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Abstract

This paper describes three case studies of dynamic
simulation in preparation for the low carbon ret-
rofit practice, namely, a pre-1919 terrace house,
and a 1970s and a 2000s semi-detached house.
The houses are located in Wales, UK. Each case
study examines its current performance, assesses
the effectiveness of different retrofit strategies,
and evaluates the best group of options available.
Retrofit cost and time schedules have also been
taken into account when making the decision. As
a part of the SOLCER (Smart Operation for a Low
Carbon Energy Region) project, local and emerg-
ing low carbon technologies are encouraged to
be used as a demonstration of advanced Welsh
construction technologies, and therefore have
been considered in this research. It was found that
a fabric approach could greatly optimize the en-
ergy performance of a poorly insulated house. The
application of PV has been shown to reduce the
total power demand from the grid by around 90%,
and also contributing to domestic hot water heat-
ing. A systems based approach has been adopted,
combining reduced energy demand, renewable
energy supply and battery storage to reduce net
carbon emissions by up to 90%, saving total cost
by over 200% through operating energy cost re-
duction and cost earnings for renewable energy
generation and export. Above all, great effort has
been made to tailor the best retrofit approaches to
meet requirements of different properties before

starting work on site.

The purpose of this paper is to describe the do-
mestic retrofit case studies in Wales, which are
intended to be replicable and affordable for large-
scale application in the future. It hopes to provide
some reference to energy-led domestic retrofit
programmes in China in relation to the approach
to assess the retrofit strategies, identification of
the best approach available, and the introduction

of new technologies and local Welsh products.
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1 Introduction

To meet the UK government’s target of an 80%
reduction in the UK's carbon emissions by 2050
(HM Government 2008), it is crucial to reduce the
carbon emission associated with the domestic sec-
tor, which accounts for some 29% of the UK's total
energy consumption (DECC 2014a). The housing
stock in the UK is replaced with a proportion of
only around 1% a year (DRCCG 2008), it is esti-
mated that 70% of the UK's housing stock that will
exist in 2050 has already been built (SDC 2007).
The government target is for all new housing in
England to be zero carbon by 2016 (Zero Carbon
Hub 2013) and in Wales by 2019, in line with EU di-
rectives. However, the new build will only contrib-
ute to a relatively small portion of carbon emission
in the future. It is therefore essential to retrofit and
adapt the existing housing stock to improve their
energy performance and to increase their sustain-
ability in the face of global climate change.

Through proper retrofit strategies, energy use
and the resulting carbon emissions of the exist-
ing houses can be reduced significantly. Among
all, loft insulation can be one of the most easy to
apply as a cost-effective measure. A minimum
270mm of loft insulation is required by the up-to-
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date Building Regulations in the UK (BRE 2014).
A large number of domestic houses in the UK
were built with cavity walls, 60% of which didn’
t have insulation by 2004 (EHCS 2004). By filling
the cavity wall with insulation, it could reduce up
to 40% heat loss through the walls (EST EEBPH
2003). Older houses have solid walls and require
external or internal wall insulation to improve their
performance. It is estimated that upgrading an
old poorly insulated house to post-1990 standards
through roof and wall improvement would reduce
heat loss by 50%-80% (Roberts 2008). Regarding
ground floors, the disruptive nature of retrofitting
insulation means it is only likely to be economi-
cally viable during major refurbishment of the
floor (BRE 2005). Improving air tightness is the key
to minimising heat loss from ventilation (Everett
2007). According to findings in a documented
retrofit of four representative houses in the York
region in the UK, the rate of air leakage could be
reduced by 60-70% through the installation of
new window and door wooden frames, sealing of
suspended timber ground floors, and repair of de-
fects in plaster (Bell and Lowe 2000). This, together
with improved insulation of windows and doors
could reduce heating energy by 35% on average.

This paper describes three case studies where dy-
namic simulation has been used in preparation for
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the retrofit practice of a pre-1919 terrace house, a
1970s and a 2000s semi-detached house in Wales,
UK. Each case study examines its current perfor-
mance, assesses the effectiveness of different
retrofit strategies, and evaluates the best group
of options available. This process was used to aid
decision making at the early stage of the retrofit
programme. Retrofit cost and time schedules have
also been taken into account when making the
decision. As a part of SOLCER (Smart Operation
for a Low Carbon Energy Region) project which is
funded by ERDF, local and emerging low carbon
technologies are encouraged to be used as a
demonstration of advanced Welsh construction
technologies, and therefore have been considered
in this research. The purpose of this paper is to
present the domestic retrofit case studies in Wales,
which is expected to be replicable and afford-
able for a large scale application in the future. It
intends to provide some reference to the energy-
led domestic retrofit in China in relation to its at-
tempts to identify the best approach available, the
introduction of new technologies and local Welsh
products, and how to meet the budget and time
requirements.

