
and electricity demands on the on-site zero cadpameration performance of a number of
generation options. Each of the six houses waslelivinto two zones per house, one upstairs
and one downstairs. Each of the flats and thecstsér was modelled as a single zone. There
are a number of stages to the analysis discusgbdsisection:

* modelling the building fabric and systems;

» selecting the appropriate capacities of the plant;
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» establishing the demand profiles as inputs to ithelstion; and,
* handling the interdependencies of heating andr&égtgeneration and demand.

The detail of the characteristics of the occupah@ating, DHW supply, lighting and small
power use for each dwelling used in the analysim@ortant. Since the CSH does not give
any limits or benchmarks to the consumption of gpethe design of the appropriate
generation systems is challenging and this is @fgsgnt omission in the code. Therefore the
UK BREDEM standard methodology (Anderson et al, D0@as used to set the operating
points. The analysis presented here is based omagmgtic approach to establish the
simulation input to gain insight into the problebefore applying full dynamic simulation.
Using more detailed representations of these inpats including these into the dynamic
modelling of the systems and their control mighhaeyate a better estimate of the in-use
performance, but is this beyond the scope of tapep

4.1 OCCUPANCY

Anderson et al. (2001) describe occupancy duriegddytime as 7:00 to 9:00 and 16:00 to
23:00 hours. The heat gain for one person seatedsatis added to the living area of the
dwelling (the top floor in the houses). During thight (23:00 till 7:00) the internal heat gain
is calculated as one person’s heat gain (seatesstt(CIBSE 1986)) added to the bedroom
(the bottom floor in the houses). The dwelling @ accupied from 9:00 until 16:00 hrs.

4.2 INFILTRATION, VENTILATION AND AIR MOVEMENT

Infiltration was considered to be small (0.35 AGHIying occupation. Ventilation is provided
by a mechanical ventilation and heat recovery (MYHHRIit. For purpose of assessing the
heat losses by the MVHR, ventilation rate is redudsy the efficiency using the
manufacturer’'s performance benchmark data as theschy Taylor et al. (2010}He thermal
effects of ventilation heat recovery can be sinadalgirecisely by reducing the ventilation rate
by the proportion of heat recoveredThe ventilation rate is as required by the UKlding
regulations which is 17litres/second/dwelling (©&iof the Deputy Prime Minister 2006).
The heat recovery rate is specified to be 90 % €8e8006) In summer the MHVR will run
to provide ventilation. When the room air temperatis above 24°C (maximum acceptable
temperature according to the CIBSE guide 1985)¢e#ieact air bypasses the heat exchanger.
It switches the heat recovery on again when thepésature drops below 22 °C. A lower
temperature is not possible as the reference tetyverfor heating is set to 21 °C according
to the BREDEM method (Anderson et all, 2001). Ehectricalpowerused to drive the fan
and the heat generated by the heat recovery aedaddhe internal gains according to the
BREDEM method.

4.3 ELECTRICITY DEMAND AND ELECTRICAL INTERNAL
GAIN

Since the CSH does not specify the electrical delmand the C&®consumption is based on a
net-annual value, the BREDEM model (Anderson eR2@01) is used to estimate the yearly
consumption; 2288 kWh per dwelling. This approadesinot cover the full performance
envelope (Steijger et al, 2012) but does give atgoi which a comparison of systems can be
based. This value represents the total energy neagent including cooking, electrical
lighting, white goods and portable equipment far tomplete building. A base load of 75 W
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was estimated for the MHVR unit and electricity ugqd for the fridge-freezer. Working
backwards from the target of 2288kWh, subtractheg hase load of 75W running 24 hours,
365 days of the year, leaves a load of 496 W dusitcupied hours, taken to be 07:00 until
09:00 and 16:00 until 23:00. 75% of the load isuas=sd to be consumed in the living area
(first floor). The base load is 25% lower than th&se load as established by Yao and
Steemers (2005) and the assumption was made dbe togher efficiency of the appliances
and lighting. Seasonal variations were not considlers stated in the BREDEM model and
apart from the energy consumed in extract fansymal heat gain to each apartment is equal
to the electricity used for appliances and lightiogether with 90% of the energy required for
cooking (Anderson et al, 2001More elaborate load profiles are available, e.@mifr
Richardson et al, (2010) but the influence of thesethe space heating, due to the time
constants involved, are limited. Hence a simplel lpafile was adequate for this study.

4.4 HEATING SET-POINTS, CONTROL AND SCHEDULING

The code for sustainable homes does not definmtéal comfort settings for the dwellings.

Therefore the BREDEM temperature settings have hmsed (Anderson et al, 2001). The
default space heating setting is 15°C during thghtn{23:00 until 7:00 hours) and non-
occupied hours (9:00 until 16:00 hours); and 218€ng) the occupied hours (7:00 until 9:00
and 16:00 until 23:00 hours). The space heatingtitgpthe living spaces are calculated from
the radiator models described by Knoll and Wager{a864). The radiator control time

constants determined the time step for the sinmratvhich was set at 1 minute.

4.5 DHW STORAGE, DRAW OFF AND SCHEDULING

The thermal storage is provided by a water tankaoh dwelling. These have to be large
enough to provide one day of energy for space mgathd DHW and small enough to fit in
the limited dwelling space. Practical limitationa the size of the thermal energy storage
require a larger temperature fluctuation in th&temenable sufficient diurnal thermal energy
storage. The CHP and flat plate solar thermal ctals can provide high temperature thermal
energy (albeit for the solar thermal collectorshwatdramatic efficiency drop) up to 95 °C to
prevent boiling of the water, so to store this ggehis temperature is the upper limit. No
more thermal energy can be stored if this temperatireached, and therefore the thermal
energy provided by the CHP or solar thermal is a@sGiven that the UK DHW supply
temperatures are typically 48 °C or above, thenthéstores are taken to be able to supply no
useful heat if the bulk water temperature dropewed0°C. A 315litre tank per dwelling can
provide a full day’s heating and hot water demanthe UK Midlands 99% of the time under
standard CIBSE (1986) usage levels if the bulk tnaoire in the tank is fluctuating with 45
°C. The assumption is that the majority of this ewas used for personal hygiene and
therefore has a temperature of 40°C at the drayaffts. The cold water supply is assumed
to be 10°C and mixed with the water from the tamkupply at 40°C at the required flow rate.
According to the health and safety executive (20@9havoid legionella hot water should be
stored above 60 °C and transported above 50 °@glascoil in the tank for heating the DHW
avoids the storage problem (less than 3.2 litretased), and heating up the tank to at least
70 °C once a month for sterilisation and the mimmtemperature setting in the tank ensures
that legionella is controlled.

The CSH requires that for a level 6 dwelling théapte water consumption must be less than
80litres/day/person. The dwellings are consideree o be single occupancy and since the
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DHW system uses potable water it is assumed fosdlke of capacity sizing and heat supply
that the whole 80 litres is drawn off as hot watach day.

The BREDEM calculations use the same water vollbuejt does not suggest a water draw-
off pattern. The toilets and washing machine waé gray water. It is also assumed that half
of the domestic hot water is used in the morningtvleen 7:00 and 8:00) and half in the
evening (between 18:00 and 19:00).

4.6 HEAT AND ELECTRICITY GENERATION OPTIONS

Solar thermal collectors, photovoltaic panels,saitrce heat pumps and a bio-fuelled, micro-
CHP where considered in this analysis. Watson €Q08) stated that wind generation has a
very limited yield in an urban setting and bio-mdxslers were not considered in this
particular case, preference being given to micrd?Glihce it generates electricity as well as
heat. Ground source heat pumps were also not ayesidbecause the available area for
horizontal evaporator coil was limited and the caencral viability of installing vertically
drilled systems was prohibitive.

If the most common type of PV array (crystallingcen) is used, Bayod-Rujula et al (2010)
show that around 9frof roof space is required to install 1kWp of P\heks. With 230rh of
roof space, a maximum installation of approximat2gkWp can be installed. TRNSYS
standard library type 194b with inverter is usedd&termine the yield of the photo-voltaic
array.

There is a range of heat to power ratios for CHnfl0:1 (Whispergen, 2010) to 2:1 (Baxi
Dachs mini CHP, 2010). A small diesel CHP, howeean reach a 1.5:1 heat to electricity
ratio (Tipkoetter BioGenio, 2010). Additional theathlosses with the operation of these small
CHP can be high (30% is not uncommon). The totidiehcy of the CHP is assumed to be
35% electrical output, 35% effective thermal out@@ % thermal losses and hence a limiting
case of 1:1 heat to electricity has been taken. Mgith a typical thermal time constant of a
CHP of three minutes (running under full load immagely after start, reducing the warm up
time) and generally if the CHP is started onceyatal usually runs un-modulated for longer
than two hours to deliver the heat to the 9 therstades (2.8 rhwater), the run time is much
larger (>50 times) than the start-up time and sodfart-up and shut down time constants
have been neglected. The store capacity shoulditheient to deliver the thermal energy
whilst only being charged once a day; more frequbatrging will have a negative effect on
the overall heat delivery of the CHP. As we do hate the exact losses as relation to the
running temperature, the complexity of the contaotl accurate modelling of all the pipe
work in the dwelling, we assumed a relative highiahthermal loss to accommodate this
variation i.e. a worst case scenario, which isisigifit to meet the objective of this paper.

Heat can also be generated by the solar therma}.afhe solar thermal panels are modelled
using the theoretical flat plate collectors, typ® ased on a Hottel-Whiller steady state
model. One of the main parameters affecting thielypéthe STC’s is the temperature of the

fluid entering the collector, coming from the batt@f tank with the lowest temperature. The

higher this inlet temperature, the lower the yi&dlar thermal energy is transferred from the
collector into the tank if at least one of the tmhlas a sufficiently low temperature, measured
at the bottom of each tank. No heat is added tdahks if the tanks are completely charged
and the heat is wasted, resulting in a lower yodlthe solar thermal system.
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Cabrol and Rowley (2011) showed that heat pumpdeagifective in low carbon dwellings;
hence heat pumps are used as an alternative whgatioup the storage tanks. The power
consumption and the Coefficient of Performance (C@Bs modelled for a standard heat
pump with a rated COP of 3.5 and a high performdrea pump with a rated COP of 4.3
under standard conditions described in Steijgeal,e{2010) and Sparn et al. (2011). The
maximum temperature the heat pump can deliver € 6bence the heat pump switches off
when the bottom node in each of the storage tae&shr this temperature. The electrical
power consumed by the heat pumps needs to be bifseither the PV array or micro-CHP.
The start up time constant for an air source haatpis approximately 40 seconds (Steijger
et al., 2010) and since the time to charge thariakstores is very much larger (larger than
2000 seconds) typically the unit would be exped¢teclin for 30 minutes or more and hence
the start up dynamics have been neglected in talysis.

5 BUILDING DEMAND CHARACTERISTICS

There are a number of dependencies on the genematibeat and power: the micro-CHP
generates both heat and electricity simultanecastl/the ratio is a fixed characteristic of the
equipment; the HP provides heat, but must be seghplith electricity; and the PV and STC
compete for roof space and hence affect the rati@evo-carbon heat and electricity
production that can be achieved. Lastly the heat ganerated by the consumption of
electricity in the dwellings affects the heat deohdor space heating and specifying the
system capacities and operational parameters ikogag. In addition, where more than one
renewable option is applied, the interdependencyhef demand for electricity and heat
coupled with the interdependency of generation dmaes the issue.
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Figure 33 Estimated energy demand for the whollelimgj
Figure 33depicts the total electrical, DHW and spheating demand for each month for a
typical year. The total annual energy demand is2NI9vh for the whole building.
Approximately one third of the electrical demandas cooking, 15.3MWh of DHW demand
and just 3.8MWh for space heating.