1.1 Background: retrofit houses in Wales
and SOLCER



When considering the UK government’s target of
80% reduction in carbon emissions by the year
2050, it is important to understand the potential
carbon savings available when retrofitting the
existing stock. 32% of the existing housing stock
is pre 1919, and as such solid wall construction
(Figure 1). Only 22% of the Welsh housing stock
has been built with some consideration for energy
efficiency (since 1983). Most low and zero carbon
research has focused on new build, but the major-
ity of buildings that will exist in 2050 have already
been built, and the complex nature of fabric im-
provements, occupant behaviour and renewable
technologies in the retrofit design process need to
be researched further (Fawcett 2013).

Research within this paper has been carried out as
part of the LCRI SOLCER project, which aims to ex-
plore the implementation of existing and emerg-
ing low carbon technologies through a systems
based approach. The project has demonstrated
the application of new technologies and exam-
ined the drivers and barriers preventing the large
scale roll out of these technologies. It has worked
closely with industry to provide opportunities
for developing a stronger low carbon industry in
Wales.

1.2 Retrofit strategies

The retrofit strategies to be examined in this re-
search include both existing and emerging low
carbon technologies, such as fabric insulation, LED
lighting, Transpired Solar Collectors (TSC) (Brown
et al. 2014), Mechanical Ventilation Heat Recovery
(MVHR), and renewable energy technologies such
as photovoltaic panels, etc. The combination of
these strategies can be designed through a system
based approach to optimise the energy use of the
retrofit properties.

Most strategies are to reduce the heating energy

Figure1 Welsh housing age breakdown (VOA 2014)

demand as space heating comprises around 66%
of the domestic energy usage in the UK (DECC,
2014b). Among them, fabric insulation could be
the most efficient strategies for a previous poorly
insulated property. As the space heating demand
could be greatly decreased, not only because of
the reduced heat loss through the fabric elements,
but also due to less heat loss through infiltration as
a result of improved air tightness. When the build-
ing envelope has been upgraded, it is also a good
time to replace the heating system, as it provides
an opportunity to downsize the current system, or
switch to a more energy-efficient system, consid-
ering the great improvement of the efficiencies of
gas and oil-fired boiler over the past 30 years, from
about 65% to over 90% (Everett 2007). Transpired
Solar Collector, also referred as SOLARWALL heater,
is a solar air heating system comprised of a pre-fin-
ished perforated steel skin installed onto a south-
facing wall or roof. Air is heated at the boundary
layer of the steel skin which absorbs the solar
energy, and will be further heated by the edges of
the perforations and the internal side of the steel
skin, when passing through the perforations and
moving upwards in the cavity between the steel
skin and the wall or roof. Its thermal collection
efficiency can exceed 70% if designed properly
(Brunger et al. 1999). Mechanical Ventilation Heat
Recovery is an energy recovery system employing
a counter-current heat exchanger between the air
inlet and outlet. It can not only reduce energy re-
quirements by offering free heating or cooling en-
ergy, but also improve the thermal comfort and air
quality indoor by providing fresh air and improved
climate control.

Besides the strategies to reduce heating demand,
attention has also been paid to decreasing electric-
ity demand and meeting these demands through
the application of renewable energy technologies.
Most LED light lamps can save over 80% electricity
compared to conventional incandescent lamps do
(DoE 2014), and could last longer with less mainte-
nance. According to estimation, the current aver-
age annual solar resource in the UK is 101W/m?’
(Burnett et al. 2014), or 2.4 kWh/mz/day. Solar PV is

Figure2 Modelling-based low carbon retrofit design framework
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preferred, in comparison to solar thermal, due to
the large amount of storage heat loss and distribu-
tion heat loss in the solar thermal system. It is also
because a place to hold the hot water cylinder is
required in the solar thermal system, which is not
always feasible for a Wales house where the com-
bi-boiler system without a hot water tank has be-
come a standard system option. While for the case
of solar PV, electricity generated from the PV roof
can be used onsite either to support the electric-
ity appliances such as LED lighting, or to provide
domestic hot water by using an immersion heater
in the case of a system boiler with hot water tank,
with the surplus power exported to the grid, con-
tributing to a low carbon energy system.