Highly insulated buildings such as this one reqlittke heating and the internal gains play a
significant role in maintaining the internal aimperature. The use of electrical appliances is
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a significant source of heat and the amount oftebiy consumption can vary significantly.
Richardson et al. (2010), for example, observezhéotd difference in electricity use between
the same type of properties. The results from ZZuahsimulations are plotted in Figure 34.
Each point in the graph is the summation of theihgadlemand for varying electrical loads
and for four DHW draw-off cases, 0.0litres/persay/do 120.0litres/person/day. The four
lines represent the different the space heatingadenwith the different DHW cases. The
affect of the increasing electrical load on the wminheating demand can be seen as a
reduction in heating. The BREDEM value of 20.6MWeéctrical demand and 19.1MWh heat
demand is indicated with the black dot.
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Figure 34 Annual thermal energy demand in relatoothe annual electrical demand.

6 HEAT AND ELECTRICITY GENERATION
CHARACTERISTICS

Since both electrical and heating energy can bergésd on the roof, it is useful to look at the
trade off characteristics between PV and STC. Téetrcal generation of the PV is taken to
be proportional to the array area and the simulatimnfirms the findings of the literature, in
that each kWp installed on the roof generates atait®-800 kWh per year for this location.
The pitch of the roof is low, only 6° and hencetlus building, only 741kWh is generated for
every KWp installed.

The variation of the heat output of the STC is mcfion of roof area and the collector inlet

temperature, which is dependant on the temperatureng from bottom node of the thermal

stores. The relationships in Figure 6 are simdathbse published by Brinkworth (2001) who

derived a set of plots using the storage capacitythe collector area as variables. The left
hand plot depicts the results of 12 simulationshwiarying STC area and DHW draw-off,

since the rate of water draw has an impact on tleggy stored. The higher use of DHW

empties the thermal store allowing the heat toepdenished, hence increasing the yield from
the STC.
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Figure 35 Yield of solar thermal as function offrooverage and DHW draw (left)
and the electricity to heat, roof generation traffecharacteristics (right).

A further 12 simulations were run varying the ratfoarea covered by the PV arrays and the
STCs on the roof from 0% PV, 100% STC to 100% P%, 8TC. The right hand side of
Figure 35 depicts the electricity to heat trade-afaracteristic generated for this building.
Note from Figure 34 that the annual BREDAM basetinedes of electricity and heat
consumption are 20.6MWh and 19.1MWh respectivelyhé whole roof were covered with
PV, the yield would be around 18.5MWh, or ~90% lué electrical demand of the building,
as shown in Figure 6. The main observation is tiegther PV nor STC can supply 100% of
the electricity and heat demand, even when 100%eofoof is covered with one or the other
technology and so additional low-carbon heat ardtetity generation is required.

Simulations were run to generate the seasonal measftce of the high and standard
performance air source heat pump over a numberpefating strategies. The seasonal
performance was calculated by,

SPF: z Ethermal (1)

running’ in

where SPF is the Seasonal Performance FactoEgwsal iS the heat output of the heat pump
at every time step in the run period (KkWhnning IS the time that the heat pump is running
(hrs) andPj, is the electrical input power (kW). As part of thealysis, a humber of HP
scenarios were run to explore the variation in cealsperformance factors that could be
expected in operation. Both standard and highop@nce HPs were run with the condenser
water flow temperature set to 55°C and 65°C. The ftemperature from the condenser
impacts on the heat that can be exported to thentilestore, which is dependant on the
temperature of the store. Decreasing the temperafunot water supply increases the SPF of
the HP, hence reducing the electrical energy reduip generate the thermal energy. In
addition, if the heat pump is not needed all yearhkeat production, i.e. used in combination
with STC or a micro-CHP, then its operation coutdrestricted to those times when it is at its
most efficient for generating DHW; i.e. during thharmer months of the year.
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The calculated seasonal performance factors arensuised in Table 2. There is a significant
range of SPF from 1.64 to 3.82. Making use of thghdr SPFs is only likely if the
configuration of the plant does not need the HRingp during the colder periods. Replacing
the heat pump with a better performing type wiltrease the performance, however, the
improvement is not as large as reducing the flawpterature set point to 55°C. Figure 7 plots
the two bounding cases from Table 2, shown withntbgative gradient on the left hand side.
The length of the vector defines how much energyisverted from electricity to heat and is
proportional to the number of running hours. Théuea on thex axis andy axis are the
electricity and heat generated, respectively.

Table 2. SPF for a standard and high performance ta&t pump with two water flow temperature set points
for a range of operational strategies

Running period Seasonal performance of the heat pumps

Restricted to- Stgsnéjgrd Stgsnéjgrd H|gh625cr:form. H|gh525cr:form.
Whole year 1.64 2.33 1.89 2.66
Mar — Nov 1.68 2.58 2.09 3.01
Apr — Oct 1.72 2.78 2.28 3.33
Jun — Aug 2.10 3.15 2.59 3.82

On the right hand side of Figure 36 is also plogadilar electricity/heat characteristics for
two different types of micro-CHP. The CHP convd(its this case) vegetable oil into both
thermal and electrical energy, the ratio of whigllétermined by the plant. The limiting cases
here are taken to be 1:1 to 10:1 (heat to elettyicAgain, the length of the vector is
proportional to the number of running hours andaliso proportional to the amount of
vegetable oil used. Note that since a gas boilerntass boiler or STC do not generate any
electricity, they would be represented by a veltiice extending upwards along= 0 from

the origin of the plot to the appropriate value afnual heat generation: PV extends
horizontally rightwards along = O, to the appropriate value of annual electricitpegration
since it does not produce heat.
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Figure 36 Thermal generation as a function of élsdtpower consumption/production with different
type of generation plant.

7/ HEAT AND ELECTRICITY GENERATION OPTIONS

The heat/electricity generation characteristicsiaed for the generation equipment in
Figures 6 and 7 can be used in isolation, or inhioation to determine the annual total

building CQ emissions (tonnes GQear),9 ,

Ae¢gas + TChp/j;hP([\/eg_Oil (2)
boiler

p=Aeg,, +

boiler

where Ag = £, — €4, the difference between the annual generationlesftrécity and the

annual electricity demand (MWh/year) aigg,, %:»ia is the carbon intensity factor for grid

electricity (kg CQ/kWh). If the installed generation equipment doest produce the
electricity required, grid electricity is used t@ake up the difference. Conversely if there is a
surplus of electricity generated, the carbon emissifrom the buildings will be negative,
indicating an offsetting of carbon generated bydtid. A8 =6,,,— 6,,,, 86 = Ger — Gaemis

the difference between the annual generation of gerdand for heat in MWh/year and
Das B;2: is the carbon intensity factor for natural gasipBits heat generated is dumped and

hence a waste of energy. If the generation equipmeas not produce sufficient heat it is
assumed that this is achieved by burning natural igaa conventional boiler plant. The
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energy demand is factored by the boiler efficiengy,,, "#a1s-. Finally, if low carbon

generation devices are used such as CHP or bidmodsss, the release of G&om the fuel
must also be considered. In this case only CHFbkas considered in the analysis and hence

Ty, Teaz and g, Hews give the run time (hrs) and the fuel consumptior/ifr) and again

factored by the efficiencyrf,,,) and the carbon intensity fact@zsz . In order to achieve true

zero carbon performance, the over production aftetgty and subsequent net export to the
grid is required in order to offset the emissiorsrf the combustion of vegetable oil with the
relatively higher emissions of the grid generatkttecity. The conversion factors for grid
electricity, gas conversion and waste vegetable avé taken from (Department for
Environment, Food and Rural Affairs 2011) and givefable 3.

Table 3: Carbon intensity factorp] for electricity and heat generation.

Source Carbon intensity factors ¢ (kg CO,/kWh)
Natural Gas 0.18
Grid Electricity 0.52
Vegetable Oil 0.14

Asbs and AGAG are derived from characteristic plots that defiiet annual generation
characteristics of the equipment. These have beewned from the simulation and hence
implicitly represent any operational characterstibat are due to control set-points and
strategies, capacities, etc. Figure 37 shows twtspthe left with the high performance HP,
running all year with a water flow temperature 6fG; and the CHP characteristic lines for
the 1:1 heat to power generation plotted. The rgjbt details the STC/PV trade-off curve
from Figure 6 for the BREDAM case of 80litres/pat&ktay DHW draw-off. On both plots is
plotted the target (BREDAM) heat/electricity demandicated by the large black dot: this is
the target value, if the generation line crossesuih the demand point there is no over or
under generation and the demand is satisfied. T @ the first plot demonstrates that the
CHP alone when run for 2350hrs can satisfy thetmtat demand, but with a ~ 1.4
MWh/year over production of heat. The HP uses gtgst to generate heat and requires
~8.2MWhlyear in addition to the 20.6MWh/year reedirto satisfy the electrical demand
from appliances. The right hand plot demonstratas @n this building the limited roof space
means that the target demand for electricity arad é@nnot be met with either PV or STC.
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Figure 37 Single and roof generation demand deffaracteristics.

This way of representing the analysis can be exend include multiple generation devices.
Figure 38 depicts the characteristics of a numbecoonbinations of equipment and the
resultant generation demand deficit.
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Figure 38 Multiple generation demand deficit cheeastics.
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Figure 38 depicts four plant combinations. The tep plots show two, two-technology
options, PV and HP and PV and CHP and both cordtgurs utilise a 100% of the roof area
covered with PV. The former option has a generatlieficit Ae = 137 Az = 13.7 MWh/year,
while the latter option has a heat generation defi@ =17.14¢ = 17.1 MWh/year, although
the CHP can be run for longer to deliver the regpiiheat and provide a surplus of
Ag =-2714: = —27.1 MWh/year electrical energy, which may be desiradiepending on
feed in tariffs.

The bottom two plots in Figure 38 depict three-teilbgy options. The option on the left uses
a combination of PV and STC on the roof the balafoghich is determined by the selection
of the CHP. In the plot the dotted line mirrors tieationship between PV and STC yield in
Figure 6. The solid line represents the combineat/Bkectricity generation from the roof-
installed technologies. The dashed line depicts Gk generation. Here a CHP with a
heat:power ratio of 1:1 has been selected, whitaraenes the gradient of the dashed line.
Following this line down from the target intersedise PV/STC characteristic line,
determining the appropriate balance of roof gemaraechnologies to be 44% PV and 56%
STC. The length of the dashed line represents Hie inning time and hence the quantity of
fuel used: this line is shorter than the CHP limeshe top right plot and in the bottom left
plot, reflecting the reduction in vegetable oil dise

The last plot in Figure 38 shows the second oftlinee-technology options. The additional
PV on the roof, a 100% in this option, is usedftsai the power required for the heat pumps
shown by the solid line. The dashed line showsatiditional heat and electricity generation
provided by the CHP, producing 5.6MWh/year of haatl the same of electricity. The
reduction of the CHP run time between this option ahe former option is due to the
additional heat generated by the HP and this sagmifly reduces the vegetable oil required
and hence the Cpbroduced. The bottom right option depicted in IF&g8 is the least carbon
intense configuration possible for this building.

Expanding the generation equipment combinationoopgti Table 4 details the balance of heat
and electricity generation and demand for eachede and gives the annual O8oduced in
each case. A value of 100% shows that all of tleentlal or electrical demand is met by the
onsite energy system, a value of 0% shows that nbikee thermal or electrical demand is
met. A negative value shows that the configuratiameased the electricity demand required
(i.e. to power a HP). A value greater than 100%w&ha surplus generated: Electricity is
exported to the Grid, but Heat is assumed to bepednio atmosphere, the g@missions,
however, are added to the total. Overruns of plardchieve the production of electricity
while dumping heat or vice-versa is not consideredhis analysis, although is a viable
option.
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Table 4: Summary of onsite thermal and electricitygeneration options for the SHINE-ZC building.