2 Methodology

At an early stage for retrofit design, it is often
necessary to examine a range of options quickly.
Building simulation can be a very effective way to
predict the performance optimisation of the prop-
erty in relation to its energy reduction, operating
cost saving and carbon emission reduction. Figure
2 illustrates the framework for a dynamic model-
ling-based low carbon retrofit design. The model
is required to be built on information gathered
from the specific house to ensure the accuracy of
the simulation. Information in preparation for the
modelling includes climate data, site location and
surroundings, dimensions and fabric construc-
tions of the building, design condition indoor, etc.
It could be adjusted as the retrofit work goes on
when more and more details are being checked
and confirmed, contributing to more realistic
simulation results. The building performance after
retrofit can be monitored to compare with the
simulation results. However, it will not be covered
in this paper as the current monitoring data is only
available for the first two or three months.

At the start of each retrofit, a series of investi-
gations were carried out, meetings were held
between stakeholders to discuss solutions for
potential obstacles, and how to meet the targets
in an effective way. Different groups of strategies
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were then proposed, such as a fabric approach, a
system based approach, or a mix of both depend-
ing on the pre-retrofit condition. It's generally ac-
cepted that low carbon building design follows a
route from firstly reducing internal heat loads, then
passive design, using efficient service systems, and
integrating renewable energy supply (Jones et
al. 2015). Therefore, strategies in this research are
proposed based on a fabric first sequence. These
strategies included external wall insulation, loft
insulation, low-E double glazing, LED lighting, TSC,
MVHR, solar PV roof. Additional factors, as a result
of the implementation of these strategies have
also been considered, including good air tightness
due to replacement of high performance fabric,
shading mask from external wall insulation, and
smaller heating volume due to solid ground and
internal wall insulation. Following this, different
options were modelled and assessed to explore
their impact on the energy consumption, carbon
reduction and operating cost savings. The best
option for each house was identified and agreed,
with consideration to the potential benefits from
the performance optimisation, as well as meeting
the budget and time requirements.

The software employed in the research included
HTB2, VirVil SketchUp (Jones et al. 2013) and
Excel. Both HTB2 and VirVil SketchUp were devel-
oped at the Welsh School of Architecture, Cardiff
University. HTB2 is typical of the more advanced
numerical models, using as input data, hourly
climate for the location, building materials and
construction, spatial attributes, system and oc-
cupancy profiles, to calculate the energy required
to maintain specified internal thermal conditions
(PT. Lewis, D.K. Alexander 1990). Due to its advan-
tages of flexibility and ease of modification, it is
well suited for use in the field of energy efficiency
and sustainable design of buildings, which is rap-
idly evolving. The software has been developed
over thirty years, and has undergone a series of
extensive testing and validation, including the
|[EA Annex 1 (Oscar Faber and Partners 1980), IEA
task 12 (Lomas 1994) and the IEA BESTEST (J. Ney-
mark et al. 2011). VirVil SketchUp is an extension
development of HTB2 for urban scale modelling.
By linking SketchUp with HTB2, it can carry out
dynamic thermal simulation for multiple build-
ings in a community or urban scale, with consid-
eration to the overshadowing impacts from the
neighbourhood.

The workflow for a whole simulation run is il-
lustrated in Figure 3. VirVil SketchUp was firstly
used to generate shading mask for the individual
window of the retrofit houses. This data together
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with other information, including climate, loca-
tion, building fabric, design condition indoor etc,,
were then supplied to the energy model, and the
thermal simulation was run in HTB2, with results
displayed and handled in Excel. This was to calcu-
late the space heating demand and the renewable
energy supply, namely the solar PV power. Other
energy demands including electricity and domes-
tic hot water were estimated based on information
gathered onsite or referring to regulation or da-
tabase in relation to this. The solar PV power was
then used to meet part or all of the electricity de-
mand, or provide domestic hot water, depending
on what kind of systems had been linked. The total
gas consumption could be calculated by adding
together these to supply the remaining domestic

Figure3 workflow for a simulation run

Figure4 locations of the 3 retrofit houses

hot water and those to meet the space heating
demand. In the case of using electricity to supply
hot water such as electric shower, this amount
of energy should be deducted from the gas con-
sumption, while be added to the electricity con-
sumption. The final electricity consumption would
be a sum of all electricity demand deducted by
those met by renewable energy supply.