Solution  Onsite energy  Capacity Operational Percentage of base- Annual total
code system time case building energy  building
demand supplied by Co,
onsite energy emission3
system$ (tonnes
Thermal Electrical CO,lyear)
S Base-case Gas boiler 20 kw Jan — Dec 100% 0% 14.32
‘§ HP Heat pump 20 kW Jan — Dec 100% -35% 14.58
o CHP CHP 22 kw Jan — Dec 107% 100% 8.05
e STC Solar thermal 230 Jan — Dec 47% 0% 12.67
@ PV PV 25KW, _ Jan—Dec 0% 90% 459
Heat pump 20 kw Jan — Dec 53% -18%
HP-STC  Solar thermal 230°m  Jan - Dec A47% 0% 12.80
Total - - 100% -18%
Heat pump 20 kw Jan — Dec 100% -35%
g HP-PV PV 25 kW Jan — Dec 0% 90% 4.85
b= Total - - 100% 55%
S CHP 22 KW Jan — Dec 61% 56%
E CHP-STC  Solar thermal 230°m Jan — Dec 39% 0% 9.25
Total - - 100% 56%
CHP 22 kW Jan — Dec 11% 10%
CHP-PV PV 25 kW Jan — Dec 0% 90% 3.94
Total - - 11% 100%
CHP 22 kw Jan — Dec 66% 61%
CHP- Solar thermal 130 Jan — Dec 34% 0% 4.92
STC- PV 10.75 kW Jan — Dec 0% 39%
" PV Total - - 100% 100%
5 CHP 22 kW Dec — Feb 29% 27%
B HP-CHP- HP 20 kw Mar — Nov 71% -17% 2.19
o PV PV 25 KW, Jan — Dec 0% 90%
2 Total - - 100% 100%
= HP 20 kW Jan — Dec 50% -18%
HP-STC-  Solar thermal 130°m Jan — Dec 50% 0% 6.94
PV PV 10.75 kW Jan — Dec 0% 53%
Total - - 100% 36%

8 CONCLUSIONS

The zero-carbon performance targets set out inCtBEl have been discussed in relation to
compact-urban dwellings and a case study buildiag been presented. For the building
reported here, generation options produce less3tannes of C@year and the best of these
produces 2.19 tonnes of G/§ear and uses ~1600litres of vegetable oil. To thig into
perspective, fulfilling the complete requiremeningsthe electrical grid and a condensing gas
boiler would emit 14.3 tonnes of G@ear and the additional application of PV coverihg
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roof completely would reduce this to 4.59 tonnearfyd@he focus of this research was purely
on CQ emissions. Other criteria to be considered, ssatoat, environmental factors like air
quality and noise, and practicality are also imaatrfactors, but out of scope of this paper.

The nature of compact urban dwellings often resualts number of constraints, all of which
hamper achieving zero-carbon energy performance:

* shading, roof pitch and orientation;

« the roof area available for the collection of s@aergy;
» the space available for heat and fuel storage; and

« the space available for the generation technologies

The limited roof area results in the need to suppl& heat and electricity generation with the
application of low-carbon technologies, such asroa€HP. It has been demonstrated that in
specific urban contexts, zero-carbon performancedaned within the current UK
compliance framework may be very difficult to aclgein practice given the assumptions
used in the simulation here. Therefore, it is vekgly that zero-carbon compact urban
dwellings may require a net off-site import of eéte@al and/or thermal energy. Also
highlighted is that the CSH has a lack of guidamce the most appropriate energy
consumption criteria to apply to estimating theuge performance at the design stage, which
is critical if these new developments are to comte to the national reduction in €O
emissions. Incorporating into the Code for Sustam&iomes in the U.K. the set points and
estimations from the BREDEM model will give appnméte thermal and electrical
requirements for zero-carbon dwellings.
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ABSTRACT

There is an increasing demand for housing in theddH the trend towards urban living is
resulting in the redevelopment of inner city are@ften sites are constrained by existing
buildings and infrastructure and hence the chobees orientation and layout are limited, the
roof area in particular. In addition, the livingagie is maximised to provide the greatest return
on the initial investment and hence the area redquior plant and equipment is at a premium.
The drive towards producing dwellings that produtet zero-carbon emissions during
operation places further constraints on the desfnthese buildings and results in a
challenging web of interdependencies between thkitactural layout of the building, the
building fabric itself, the systems and their cohtrthe renewable energy generation
equipment and occupant demand for electricity agat.nBased on a case study, this paper
presents an approach to break down these interdepeies into manageable stages and
suggests a way to visualise the zero carbon peafiocmas part of the overall design process.

Keywords: Dynamic building simulation, Zero carbdd@C) housing, Compact urban
dwelling, energy demand profiles, on-site energyegation.
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1 INTRODUCTION 2 FORMULATING THE

APPROACH
The trend towards inward migration is resulting in
new homes being built on brown-field sites in towns e design of the energy systems for a net zero-
and cities in the UK, where space is limited (Banfi  4/hon compact urban dwelling can be split integhr
and Peacock, 2007). In the UK, apartment basedpincinie components: the demand through the
living is less common than the single family hoose e pants and their influence on the consumption of
its own plot of land, however, to maximise the $pac g|ectricity and heat; the building systems thatveel
available, these urban sites are having apartment,aniilation and heat recovery, space heating and
based dwellings constructed on them. These arejomestic hot water (DHW) supply; and the
being termed ‘compact urban dwellings’ and often g,hny/generation of heat and electricity to those
have a living space of around 50 in either one or systems. Ideally, it would be possible to decotipée
two stories with a likely occupation of one or two generation systems from the building in order to

people. explore which mix of renewables is most appropriate
From 2016 all new build UK homes must meet the for a particular building.

highest criteria of the government's Code for compined Heat and Power (CHP) plant does run
Sustainable Homes (CSH) as stated in greener homegy gely independently of environmental conditions,

for the future. (Department for Communities and ;4 as long as there is a sufficiently large thérma
Local Government, 2006). The CSH (DCLG, 2006) giore, the relatively high temperature of the hegti

states that code level 6 can be achieved bging  \ater peing produced means that it is possible to
low and zero carbon technologies such as solar nye 5 reasonable evaluation of performance without

therrl;l_al, g I:r:ion:assd boilers, vtvind t(l:JLb;neslt anolld coupling it to a model of a building and its sysgem
combined heat and power systems . It wou . o .
b y ( ) Although driven by the availability of solar radat,

mean that for example energy taken from the X .
national grid has to be replaced by low or zero P hotc_>vo|ta|c (PV) systems can also be treated in
carbon generated energy, so that over a year the ne isolation to assess performance when connected to
emissions were zeto ’ the national electricity supply grid. The Grid img

' . ) _ case can be treated as electrical storage withit@fi
Th_e _Iack of control over bU|Id|ng_ orientation, capacity, where a 100% of the demand can be met
building volume and roof space available in these 5,4 100% of the generated power can be exported.

buildings presents a major challenge to both the
architect and engineer in the pursuit of an appater Systems such as Solar Thermal (ST) arrays and Heat
design that will deliver zero carbon operation when Pumps (HP? are affected by the supply temperature
in service. There is little, if any, literature feed ~ Of the heating water they produce and this water
discussion of the engineering constraints, control supply is affe“?d by th_e operating conditionshuf t
considerations and other factors that affect the SYSt€M the equipment is connect(_e(_j to as well as the
selection of the mix of renewable energy environmental or ground conditions, depending
technologies during the design of these types ofWhether you hav_e an arr sourced or ground sourced
buildings heat pump. Any intermittent generation must also be
h k ted h i based wdv of th buffered by storage to m_aintair_1 the supply of t_he
d e wor fpr(tehsene ere 1s tase c;n a study o i ®emand at the appropriate time. The capacity,
esign of the energy systems for a recently \oyme and configuration of this store are critital

constructed net zero-carbon housing_devel_opment iNthe operation of the systems that might be condecte
Derby, UK. This paper presents a simulation-basedt, it such as CHP, HP and Solar Thermal arrays.
approach that could be applied to the design déroth

similar buildings, to help unpick the critical
interdependences between the design of the
engineering systems, system inputs and control o
assumptions in order to establish some confidences""leabIenm.able floor area of thg building anddeen
that a selected mix of renewables has a high chancd€ OpPeration of the system is at odds with the

of delivering zero-carbon performance when in use, c_ommerC|aI ervers. In. add't.'on’ whether to have
before embarking on a more detailed analysis tOsmgle or multiple tanks is an important considerat

determine the precise capacities, configuratiors an that can have effects on the performance (Grondzik

control strategies that would be developed into a®t al. 2010).

working design for the real building. The heat losses are minimised in these buildings in
order that the demand for space heating, and hence
the required onsite generation capacity, is mirgchis
This does mean, however, that the internal heaisgai
from the occupants and through the consumption of
electricity through appliance use noticeably afect
the heating demand in winter. Establishing the

One of the conflicts that arise with the thermalet
is the volume required. Increasing the volume ef th
tank increase construction costs and reduced the
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occupancy profiles and range of expected applianceexceptions are the determination of the generation
use therefore becomes important to evaluate thosecapacities of ST and PV which are constrained by th
generation systems connected to the thermal storearea available for installation. The third stagetas

that is part of the system used for the provisibn 0 model the building and its systems in a dynamic
heat. simulation (TRNSYS was used here) to evaluate the

Occupants also have control over the DHW draw-off, _overaII buiI_ding heat/power consumption/gene(ation
although principally for hygiene and food preparati  In hourly time steps and aggregating these figures
is likely to dominate over the provision of heating OVer a typical year and various load conditionse Th
since the high insulation levels in the fabric and initial steps are to establish the:

MHVR minimise that required for space heating. 1. architectural design/building dimensions;

The dependencies between the generation and 2. available area for the collection of solar energy;
consumption of heat and electricity, the likely 3 heating and ventilation delivery methods;
variation in occupation, the use of heat and algttr 4. volume available for heat storage:
and the interdependencies of plant characteristics _ 9 ’

suggest that the analysis should use dynamic therma . range of generation methods available;
simulation. As part of the commercial design offsuc 6. dynamic performance estimates of the loads and
buildings the challenge here is to minimise th@rff generation methods;

expended in establishing a workable mix of 7 rinciple space gain/demand characteristics; and,
renewable technologies relatively early on in the .

design of the engineering systems. This generates 8. constraints on the systems and components.
confidence that a particular scheme will produce ne Establishing items 1 through 5 are straightforward
zero-carbon performance, before embarking on aand should be identifiable for any given projedteT
more detailed ana|ysi5 to fine tune the Capac'mi'es environmental conditions are given by historical
the each component and establish the most affectiveveather data for the specified location. The ppleci

control strategy, involving further simulation work ~ demand characteristics describe things like the
occupancy profile, space heating use, hot water

consumption and use of electrical appliances. mater

2.1 THE APPROACH gains from occupants and solar gains through the

) , windows should be accounted for. These can be
The approach it to establish some bounds, or angenerated from rules of thumb, or by simulation
envelope of annual heat and electricity demand inyhich will depend on the time available for anadysi
which there is some confidence that the real gidi 54 for the level of detail required. What is iripot
will operate once occupied. This can be estimated i ig (4 establish the bounds for the annual heat and
any thermal simulation tool, or even using simple, gjectricity consumption within which it can be
steady-state methods. The second stage is t0 é5tima e 450nably expected the building will perform; and
some generation plant capacities based ONyisis termed here, the ‘demand envelope'.

tional design-day loads for th ified
conventiona, cesign-cay foacs for we specie Using the architectural information, a knowledge of

building such that each generation option is able t he h d electricity d d and simulationl
supply 100% of the power and/or heat demand. TheN€ N€at and electricity demand and simulationitesu