The calculation of carbon emission and cost was
based on the operating energy data obtained
above. For example, the potential carbon emission
could be got by multiplying the individual energy
consumption with the related carbon dioxide
emission factor (BRE 2014), with the surplus PV
power to grid contributing to a negative carbon



Table 1 Basic building information of the 3 retrofit properties

Properties Property 1 Property 2 Property 3
1 Galltcwm Terrace, Byrn, ) )
) 8 Cricklewood Close,| 13 Tyn-Y-Waun Bettws, Brid-
Location Port Talbot, Neath Port Tal-| _
Bridgend gend
bot
A pre-1919 solid wall, end
A 1960s, 3-bedrrom,
terrace, 2 bedrooms, 2-sto- ) A 2000s, 3-bedrrom, 2-sto-
Type ) 2-storey, semi-detached )
rey, typical Welsh valley rey, semi-detached house
house
house
Floor area 67m’ 70m’ 86m”

Key features be-
fore retrofit

- Solid external

insulation

tion

« System boiler

« Cavity wall without insula-
tion (rear extension)
« Solid ground floor without

« Loft with 250mm insula-
« Flat roof without insulation

(rear extension)
- Single glazing

wall

tion

« Cavity wall without in-
sulation (gable)

« Retro-filled cavity wall
(rear wall and ground
floor front wall)

« Solid ground floor with-
out insulation

« Loft with 100mm insula-

- Double glazing
« Combi-boiler

+ Retro-filled cavity wall
- Solid ground floor without

insulation

« Loft with 150mm insulation
- Double glazing
- System boiler

Table 2 Typical design condition indoor for the retrofit properties

Internal gains
Space Heating
Occupancy Lighting Small power
TV
o 17-23,72W, weekday | 17-23 110W, all
Sitting room 17-18 135W
8-23, 72W, weekend | week
20-22 158W all week
Cooker:
7-8, 1190W & 18-19
7-8 & 18-21 84W|7-8 & 18-21 56W | 1700W for weekday; 7-8
Kitch weekday; weekday; & 12-13 1190W, 18-19
itchen
7-8, 12-13 & 18-21|7-8, 12-13 & 18-21| 1700W for weekend;
84W, weekend 56W, weekend Fridge: 0-24 60W all week
X H. water: 0-24 77W all
20C, at 7-9, week
16-23, week-
day; 8-9, 140W &18-20|8-9, 126W &18-20
20“C at 7-23 115W vveekday; 171vaeekday;
Dining weekend: 8-9 & 13-14, 140W | 8-9 & 13-14, 126W
&18-20 115W week- | &18-20 171W week-
end end
Bedroom 1 0-8 &23-24, 148W, all
(main) week
Bedroom 2/3 0-9 &21-24, 38W, all
(children) week
7-8, 100W 7-8, 100W
Hot water:
Bathroom 17-18, 40W 17-18, 40W
0-24 77W all week
21-23,35W all week | 21-23, 35W all week

Note: According to pressure tests before retrofit, the infiltration rate of the individual property is 0.73 for
first retrofit house, 0.54 for the second one, 0.33 for the third one. (Allen E. and Pinney A., 1990)

HFBIHRIE 154 special Report Discourse

emission. While the operating energy costs were
calculated directly with the fuel prices quoted
online. Additional income from the installation of
solar PV has also been considered following the
UK Government'’s Feed-in Tariffs scheme (FITs), a
government designed programme to promote the
uptake of renewable and low-carbon electricity
generation technologies in small scale. That means
a payment for each unit of electricity generated,
no matter whether it's used by the household or
exported to the grid, and for any unit of surplus
electricity exported to the grid. For a domestic
system which is unlikely above 30kWp, the instal-
lation of an expensive smart meter is not required,
and it is normally estimated that 50% of the elec-
tricity generated is exported to the grid.

3 Simulation conditions

The three retrofit properties are located between
Cardiff and Swansea, in south Wales, UK (See Fig-
ure 4). Before simulations were carried out, the fol-
lowing information had been collected,

(1) Weather data. HTB2 only accepts a meteoro-
logical file, which can be converted from the
most common weather data format EPW file
by using Weather file Convertor, a sub-software
of HTB2. The original EPW files for the three
retrofit houses were produced by meteonorm
V7.1.1.122.

(2) Building model. The building model comprises
two parts, the dimensions of the house and the
building fabric. Table 1 summarised the basic
building information for the 3 retrofit proper-
ties, which had been gathered through field
study by expertise from the building industry.

(3) Design condition indoor. Data regarding build-
ing services, including heating, ventilation,
internal gains from people, lighting and other
appliances. Information in relation to this has
either been collected from investigations such
as air tightness tests, or referred to typical sce-
narios (see table 2).