F q
BEDROON BEDROOM BEDRGON BEDROOM BEDROOM
BATHROOM BATHRODM ATHROCHM BATHRODM BATHROGM

Figure 39, the ground floor plan of the buildindgneTupper floors to the 6 identical flats are annope
plan living space with kitchen. The flat to theligs the first storey of three identical unitseTh
building dimensions are approximately 36m by 8m @md at the highest point.

it is possible to estimate the size/capacity ofkag 2. CHP, HP, etc. for a design heating day; and,
components of the energy generation systems: 3. thermal store based on volume and medium.
1. roof area for solar thermal and/or PV;
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This will allow the determination of the renewable combination with triple glazed windows with U-
mix required to deliver a zero-carbon evaluation values of 0.123W/AK and 1.0W/riK respectively.
energy supply together with an indicator of thé&ris Ventilation is provided by mechanical ventilation
of under/over delivery of electricity or heat, whic  with heat recovery (MVHR), with an air exchange
will lead to non zero-carbon performance. To rate in each dwelling of 17I/s (Building regulation
generate this indicator of risk, simulation canused part F, 2006). The heat recovery capacity of the

to estimate: specified system has a stated manufacturer’s
1. the likely annual electrical and thermal energy  efficiency of 90 % (Segen, 2006).
demand envelope, and, The properties are heated with radiators with

. : controlled through a central thermostat locatethe
The simulation output can be used to calculate .
. . .~ hallway of each unit.
power/heat consumption/production characteristics

for each item of generation equipment. These 4 ENERGY GENERATION
characteristics can be overlaid on the demand

envelope and used to establish the annual overw'unde OPTIONS

generation for given systems combinations. The plot

can be used to evaluate the in-operation balance ofSolar thermal collectors, photovoltaic panels, air-
renewables to inform further simulation work to source heat pumps and a bio-fuelled, micro combined
establish the optimum plant capacities and control heat and power generator where considered in this
strategies and set points. analysis. Watson et al (2008) stated that wind

The next sections of the paper introduce the casedeneration has a very limited yield in an urbatirsgt

study building and work through these stages fizr th @nd bio-mass boilers were not considered in this
building, presenting the results and describing the particular case. Ground source heat pumps were also

analysis method in more detail. not considered because the available area for
horizontal evaporator coil was limited and the
3 THE CASE STUDY commercial viability of installing vertically driid
BUILDING systems was prohibitive.

If the most common type of PV array (crystalline
silicon) is used, Bayod-RUjula et al (2010) shoatth

The SHINE-ZC building in Derby (Figure 39) is around 9rfi of roof space is required to install 1kWp

north facing and comprises nine dwellings; six, Wo ot pv panels. With 230frof roof space, a maximum
storey houses and one three-storey block containin

three flats. Each dwelling has a living space Ofginstallatlon of approximately 25ky\¢an be installed.

approximately 50/ The architectural layout of the The variation of the heat output of ST collectongg
building meant that it was challenging to make the Only dependant on area, but also on inlet tempegatu
space available for large thermal storage, which Brinkworth (2001) derived a set _of graphics usisg a
would have made solar thermal panels in particular, Parameters the storage capacity and the collector
more effective. Instead the design was based around'ea. If the size of the panels is small compaoeitie
each dwelling having sufficient space to house & 31 Storage capacity, the limiting case is the arethef
litre thermal store which is large enough to supply collectors. If, however, the collector area is &rg
the estimated space heating and hot water demand t§ompared to the storage capacity, the reverseigs tr

each flat 99% of the time under standard conditions !N this installation, the ST collectors would be
CIBSE (1986). mounted on the roof at 6° and hence the yield lvill

reduced. In addition, the capacity of the thermal
storage is likely to limit their effective deploymte
and so they were not considered as an option i thi
study.

The roof area is split in two levels; usable roodea
for solar collection is ~160frover the 6 houses and
~70nt over the right hand flats. Ideally the roof
would have been constructed with a 40° pitch to

maximise the yield from any solar thermal or § DEMAND
Photovoltaic (PV) systems installed (Energy Saving

Trust, 2004), however, planning consent restricted CHARACTERISTICS

the pitch to 6°, leading to an estimated loss gary

of direct solar radiation in the order of 20% (CBBS The demand characteristics are determined here to
Guide 1986). vary the inputs to the simulation in order to cédom

Key to minimising the heat required for space the annual electrical and heat demand for the
heating, is a highly insulated fabric, minimal building. These figures are then used to estintae t
infiltration and to employ heat recovery on the likely demand envelope.

ventilation air. An Insulating Concrete Formwork The |evel of detail used in the demand profiles are
(ICF) system was used for the structure in jmportant and will affect the estimation of thermal
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and electrical generation. There are a number 0f6 CONSTRAINTS AND

inputs to vary:

» the occupancy profile, affecting internal heat ASSUMPTIONS

gains, DHW use and switching of appliances;

» heating schedule, affecting the space heating
demand;

Thermal Stores: The thermal stores are taken to be
charged to capacity when the water in the bottom of
the store reaches a temperature of 90°C; and éor th
The approach reported here can be easily expandegurposes of control, taken to be able to supply no
to incorporate more sophisticated models of useful heat if the bulk water temperature dropswel
occupancy and electrical demand (Richardson et al,50°C. The assumption is made here that the majority
2010), DHW draw (Jordan et al, 2000) for example. of this water is used for personal hygiene and
The approach could be extended to include futuretherefore has a temperature of 40°C at the draw-off
weather scenarios also (TM36, 2005). However to points. The cold water supply is assumed to be 10°C
demonstrate the approach, simpler models have beeand mixed with the water from the tank to supply at
used and are described below. 40°C at the required flow rate.

Occupancy and Activity: Each dwelling is treated Air movement and ventilation: High construction

the same. The dwellings are occupied from 16:00 toquality is assumed and so the infiltration rate is
09:00 the following day. Occupants are regarded asassumed to be low. There is no air movement
sleeping between 23:00 and 07:00. No differentiatio modelled between the different zones, except the
for weekend activity has been made in this analysis ventilation air through the heat recovery unit. The
Anderson et al, 2001) electrical consumption and the heat generated &y th

Electrical Consumption: Three levels of electrical €at recovery are added to the internal gains
consumption are applied. 75W is assumed to be the?ccording to the BREDEM method (Anderson,
unoccupied, or sleeping base load, accounting for2001).

white goods and the MHVR system. During the Air Source Heat Pumps: The heat pump switches
awake occupied hours a constant load of 496w isOn if the average store temperature is less tha€50
applied. The annual electrical consumption is |he maximum temperature the heat pump can deliver

therefore 2288kWh, as given in the BREDEM model 'S 65°C, hence the control system will preventtife
(Anderson et al, 2001). running when the water in the bottom of the thermal

_ . store reaches this temperature. The electrical {oad
Heating Schedule:The temperature of the space iS the heat pumps is assumed constant, however the
controlled to 21°C during occupied hours in the peat output is dependant on the operating condition
heating season and 15°C during unoccupled/sleepmngP_ The micro-CHP is modelled as a constant

hours. The h_eatmg season is taken fo be fr_ompower output with an electrical power estimated at
November until the end of March. The space heating 10kW. This micro-CHP plant has twice the capacity
requirement is only 20% of the total thermal i oyide all the thermal needs for all the dwet
requirement. for 99% of the days, (CIBSE, 2005). The CHP
DHW draw: The CSH requires that the DHW water switches on once a day. If the thermal stores are a
consumption must be less than 80 litres per day per90°C and the electrical demand has been satisfied,
dwelling (DCLG, 2006). There is no DHW CHP switches off.

consumption pattern given in the code and so fer th

purposes of this analysis it has been assumed tha? SIMULATION MODEL

half of the volume is used in the morning between

07:00 and 08:00 and half in the evening between 1€ building and systems were simulated in
18:00 and 19:00. TRNSYS software (Klein et al, 2007). The six

) ) ) houses were divided up in two zones per house, one
Treatment of internal heat gains: During upstairs and one downstairs. The flats and the
occupancy the internal heat gains from the occapant staircase were modelled as one zone. Figure 40
is taken as 115 W (CIBSE, 1985). The solar heatdetails the renewable generation options, energy
gains are negligible as most of the windows ar¢hnor storage and energy inputs to the system. The
facing and the south facing windows are shaded. Theoccupants have some influence on the heating set
gain from the use of electrical appliances andtiligh points, DHW supply, lighting and appliance use.
is assumed to heat the spaces, with the exception oTwo-way flows of heat are shown for the heating,
the load for cooking, where only 90% of the heat solar thermal, HP and CHP systems. DHW is a draw-
generated enters the space (Anderson et al, 2001)off where the heat flows from the store to the maain
The power used by the extract fans does not emeer t cold water supply. The CHP and PV both supply
space.
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electricity, where as the HP consume it in exchangeTo generate the limiting cases the CSH DHW water

limit of what might be expected from these homes
| since the expected occupancy is 1-2. The minimum
Grid o DHW usage was estimated by mirroring the

for heat. consumption of 80 litres/day was used as a central
Thermal estimate. Measured data from the Energy Saving
[ Sore Trust (2008) showed a mean hot water consumption
o |, g el eating o of 122 litres a day with a 95% confidence intervfl
33 j 118 litres a day. The data was taken from a study o
oL | ?; 3 124 homes over a year. The mean number of
- @ 3 occupants was 2-3 and hence taken to be at the uppe

R ‘u.?ccufms.—-" difference between the upper bound and the central
g E @ case, to yield a lower boundary condition 42
- : litres/day. Figure 41 shows the resultant annual
‘ﬂ}— 78 N pww— l___i thermal energy requirement as a function of a
TI variation in electrical load (20.6MWh/year is

approximately central on theaxis).

T

Figure 40, Block schema of the heat and
electricity generation, storage and demand
system.

The systems were modelled using the TRNSYS
library with a few exceptions. Those to note:

« TRNSYS type 194b with inverter is used to

determine the yield of the photo-voltaic array. \\

* TRNSYS type 4a, with 9 nodes of 0.2 meters high,
which corresponds with the 1.8-meter high thermal
stores in the dwellings.

@

/

Thermal energy required (MWh)

-
@

=
)

/

A

« ASHP was modelled by the approach described by| ° s oowoos fmoox % om0

JE—

- . yearly electrical consumption (MWh)
(Ste IJger et al’ 2010) as the InSta”ed heat pu mp W ‘-D-Healmg only —a—80 liter DHW/day =42 liter DHW/day ——122 liter DHW/day ‘
completely characterized by this model.

] ] Figure 41, total thermal energy demands in relation
* MHVR system was simulated using the approach g the average electrical use for the whole bugdin

described by Taylor et al (2010). This model was The lower of the four lines represent the baseifgat
used because for the ease of control. . )
o _ ~ demand. As the electrical appliance use goes @&p, th
* Space heating input is calculated from the radiator internal gains increase, offsetting the heat lofses
models described by Knoll and Wagenaar (1994). the space and hence there is a reduction in the
« There is a range of heat:power ratios for CHP from heating requirement. Second from the top is the
10:1 (Whispergen 2010) to 2:1 (Baxi Dachs mini BREDEM case for a range of electricity consumption
CHP, 2010). A small Diesel CHP can reach a 1.5:1 (BREDEM electricity consumption is highlighted
heat to electricity ratio (Tipkoetter BioGenio, With a black triangle). The lines either side o&tth
2010). Additional thermal losses with the operation represent the upper and lower limits of the likely
of these small CHP can be high and hence athermal energy consumption and as such are two
limiting case of 1:1 heat to electricity has been sides of the likely performance envelope.

taken and used to illustrate the approach. Determining the upper and lower expected levels of
electrical consumption is also challenging. A reécen
8 RESULTS AND ANALYSIS study by Richardson et al (2010) reported a 10 fold
) _difference in electrical consumption between simila
Using the BREDAM levels of energy consumption hoysing with a mean consumption higher then the
(DHW 80 l/day/dwelling, 2.3MWh/dwelling) the BREDEM value. The variation in distribution in the
simulation demonstrated electrical energy demandork was shown to be Gaussian and if the mean is
for the YVhOle bUIldIng is 206MWh/year, the DHW mu|t|p||ed by 9 to get a ||ke|y value for the
energy is 15.3MWh and the space heating demand issonsumption of the whole building, the variation in
3.8MWhlyear. This gives an estimate of a central this value likely to be less than 10 fold. For the
operating condition. To develop the performance purposes of this paper, we have judged that this
envelope, a number of other simulations were aérrie \would be closer to a variation of 4 by averagingrov
out to vary DHW draw and electrical load. Since the 9 dwe”ings’ but further work is needed to genem‘[e
space heating represented such a small proportion omore robust limit. The electrical consumption lisnit
the overall consumption, varying the heating can be plotted on to Figure 3 with the limits
schedule and internal air temperatures was neglecte associated with the heat demand. The building
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demand envelope can be shown as the grey area imwith a standard heat pump, running the whole year
Figure 4. and with a water supply temperature control sehtpoi
of 65 °C. The highest SPF was 3.82, using a high
performance heat pump, running during the summer
and a water supply temperature control set point of
55 °C. Figure 43 plots these two cases, shown with
the negative gradient on the left hand side.

The length of the vector defines how much energy is
converted from electricity to heat and is lineathwi
the number of running hours. The value onxlaxis

in the electricity consumed and the value on yhe
axis, the amount of thermal energy generated. The

Thermal energy required (MWh)
N » ~
5 3 5 8

=
1S

o

T e limiting case is resistive hea_tmg where the heat
year electical orSUTGR TVIR) generated to power consumed in 1:1.
[-o= 42 liter DHW/day =80 liter DHW/day =< 122 liter DHW/day |
. . 18
Figure 42, the likely demand envelope for the € —— Heat pump (SPF = 1.64)
. BT T Heat pump (SPF = 3.82)
building. s \ : ~---CHP (11
- . . 314 Y : _ghpaod)
The characteristics of the generation equipment can | g '
. . . . o 12 A
also described by their relationship between the |g
annual electrical power and heat generated. Fi§ure 510
depicts these characteristics, where the generafion |£ 8] 4
heat/power is considered to be positive and the |§ ¢ i
consumption of heat/power by the generation |g 41 ‘\\ [
equipment is considered to be negative, i.e. ittrhas 21 \ e
generated by another system. 0 -t ‘
For this building the ST collectors were not ® 0 ® Electiical energy generated (Vi)

considered and hence the roof is covered with 100% _. . .
PV. The simulation shows an annual generation of Flgur_e 43 thermal generat_lon as afur_mtlon_ of
18.5MWh. Since the PV does not interact with the €lectrical power consumption/production with
building thermally, the heat/power relationship is different type of generation plant.

zero. This characteristic is represented in Figuby ~ CHP: The CHP converts (in this case) vegetable oil
the positive horizontal line on theaxis, from zero to  into both thermal and electrical energy. The ratio
18.5MWh. this is determined by the plant, and in this case
The electricity production/consumption and heat assumed to be 1:1. Again the length of the vedor i
production of the CHP and HP are not independent.equivalent to the number of running hours. The uppe
The CHP generates a net positive contribution ¢o th case where a CHP with a 10:1 heat to electrictip ra
heat and electricity supply, whereas the HP geegrat s plotted for comparison.
heat, but uses electricity to do so, hence makes &Figures 4 and 5 can be overlaid to give a graphical
positive contribution to the heat demand, but a representation of the relationship between theylike
negative contribution to satisfying the power demand envelope and the heat/power characteristics
demand. In more detail: of a combination of generation plant, Figure 6.
Heat pump: A heat pump transfers heat from a To generate the diagram, first the demand envelope
lower to a higher temperature by consuming in plotted. The generation from PV panels is phbtte
electrical energy. This seasonal performance over anext, which establishes point A, at 18.5MWh.
g_iven p_eriod can be calculated from results from th The CHP will be required to generate the electricit
simulation by. that the PV cannot, hence the CHP characteristg li

is rooted at point A. The heat generation requteed

ZE: cover the demand envelope is delivered when the

SPF = & _thermal (1) CHP running hours are between point 5 up to point
running’ in C.

SPF Seasonal performance factor ()

Ewrerma  Generated thermal energy (kwWh)

Twunning  Time that the heat pump is running (hrs)

P, Electrical input power (kW)

As part of the analysis a number of HP scenarios
were run and the lowest calculated SPF was 1.64,
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not performing as a zero-carbon building as waste
heat is generated.

¢ 9 CONCLUSIONS

S a—
a S
@

w

N
S

A case study building was presented and an approach
to evaluating the likelihood of generating suffitie
heat and power on site for the development to be
zero-carbon was introduced.

The approach is a staged and utilises dynamic
0 ‘ ‘ —¥ : : : : ‘ thermal simulation. It is intended to be used as$ @ia
the design process to gain confidence that the

-
@

Thermal energy required (MWh)

10 4

0 5 10 15 20 25 30 35 40 45

J—

yearly electrical consumption (MWh)

[<o- 42 liter DHW/day —— 80 liter DHW/day >+ 122 liter DHW/day —— Heat pump % CHP |

selected mix of renewables will deliver the reqdire

heat and electricity generation performance.
Figure 44 shows the likely demand envelope A number of findings were reported:

and the degree of expected coverage offered by .
the generation options.

The CHP is only able to operate along the linear
trajectory defined by the heat-power characteristic .
line A-C in Figure 6. If the annual balance of heat
and power consumption happens to fall anywhere to
the left of that line, the CHP can only satisfy thea
demand by generating a surplus of electricity, and
vice-versa, to the right of the line. In order t@eh
combinations of heat and power requirement, a HP is
needed.

If no CHP is used in the year, the HP heat/power
characteristic line is also routed at point A. Bexm=a

it consumes electricity, the line slopes to the, lef
indicating a reduction in the PV generated eleityric
available for consumption in the dwellings. To the
left of the line the PV will be able to satisfy the
electrical demand and the power required to run the
heat pump to satisfy the heat demand. To the dfjht
the line additional electricity generation is ragdi
hence more PV or where that is not possible, tlee us
of CHP.

there is a lack of design targets detailed in the
CSH and hence values have to be found from
elsewhere and their appropriateness justified;

a ‘performance envelope’ was introduced based
on annual electrical and heat demand and this
was used to evaluate the selected mix of
renewable technologies in the intended design;

issues of likelihood of over and under
generation were discussed and a operational
coverage measure was introduced.

It was demonstrated that a mix of PV, CHP and
HP could deliver good coverage of the likely
building heat/electricity demand for a compact
urban dwelling development in the UK,
however, an increasing CHP heat/electricity
production ratio would impair the zero-carbon
performance by wasting heat.
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In-Situ U-value measurements for Shine-ZC

APPENDIX D IN-SITU U-VALUE MEASUREMENTS FOR
SHINE-ZC

Abstract

The SHINE-ZC building in Derby comprises of ningamént, compact urban dwellings, six
2-storey houses and a 3-storey block containingethftats and a shared staircase. The
buildings were designed and built by EMRE Ltd, ag pf a 50/50 private and public funded
demonstration project led by Loughborough Univgrsithe objective of the project was to
demonstrate an ultra low energy dwelling in a cochparban environment. This report
summaries the finding of on going physical in sWall U-value measurements of the
development and provides an estimate the charstitsriof the ICF wall structure. The
embodied thermal mass of the ICF superstructureesathhe measured in situ U-value to vary
with ambient internal and external environmentaldibons. Therefore as part of the reports
results the in situ U-value measurements have beexuated against a theoretical
mathematical model of the wall structure to aid thterpretation of the results. When
comparing in situ measured flux with those fromotietical model there is a discrepancy, the
flux measured is higher than the model predicted the core temperature in the model is
0.3 °C higher than measured. It was observed tiked¢asing the mathematical modelgalue

for the EPS (Expanded PolyStyrene) insulation nmedtén the wall from 0.03 W/mK to
0.046 W/mK aligned the results from the model witle measurement results. With this
insulation value of the EPS, it would mean that thealue of the wall is estimated to be
0.161 W/m2K. Instrumentation at the site has bednih situ to continue measurements
presenting the opportunity to evaluate resultsnexb over a longer time frame.

Keywords: ICF, U-value measurements, Shine-ZC
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1 INTRODUCTION

This report was carried out as part of the Techypl&trategy Board (TSB) Building
Performance Evaluation (BPE) program 1, and eveduiatsitu U-values measurements made
on the Insulated Concrete Form (ICF) super strectir the SHINE-ZC development in
Derby. Buildings with some thermal mass in theipexstructure will tend to exhibit some
thermal inertia over time. Therefore a comparisbithe in-situ material properties is made
using a theoretical model and on site temperatames heat flux measurements. The
mathematical model is used as the model can be tosgdnerate performance predictions
over a year to establish if the thermal capacitythef ICF core of the wall is an aid or
hindrance to the overall energy performance ofiénelopment.

2 CASE STUDY BUILDING

The dwellings are adjoined as shown in Figure 4bFigure 46.

Figure 46. Floor plans of the dwellings
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The inner city brown field site upon which it isibulictates the building orientation. The
front of the building faces approximately north.cBadwelling has a living space of
approximately 50mand the total internal volume is 1326nThe roof area is split in two
levels; approximately 160fon the apartments, and 70om top of the flats. The 230%moof
faces south with a 6 degree slope. The surfac@eobuilding is partially rendered with an
ivory render, and partially clad with treated rediar panelling.

Figure 46 shows a plan view of the development;dihellings are numbered from right (1 —
two storey house) to left (6 — two storey houseyl bottom (7 - flat) to top (9 - flat).

ICF outside wall: Thermal conductivity Thickness (m) Thermal Thermal

resistance Capacitance

(W/mK)
m2K/W J/m*K

Outside surface resistance - 0.040
Rendering 0.5 0.025 0.156 32500
EPS 0.030 0.175 5.15 938
Concrete 1.400 0.150 0.06 264600
EPS 0.030 0.075 221 469
Plasterboard 0.160 0.013 0.081 20250
Inside surface resistance 7.690 -- 0.130
U value Wall (WnPK™): 0.125

Table 7. Insulation calculation of the ICF outsid®l (Source CIBSE guide A)
The wall material is Integrated Concrete Form (IGkpplied by LOGIX UK; a highly
insulating construction method that was specifiéith & U-value of 0.125 W/fK!, elemental
breakdown shown in Table 7. The U- value of the is@stimated to be 0.09 W#*. The
concrete core represents a large thermal masdtimgsn a large time constant. The windows
are triple glazed, with a U-value of 0.8 Wit and were supplied by the Litchfield Group.
Insulation in the floor is estimated to be 0.059mAK™. It should be noted that the ground
floor insulation of the six houses serves the guapose of insulating from ambient ground
conditions and the elevated temperatures of themugiebund aggregate based thermal stores.
The building has an inner city location; winteraobgain is minimal due to the shading of
adjacent buildings. Summer solar gain needs to immsed to maintain thermal comfort
within the dwellings. The heat losses through #d&it are estimated around 15 W/K for the
houses and 9 W/K, 11 W/K and 15 W/K for the bottonddle and top flat respectively.

Ventilation is assisted by a mechanical ventilatimat recovery (MVHR) unit, with an air
exchange rate of 17 I/s, and has 0.43 exchangekqgperin the apartments, and 0.54 in the
flats. The heat recovery capacity of the instaliggiem is stated as 90%. There is a summer
bypass function in the MVHR. In this mode, the hesathanger of the heat recovery unit is
bypassed, and the air intake is not preheatedtérhperature, by which the summer bypass is
switched on, is 25°C. The temperature, by whichstimamer bypass is switched off, is 24°C.
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Desciption

Middle
apart.

Bottom
flat

Middle
flat

Top flat

Number of units

Floor area () 55 55 42 44 46
Volume (n?) 140 140 105 110 115
External wall area (R 75 45 47.5 50 52.5
Window area (f) 85 85 55 6.5 6.5
Roof area () 30 30 70
Ventilation rate (exch./hr) 0.43 0.43 0.54 0.54 40.5

Heat loss fabric (W/K)

18

15

13

11

15

Ventilation heat loss (W/K) 8

8

8

8

Table 8. key parameters of the development

Of all the dwellings, the end apartment (plot 1y llae highest theoretical total losses (the
combination of fabric and ventilation losses), #émd loss is around 26 W/K.

Comfort levels are aided by ‘upside down living’'thre apartments i.e. the living space is on
the first floor, whilst the bed/bathrooms are l@chon the cooler ground floor. As a result the
bedrooms will stay cooler, whilst the living aredl wtay warmer and have more natural light.

This development uses a novel underground thertoedge solution consisting of a highly
insulated aggregate bed situated under the sixelsouSurplus heat from the large solar
thermal array on the roof is transferred into ttisre over the summer months and can be
extracted during the heating season using air-sduneat pumps.

3 ICF: THEORETICAL MODEL

The wall structure is shown in Figure 47. A dendtes inside, B the plasterboard, C the

internal EPS insulation, D the concrete core, Eetkternal EPS insulation and F the external

rendering, with the material properties as listedable 7. This wall can be modelled using a

resistive/capacitive node model; each materialejgrasented as a resistor and a capacity
representing the thermal resistance and capacit#ribat material as shown in Figure 49.

Figure 47 Cross section through the wall
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The heat flux and temperatures in through the eaail be determined with the assumptions of
flow and temperatures shown in Figure 48. The through each element is determined by
the temperature difference over that element imseof a resistance, or the temperature
change over that element during a time step ingefra capacitance. Total flux in each node
must be 0.

Figure 48 Calculation of one element
. In formulas: as the total heat flux in each nousest be zero, i.e.

Ori+Ory+0c =0 (1)
Also:
Or: =(Ta=Ty) /Ry (2)
and
Oc=Ci X (ATy/At) (3)

With A Ty, the temperature difference in that node Anidthe time step of the iteration. For a
given set of temperatures, the next set of temperatcan be calculated using the above
equations:

Toat+1 = Toar + (Taer — Ther ) / R1+ (Tcar — Toar ) / R2) XAt/ Cy 4)

This model is equivalent to a finite difference mbdvith one node in the middle of each
layer of the wall structure and a calculated thénmasistance between each node depending
on the material. It is an extension to the standaadlel (R and R must be equal in the
standard model), as this approach can cope witferdift materials between the nodes
(difference in Rand R).

Tint Text
Rl TRZ TR3 TRA TRs TRB
T T T T T°
Plaster EPS Concrete EPS Ext.
board int. core ext. render

Figure 49 thermal model of the wall
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The resulting model is shown in Figure 49. R1 csissof the internal surface resistance and
half the resistance of the plasterboard. R2 cansithalf the resistance of the plasterboard
and half the resistance of the internal polystyrete. It is assumed that all the heat flow is
horizontal e.g. a uniformly distributed temperatarethe surface of each material. The other
assumption is that there is no air gap betweendifferent materials. This is a valid
assumption as the plasterboard is glued onto tlystyeene, the concrete is poured in the ICF
and the render is put on wet at application.

To use the model, each capacitance and resistasce e calculated from the values shown
in Table 7. The results are shown in Table 9.

Table 9 Resistance and capacitance values thribeghall.

Node Position R Value @ Value  Time constant
(M?K/W) (IInfK) (sec.)
1 Internal 1| 0.0406
2 | Middle plasterboand2 1.29 1 35100 1430
3 |Middle EPS internal3 1.28 2 468.75 604
4 Middle concrete | 4 2.97 3 244500 313000
5 Middle EPS |5 4
external 2.99 1093.75 3220
6 Middle render q 0.428 5 32500 97300
7 External

A time constant of 604 second or just over 10 n@suas selected for the mathematical
model, as a result the highest maximum sample e minutes, less than half the lowest
time constant. The time constant of the concrete 313000 seconds or 3.6 days. The “U-
value” of the wall (ignoring the capacitance) i$ZB W/Knft.

The model responses to an internal and externgld@eature step change are shown in Figure
50. The overall time constant to an internal stegnge is approximately 3.5 days, the time
constant as a result of an external step chargjggyigly larger, approx. 4 days.
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Figure 50 Step responses of internal and exteratklt@mperatures and the response of the model to
these step changes.

4 U-VALUE MEASUREMENT DATA ACQUISITION
HARDWARE

Internal and external temperatures were measured tgpe 10K4A1 thermistors. For the
internal measurement the thermistor was glueddmtasterboard on the inside. The external
measurement was made by fixing the thermistor ¢cetid of a low thermal conductivity rod
past through the wall, the sensor was protectech fambient external conditions with an
aluminium cap; this provided a low emissivity sedzon both sides. This type of thermistor
comes pre calibrated by manufacturer. A third thston was inserted into the concrete core
to measure the core temperature.

Heat flux transducers used were circular disk fleat sensors type HFP0O1 manufactured by
Hukseflux Thermal Sensors BV Delft. These sensors, constiunitd®VC and incorporating
embedded thermocouple junctions, are designedrntergt a voltage proportional to the heat
flux through the disk. The heat flux sensors weseduto determine the level of heat flux (in
W/m2), passing through the wall and together wlidn tecorded temperatures enable U-values
to be determined. The heat flux sensors are caditirby HuksefluxThermal Sensors BV.
Delft. The output voltage was calibrated to be 62\dWm™ for the sensor with series
number 6985 and 68V/Wm™ for the sensor with series number 6986. In ordeassist in
providing adequate thermal contact, a circularatutfrom the plasterboard was made and the
sensors were pressed into wet plaster onto the &RBe wall. The measurements were
carried out in the unheated shared stairwell offidis, the location was an empty equipment
cupboard on the first floor. The location was selddo reduce the radiative thermal energy
and localized heating effects. The following photgh shows how the heat flux sensor was
arranged on the wall in the cupboard. With the etgmbmaximum heat flux (2.5 to 3 Wim
and two sensors in series, the output voltageaddw to be measured directly by the onsite
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Building Management System (BMS). With an expedtedalue of the wall of 0.123 W/TK
and a maximum temperature difference of 25°C, thgimum heat flux is expected to be 3
W/m?. This will result in an output voltage of approk5 mV. The standard Hukseflux
Thermal Sensors BV precision 200x amplifier hargllthe output from the flux sensors
produce a signal that is too low to be accuratedasared by the BMS, which has a set input
voltage range of 0..10V. To overcome this problentustom 4-20 mA converter was
designed, built and tested for the installatiomns tonverts the signal voltage into a current in
the correct range to be measured by the BMS.

Figure 51 Arrangement of the heat flux sensorswBenh the two sensors the plastic rod housing the
external temperature sensor is visible. The hotealand to the right of the rod will house the
concrete core temperature sensor.

The electronic schema and PCB for the 4-20 mA oaewés shown in Figure 52. The DC
offset for the conversion is 10.00mA, the convardmxctor is 0.101 mA/mV. The schema and
board layout is shown in Figure 52.
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Figure 52 schematic (a) and layout (b) of the 4¥Z0converter

The conversion formula that converts the voltagelireg into the flux is:
Om = 50.0%((V;,/0.499)-10.0)/125.9  (5)
O in W/m?, V,,in Volts.

The block diagram for the complete data acquisisigstem is shown in Figure 53.
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Building
200 x 4-20 mA Management

% amplifier converter System

A 4
A 4

JV A 4

external
Internal Core thermistor

thermistor thermistor,

Figure 53 Block diagram of the data acquisitiorteys

5 MEASUREMENT DATA

Sensor data was logged every two minutes via th& Blystem as per BPE guidelines. The
test was run from 21 January 2013 to 6 February82Bh extract of the data is shown in
Table 10.

Table 10 Sample of the data collection
Date/Time External Wall Core Internal Wall Flux

Temperature Temperature  Temperature (°C) Sensor (V)
(°C) (°C)
21/01/2013 09:01 3.71 11.17 13.01 6.406
21/01/2013 09:03 3.73 11.17 13.01 6.409
21/01/2013 09:05 3.73 11.17 13.03 6.399
21/01/2013 09:07 3.73 11.17 12.98 6.401
21/01/2013 09:09 3.69 11.17 12.96 6.396

To determine if the flux through the wall was horangus, a thermal image of the wall was
taken. It was assumed that large difference in Aaatwould show up as a temperature

difference between the flux sensor and the surnogndrea. As shown in Figure 54, the

temperature difference between the plasterboardtlamdensor is small, so a homogenous
flux was assumed.
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Figure 54 Infrared pictur'é of the fitted sensore Bensor is just visible aé a élighly cooler (gyeksk

6 RESULTS AND DISCUSSION

With the captured data, the theoretical model carceimpared to the measured data. Two
important data need to be compared:

1. the internal core temperature
2. the measured heat flux into the core

The internal and external measured data is fed théo model and the theoretical core
temperature and heat flux is compared with the oredscore temperature and heat flux. The
flux needs to be calculated from the voltage regdihthe sensor using (5). With an input
voltage of 6.046 V the flux is:

O = 50%((6.046/0.499)-10)/125.9 = 1.127 W/m?>  (6)

The model was run with the internal and externaiperatures from the measurement data.
The flux was calculated from the measurement asagein the model as the flux calculated

from the thermal resistance in combination with teenperature difference between the

plasterboard and the internal EPS, the positiorrevtiee flux sensor was located. The sample
time was set to the same as the minimum run timeirfites. The results were tabled. A

sample of this table is shown in Table 11.

After a running period of 16 days (11250 samplas)rhodel estimated the core temperature
0.36 °C lower than the measured core, as showimgurd=-55. The internal temperature was
relative constant between 13 and 16 °C, whereasxiteenal temperature fluctuated between
2 and almost 14 °C.
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Table 11 model calculation and measured valueseofviall

Time Node temperatures (°C) Heat Measured values

Interna Plaster EPS Core EPS Render External flux Flux Core

(mm:ss) I int. ext. temp

wim? ©c)
09:01 13.01 13.00 12.10 11.17 8.00 4.00 3.71 1.05 1.12 11.17
09:03 13.01 13.00 12.08 11.17 7.97 4.01 3.73 1.06 1.12 11.17
09:05 13.03 12.99 12.08 11.17 7.94 4.01 3.73 1.07 1.12 11.17
09:07 12.98 12.99 12.07 11.17 7.91 4.02 3.73 1.07 1.12 11.17
09:09 12.96 12.98 12.07 11.17 7.89 4.02 3.69 1.07 1.12 11.17
09:11 12.88 12.97 12.07 11.17 7.87 4.02 3.62 1.06 1.12 11.17
09:13 12.90 12.95 12.06 11.17 7.85 4.03 3.62 1.04 1.11 11.17
09:15 12.88 12.94 12.05 11.17 7.83 4.03 3.62 1.03 1.11 11.17
09:17 12.85 12.93 12.05 11.17 7.82 4.04 3.59 1.02 1.11 11.17
09:19 12.85 12.91 12.04 11.17 7.81 4.04 3.64 1.01 1.11 11.17
09:21 12.85 12.89 12.03 11.17 7.80 4.04 3.62 1.01 1.11 11.17
09:23 12.88 12.88 12.02 11.17 7.79 4.05 3.59 1.00 1.11 11.17
09:25 12.93 12.88 12.02 11.17 7.78 4.05 3.59 1.00 1.11 11.17
09:27 12.90 12.88 12.01 11.17 7.77 4.05 3.64 1.01 1.10 11.17
09:29 12.90 12.87 12.01 11.17 7.77 4.06 3.64 1.01 1.10 11.17
09:31 12.88 12.87 12.01 11.17 7.76 4.06 3.64 1.01 1.10 11.17
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Figure 55 Measured v.s. modelled core temperafline. model calculated the core temperature 0.36
°C lower than the measured value.

The flux measurement showed a higher level of dancy, the flux measured was on
average 1.75 times higher than the modelled fllikpagh there does appear to be correlation
between the measured and modelled flux, as showigure 56.
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Heat flux
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Figure 56 Measured v.s. modelled flux. The measfivads approx. 1.75 times the modelled flux.
It was noted that varying the EPS value to 0.4é résulting simulated flux with this K-value
for EPS is shown in Figure 57. The average discrepaetween the measured and modelled
flux is reduced to less than 10%.
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Figure 57 Measured v.s. modelled flux. If the Kueafor EPS is changed to 0.046, the measured flux
is approx. the same as the modelled flux.
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Figure 58 Modelled v.s. measured core temperatuteam increased K-value of the EPS. If the K-
value for EPS is changed to 0.046, the differenamie temperature between the model and
measurement is less than 6CL

When the K-value of the EPS is changed to 0.046 difierence between the measured and
modelled core temperature is reduced to 0.8®8Any other change in model parameters
does not reduce the discrepancy between the modeha measured values. If the capacity is
ignored, this means that the U-value of the wathwhe increased K-value can be calculated
to be 0.161 W/K. The reason for this discrepancy is not known aequires further
investigation.

7 CONCLUSION

The thermal mass of the ICF wall structure make imple U-value measurement
problematical. However by comparing the flux measunts with the theoretical model we
were able to estimate a U-value of 0.161 WKmwhilst this is higher than the calculated
value of is 0.123 WI/AK, it still represents a huge improvement on cotioeal wall
structures.

In addition there is some evidence to show thattikemal mass of the ICF concrete core is
contributing to the stability of the internal tenngires within the dwellings. For example
analysis of the measured data over a longer p@fidone and comparison with a transient
thermal model. It would also be possible to analylse impact of different ICF core
capacitance using this technigue to establish #aimapconfiguration for internal temperature
stability.
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APPENDIX E THERMOGRAPHIC REPORT FOR SHINE-ZC
ABSTRACT

The SHINE-ZC building in Derby comprises of ningamént, compact urban dwellings, six
2-storey houses and a 3-storey block containingettftats and a shared staircase. Each
dwelling has a living space of approximately 50and the total internal volume is 1326m
The buildings were designed and built by EMRE lasl,part of a 50/50% private and public
funded demonstration project led by Loughborouglivehsity. The objective of the project
was to demonstrate an ultra low energy dwelling compact urban environment.

1 INTRODUCTION

The dwellings are adjoined as shown in Figure 59Fgure 60.

Figure 59. A picture of the northerly & west elawatof the development shortly after completion
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Figure 60. Floor plans of the dwellings

The inner city brown field site upon which it isilbudictates the building orientation. The
front of the building faces approximately north. eThoof area is split in two levels;
approximately 160fmon the apartments, and 79on top of the flats. The 23Gmof faces
south with a 6 degree slope

The surface of the building is partially rendereithvan ivory render, and partially clad with
treated red cedar panelling. The emissivity of bothterials is estimated between 0.86 and
0.9. The windows are triple glazed with no specadting. The emissivity of the windows is
estimated at 0.92.

Figure 46 shows a plan view of the developmentdihellings are numbered from right (1 —
two storey house) to left (6 — two storey houseyl bottom (7 - flat) to top (9 - flat).

ICF outside wall: Thermal conductivity Thickness (m) Thermal
resistance

(W/m°C)

m?°C/W
Outside surface resistance 0.040
EPS 0.030 0.150 5.000
Concrete 0.400 0.150 0.375
EPS 0.030 0.075 2.500
Plasterboard 0.160 0.013 0.081
Inside surface resistance 7.690 1.000 0.130
U value Wall (WrPK™): 0.123

Table 12. Insulation calculation of the ICF outsidal
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Kingspan roof: Thermal conductivity Thickness (m) Thermal
resistance
(W/me°C)
m®C/W
Outside surface resistance
KS1000 roofpanel 0.020 0.120 6.25
EPS 0.030 0.150 5
Inside surface resistance 7.690 1.000 0.13
U value Roof (WnfK™?): 0.09

Table 13. Insulation calculation of the Kingspaafro

Insulation build up of the Thermal conductivity Thickness (m) Thermal
floor slab: resistance
(W/me°C)

m?C/W
Outside surface resistance 0.04
EPS 0.032 0.075 2.344
Concrete 2.3 0.175 0.076
EPS 0.032 0.33 14.348
Inside surface resistance 7.690 1.000 0.13
U value Floor (WritK™): 0.059

Table 14. Insulation calculation for the floor slab

The wall material is Integrated Concrete Form (IGEpplied by LOGIX UK; a highly
insulating construction method that was specifiétth & U-value of 0.123 Witk ™, elemental
breakdown shown in Table 7. The U- value of thef igoestimated to be 0.09 WK™,
elemental breakdown shown in Table 13. The windarestriple glazed, with a U-value of
0.8 Wni’K™ and were supplied by the Litchfield Group. Insiglatin the floor is estimated to
be 0.059 W/fK, elemental breakdown shown in Table 14. It shdadchoted that the ground
floor insulation of the six houses serves the gumpose of insulating from ambient ground
conditions and the elevated temperatures of themugiebund aggregate based thermal stores.
The building has an inner city location; winteraodgain is minimal due to the shading of
adjacent buildings. Summer solar gain needs to inémsed to maintain thermal comfort
within the dwellings. The heat losses through #darit are estimated around 15 W/K for the
houses and 9 W/K, 11 W/K and 15 W/K for the bottomddle and top flat respectively.

Ventilation is assisted by a mechanical ventilati@at recovery (MVHR) unit, with an air
exchange rate of 17 I/s, and has 0.43 exchangekqgoerin the apartments, and 0.54 in the
flats. The heat recovery capacity of the instaliggiem is stated as 90%. There is a summer
bypass function in the MVHR. In this mode, the heathanger of the heat recovery unit is
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bypassed, and the air intake is not preheated.tdiperature where the summer bypass is
switched on, is 25°C. The temperature when the ssmhypass is switched off, is 24°C.

Bottom Middle
apart. apart. flat flat

Desciption End Middle

Top flat

Number of units

Floor area () 55 55 42 44 46
Volume (n?) 140 140 105 110 115
External wall area (R 75 45 47.5 50 52.5
Window area (f) 85 85 55 6.5 6.5
Roof area () 30 30 70
Ventilation rate (exch./hr) 0.43 0.43 0.54 0.54 40.5

Heat loss fabric (W/K)

18

15

9

11

15

Ventilation heat loss (W/K)

8

8

8

8

Table 15. key parameters of the development

Of all the dwellings, the end apartment (plot 1y lae highest theoretical total losses (the
combination of fabric and ventilation losses), #émd loss is around 26 W/K.

Comfort levels are aided by ‘upside down living’'thre apartments i.e. the living space is on
the first floor, whilst the bed/bathrooms are lechbn the cooler ground floor, aiding sleep.
As a result the bedrooms will stay cooler, whitst tiving area will stay warmer and have
more natural light.

This development uses a novel underground thertoedge solution consisting of a highly

insulated aggregate bed situated under the sixelsousurplus heat from the large solar
thermal array on the roof is transferred into thigsre over the summer months & can be
extracted during the heating season using air-sduneat pumps.

2 METHOD

This paper describes the thermographic tests coedumn the SHINE-ZC development at
Woods Lane, Derby. Thermographic tests were coeduct accordance with BS:EN 13187.
The equipment used was a Flir infra red camera,ainfeldR B335, serial nr: 456000535.

The focal length of the infrared camera, and thestrained nature of the site prevented a
clear picture of the whole development. Therefbeedecision was taken to deal with the flats
and house separately at the front of the site.

All internal pictures and temperature measuremest® taken in plot 3 (house) and plot 7,
(bottom flat), they were unoccupied and had noifilnings at the time. The rest of the site
was occupied at the time of the study. The heatingoth dwellings was set using the room
thermostat at 23C, the temperature was maintained by the develofntesating system for
the duration of the study.
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The study was conducted in two phases; the irstiady was conducted over a week period in
February 2012. A second study was undertaken dwpignal conditions on the™sMay
2012 to clarify the technical details around heatkhge at the wall ground interface of the
northerly elevation. Supplementary images from botrestigations have been placed in
appendix .

During the second study we were able to take adgaendf the structured interviews and BUS
studies, providing qualitative data on the perfanogof the buildings through one heating
session.

3 RESULTS AND DISCUSSION

The thermographic pictures were taken from 01:06hermorning of 8 May, 2012. Table 16
below details the site conditions at the time tifeared thermal images were taken.

Site conditions Measured values Description

Ambient temperature 4% Measurement taken at 01:00 on thé May 2012.
Variation over the duration of the image taking @5

Temperature variation over the8.0°C Variation measured on site using roof mountedthea

proceeding 24 hours station temperature ranged from 12.5 to°€5

Wind speed 1.69 m/s Measured on site using roofnteolweather station.

Air humidity 73% Measured on site using roof moahteather station.

Barometric pressure 1000 hPa Measured on site wsafgnounted weather station.

3

Internal temperature of plots 322.5C Measured at mid room height in the living ared ane

and 7 bedroom.

No precipitation measured over the last 24 hours.

Table 16. Site conditions at the time of thermobrafmage capture

With such low wind conditions there will be virtbalno air pressure across the building,
therefore, it is assumed that air movements dyedssure differences can be neglected.

e s i 7
Figure 61. Infrared image_af the western Figure 62. Photograph of the western

elevation of the development adjacent to theslevation of the development adjacent to the
road road
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Figure 61 shows the front west facing wall of tlevelopment, adjacent to the road, and the
north facing elevation of the flats. The infraredage shows a homogeneous wall surface
temperature as expected of between 3.5°C and 4.6f@lose to ambient temperature
conditions. Circled feature 1, is the small hortabmeat signature that has formed where the
upper cedar clad portion of the wall overlaps tbavdr rendered wall at an elevated
temperature of 4.7°C. Upon investigation, this Heature can also be seen on the underside
of all the overlapping cedar clad areas of the bgreents walls. Circled feature 2 is similar
to circled feature 1, a small horizontal heat featnf approximately 4.5°C across the footings
of the development walls. This appears at the ahamgection between the aluminium kick
strip at the foot of the development wall, and ¢verlap of the rendered finish. These heat
signatures are most likely due to a small heatdbuyd under the overlapping features, as the
temperature difference when compared to the retheofvall structure is small. The design
drawings of the walls show a homogenous ICF strestunder the external render with no
sections changes or discontinuities (see Figuréo63letails of the internal investigation).
Circled feature 3, is a small vertical heat featfrbetween 5 and 5.3°C, running the height of
the first two floors of the development on the @rformed by the northerly and westerly
elevation. This feature is an artefact of the drigsndown pipe running down the corner of the
building and can be ignored. Circle feature 4 hglttk one of the westerly external windows,
this appeared to have thermal bridging on one@ttbsure seals and was investigated further
internally, see Figure 67.

Figure 63. Infred iage of the interioFigure 64. Photograph of the interior of
of plot 7 northerly bedroom ceiling lineplot 7 northerly bedroom ceiling line at
at the cedar cladding height. the cedar cladding height.

::Figure 65. Infrared image of the interior of Figure 66. Photograph of the interior of plot
plot 7 northerly bedroom floor line at the 7 northerly bedroom floor line at the
aluminium kick strip height. aluminium kick strip height.

An investigation within plot 7 showed no evidendeconductive thermal bridging through
the ICF structure at points correlating to horiabrieatures 1 and 2 of Figure 61. Figure 63
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circled feature 1, and Figure 65 circled featushaw clearly that here is no thermal bridging
at either the cedar cladding height or aluminiunklgtrip height with the dwellings.

When examining the first storey fenestration onwlestern elevation, (see Figure 61 circled
feature 5) the infrared image shows that the oeduglazed lower panel has a temperature
slightly higher than the transparent upper glazadep A review of the design minutes
showed that occluded panel did have a lower U valset the time the fenestration supplier
was unable to source an occluded triple glazed fumi their European partners, and so it
had been agreed that a double glazed unit be gubsti

Figure 67. Internal infrared image west Figure 68. Internal poograph of west facing
facing bottom flat window dwelling 7 bottom flat window dwelling 7

When examining the ground floor fenestration onvtlestern elevation, (see Figure 61 circled
feature 4) the infrared image indicated a possibégmal bridge. Figure 67 shows some
evidence of a conductive thermal bridge at thednotteft hand side of the opening window
seal (circled feature 1), the spot temperaturdiatgoint was 11.5°C. This was not consistent
with infrared temperature measurements of the séshe windows in dwellings 3 and 7.
Upon further investigation, it was found that threyous occupant had damaged the window
seal by trapping an aerial lead in the window.

Figure 69. Infrared image of the northern and Figure 70. Photographic image of the
western elevations of the site. northern and western elevations of the site.

Figure 69 is an image of the north facing aspethefsix houses. The large thermal signature
under the eaves of the building (circled featur& ), above each fenestration system,
appears to be caused by a heat build up aboveetitdfrom the MVHR system (for a more in
depth investigation of this issue see Figure #l\als noted that the temperature of the upper
fenestration of the houses, appears to be highenwiompared to that of the lower
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fenestration (for a more in depth investigatiorita$ issue see Figure 75). Circled feature 3 is
a security barrier across the front of the sitej aan be ignored. It was noted that there
appears to be heat leakage at the base of tharysldircled feature 4 (this is investigated

further in Figure 77).

Ak, T

SFLIR

Figure 71. Infrared image of the exhaust of Figure 72. Photographic image of the
heat recovery unit from the houses. exhaust of heat recovery unit from the
houses.

When investigating the northerly aspect of the tweent, it was discovered that there was
a significant heat signature at the junction witle roof eaves. The circled feature in the
infrared image of Figure 71 shows clear evidencéhefthermal signature; the temperature
was measured between 9.7 and 42.G he thermal signature appears above the akeraad
outlet of the MVHR, these can be seen in the stiige (see Figure 72) top middle, as two
rectangular openings, one above the other.

73. Internal image of the ceiling wall Figure 74. The corresponding photographic
interface on the northerly aspect of house 3. image of the ceiling wall interface for
context

Figure

A thorough investigation was made within house 3hat ceiling wall interface to identify
thermal bridging at the roofline. No evidence ohdoctive thermal bridging at the junction
between the roof and wall structures was founddmsiouse 3, see Figure 73. On balance the
evidence points towards the heat signature ungeevles being caused by expelled air from
the MVHR unit.
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Figure 75. Infrared images of the thermal Figure 76. Photograph of the thermal store.
store.

Figure 59 appeared to show a higher than expedféetemtial temperature between the
ground floor and first floor windows. As the fenasion system used across the development
has the same performance, the most likely caustheoifferential in temperatures is an
internal heat source. This was investigated furtheusing the infrared camera to identify
internal heat gains within house 3, as it exhibiteel same characteristic as the occupied
houses. The only internal heat source that is camatooss all of the houses (dwellings 1 to
6) is the wet thermal store. This is located inugbmard on the first floor, adjacent to the
north elevation window. Figure 75 is an image a thermal store; circled feature 1 is the
isolation valve on the domestic hot water circitiit temperature was measured as %5.No
other common heat source was identified acrosss dloto 6 that would account for the
temperature differential seen.

o v

T\

Figure 77. An image of the outside front Figure 78. An image of the outside of the
door of house 3. front door of house 3
Note: The large thermal signature in featured d@rig an infrared security lamp.
When investigating the northerly aspect of the tyment there was evidence of a heat signature
from the base of the development, circled featuoe 4

Figure 69Figure 77 is an image of the front elerabf house 3, circled feature 1 highlights
the slightly higher thermal signature from the grduhan the adjacent walls. The design
drawings show that the ground floor slab extendgobé the building in this area and

therefore there is a thermal bridge between theriort and exterior of the building. A high-

grade polyurethane insulation has been specifievealbhe ground floor slab to insulate it
from ambient air condition and this accounts fa@ lbw level of leakage observed.
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Figure 79. Infrared spot image of the Figure 80. Photographic image showing
interface between the ground floor and the were the infrared spot image was taken.
adjacent wall in the front bedroom of house
3.

The investigation of thermal bridging on the grouifmbr slab was followed up with an
internal investigation of house 3. In Figure 79cled feature 1, you can see a spot
measurement of the temperature at the interfaceeleet the floor and adjacent wall, at the
apex of the bay on the northerly elevation. Spoasneements showed that there was a
difference of around 1.5°C at this interface, whemmpared with the adjacent wall
temperature. This supports the external measurenstoived there is some thermal bridging
through the ground floor slab. A review of the desminutes showed that this issue was
understood, and that this was a design compromé#erto accommodate the thermal stores
built into the substructure of the building.

Figure 81. Internal infrared image of the Figure 82. Photographic image of the house
house first floor triangular bay area first floor triangular bay area dwelling 3
dwelling 3

A conductive thermal bridge was identified in th@gtion between the walls and the roof of
the triangular bay area on northerly elevationwélling 3 (see circled area 1). Inspection of
the design drawings show the roof bolted to thd stalicture in roughly the area of the cold
bridges. Anecdotal evidence suggests that soméeoinsulation was removed to achieve
these fixings. Circled area 2 highlights a fainttieal cold area, it was not possible to
ascertain the cause of this without the removatlafiding material on the outside of the
building or plaster board on the inside.
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Figure 83. Infrared image of the southern Figure 84. Photographic image of the
elevation of the SHINE-ZC development southern elevation of the SHINE-ZC
development.
Note: it can be seen clearly in the right hand carspn image that some windows are open.
This was not the case when the infrared image alkaent

Figure 83 shows the southern elevation of the dgweént, with the flats in the left foreground. The

thermal image shows a homogeneous wall surfaceetenye of between 3.5°C and 4.1°C. Behind

the development is a public house (circled feal)r¢his can be seen clearly in the lower rightchan
side of the image behind the houses as it has & higher temperature than the SHINE-ZC buildings.
There is a small heat feature under the gutteraaidoverlap of the development (see circled featur
2), measured at 4.5°C. Circled feature 3 is thé&ebaf the MVHR unit for plot 7 and can be ignored.

Figure 85. Internal infrared image of the Figure 86. Photographic image of the house
house southern fenestration system southern fenestration system

The heat feature at the roof line was investigateernally, the infrared image shown in
Figure 85 is an internal image of dwelling 3’'s $odiacing fenestration system and wall.
Circled feature 1 highlights a higher temperatueaacreated by a blind; circled feature 2
highlights the interface between the wall and ngiliNo evidence was found inside dwelling

3 of any conductive thermal bridging at the ceiliagd wall interface at the southern
elevation.
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4 CONCLUSION

Interfaces between walls, roofs and fenestratictesys, are typically areas of heat losses in
traditional builds. Two instances of this were itiiéed; the first is the thermal bridging on the
ground floor slab in the area of the front doortloa northerly elevation (see Figure 77). This
is a design compromise to accommodate the thetmr@ssunder the houses. The second area
of thermal bridging identified was in the junctibetween the roof and wall of the bay area,
on the northerly elevation of dwelling 3 (see Fg8l). This has been identified as a quality
control issue, were the steel roof fixings have beén correctly insulated at the time of
installation.

ICF walling can exhibit thermal bridging if the hydlic pressure exerted by the concrete
core during pouring becomes too great to be ratainethe insulating block work. This is
sometimes referred to as ‘burst through’. Where thccurs, concrete material is pushed
through the joints between the ICF blocks, thismfera thermal bridge. Cutting away the
thermal bridge and filling in the resultant gap lwihsulation foam, can repair a ‘burst
through’ if the damage isn’t to great. The investign was careful to look for this problem,
specifically at section changes in walls, and ahes where hydraulic pressure would have
been at its greatest. No definitive evidence wamdoof an instance of a ‘burst through’ on
the build, and the thermal signature from the wakls homogeneous. This was corroborated
through discussion with the construction workerwhated that special shuttering had been
constructed to reinforce key areas of ICF blockkaorprevent ‘burst through'.

We were unable to identify the cause of the faertival cold area at the apex of the bay area
in Figure 81. During our investigation to ascertaihat the cause might be we noted the
following pertinent facts:

« Areview of the design drawings revealed that I@¥€ks were cut on site to form the
bay apex as this profile could not be achieved wittndard ICF block profiles. This
will have produced a lower tolerance joint betw#ss site cut ICF blocks, making it
more prone to ‘burst through'.

» It was noted that there appears to be a differemabermal signature between the
adjacent walls. Additionally, the bay itself hapraminent position at the front of the
development and therefore subject to higher hessel® through the movement of air
over this exposed area. This could be a contrifgitactor to the heat signature.

* The plaster board fixings at the apex of the baag@a metal fixing strip on this
development) may have reduced the air gap norrpadigent behind the plaster board,
impacting on the efficacy of the insulation in thiga.

* Finally, a review of the semi-structured intervieafsthe development’s occupants
and the BUS studies showed no evidence that thepaots had noticed anything
unusual regarding the thermal comfort of the baaar

Fenestration and its interface with the superstinects another area where thermal bridging
can occur if quality control is not maintained. dlddence of heat leakage around fenestration
systems was found on the site, the fenestratiotersygs appear to be performing in a
consistent manner across the development.
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An extended pressure test was conducted in hoasepart of the BPE 1 study, this yielded
an average air permeability rate of 1.78/(mnt). This was one year on from similar results
obtained during the building regulation air permkigbtests. This corroborated the lack of

thermal bridging observed during this investigataomd also indicates that air tightness is not
degrading.

The MVHR ducting if not properly insulated on thetexnal air intake and egress side can
cause a thermal bridge. No evidence was found df wark that wasn’t properly insulated or
sealed during our investigation work within plotard 7.

Poor insulation of control valves and piping on thet thermal store was identified in
dwelling 3 as the potential to cause overheatinthendwellings during the summer months.
A review of the design specification showed thas throblem resulted from incorrectly
specified insulation material during design. Thésa relatively minor issue that can be
rectified by the installation of higher performarmpe and valve insulation.

Overall the observed thermal bridging issues idiedtiare minor and the build quality in
terms of air tightness and thermal performancedggtional.
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APPENDIX F MODULES NAMES AND EXAMINATION

RESULTS
Module Module Title Coursework Exam  Total
Code Mark (%) Mark (%) (%)
10ELP460 Englneer!r!g and Managem: 65 na 65
of Capability
10ELPO85 Group Systems Project 56 n.a 56
10ELPQo1 Postgraduate Resea 81 n.a 81
Dissertation
10CVP310 Advanced Thermal Modelling 71 60 66
10CVP309 Low Carbon Building Design 82 58 70
09ELP769 INNOVAtion an 75 n.a 75
Entrepreneurship for Engineers
09ELP461 Human Factors in Systel 76 59 63
Design and Use
09ELPO72 Systems Architecture 85 n.a 85
09ELD308 Financial Management 72 71 71
08SELPO61 Systems Approach, Analy:s 77 na 27

and Concepts
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