(4) Retrofit strategies. Please see the next section
for details regarding the specific retrofit strate-
gies proposed for the individual house, and the
related simulation cases.

(5) Carbon dioxide emission factor (see table 3).

(6) Fuel prices and Feed-in Tariffs (see table 4).

4 Case study: performance optimi-
zation prediction

4.1 Retrofit house 1

Based on a fabric first sequence, the following
retrofit strategies were proposed for the house,
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Table 3 Carbon dioxide emission factor and Primary en-

ergy factor

Table 4 Fuel prices and Feed-in Tariffs

Fuel

Primary energy

Emissions (Kg

Category Tariff (p/kWh)
Gas 513
Electricity 16.00
Generation tariff for solar PV | 14.38

Export tariff for solar PV 4.77

factor CO,/ kWh)
Gas
) 1.22 0.216
(mains gas)
Electricity 3.07 0.519

Quoted from SAP 2012: table 12 (BRE, 2014)

Quoted from:

¢. British Gas: http://www.britishgas.co.uk/, 2014;
d. Feed-in Tariff Payment Rate Table for Photo-
voltaic Eligible Installations for FIT: 1st Apr. 2014-
31st Dec. 2014 (Ofgem, 2014).

Table 5 simulation cases for retrofit house 1

Cases Retrofit strategies
1 Base case (before retrofit)
2 a)b)o
3 a)b) o) d)
4 a)b)c)d)e)
5 a)b)ode)f)
6 ab)odef) g

Figure5 Schematic of the proposed system for the 1st ret-
rofit house

Figure6 Retrofit house 1: a comparison of the energy performance of different cases

with consideration to its pre-retrofit conditions (see
table 1).

a) External wall insulation (100mm EPS-60mm be-
low DPC)

b) Low-E double glazing

c) Loft insulation (300mm) & flat roof insulation
(50mm, rear extension)

d) LED lighting main circuit

e) MVHR - Energisaver 280 whole house solution

f) PV roof (2.5 kWp, efficiency 14.4%) + lead acid
battery storage (4.8 kWh, DoD 50%) + inverter
for lighting circuit

g) Energy efficient system boiler (90% efficiency)
+ hot water cylinder with immersun (an immer-
sion heater)

Figure 5 shows the proposed service systems, with
the PV roof supplying power for LED lighting and
water heating in the hot water tank. Before work
started onsite, simulations were carried out to un-
derstand the efficiencies of the retrofit strategies
(see table 5). It ranged from a fabric solution to a
mix solution to show the possible staged demon-
strating benefits in the retrofit process.

According to the simulation result (Figure 6, 7), it is
shown that,

(1) The fabric insulation could achieve a 69.2%
reduction of gas demand, a 48% reduction of
carbon emissions, a 43% operating energy cost
saving;

(2) The installation of the LED lighting could re-
duce electricity demand by 18.8%, but could
also increase heating demand by 1.9% due to
less heat gain from the LED lamps compared
with the incandescent lamps, resulting in an
overall 5% reduction of carbon emissions, a 6%
cost saving;

(3) The application of MVHR could contribute to a
2% reduction of heating demand, but a 1% in-
crease of carbon emissions and no cost saving,

Figure7 Retrofit house 1: a comparison of the operating energy cost and earnings of different cases (left); a comparison of the carbon dioxide emission of different cases (right).
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as it also decreases the electricity saving by 4%,
due to the additional fan power;

(4) The adding of solar PV & battery to supply LED
lighting could only reduce electricity demand
by 5%, with more than 90% power generated
by PV exported to the grid, contributing to an
overall 31% reduction of net carbon emissions
and a 40% cost saving considering both op-
erating energy reduction and solar PV power
generation and exportation;

(6) While if a hot water cylinder with immersun
was integrated in the system, 44% of PV power
could be consumed on site to supply up to
90% domestic hot water, which contributes
to another 6% cost saving, a 5% reduction
of carbon emissions from operating energy
consumption, but a 7% increase of net carbon
emission due to electricity losses in the AC/
DC power conversion processes, and battery
charging and discharging processes.

As SOLCER encourages onsite consumption of

renewable energy as much as possible, case 6

with less electricity exportation than case 5 was

selected as the best case.

4.2 Retrofit house 2
The 2nd retrofit house was found to be partly in-
sulated at the rear wall and the ground floor front

Figure8 Schematic of the proposed system for the 2nd
retrofit house

wall, and previously supplied with a combi boiler
to meet the space heating and hot water demands
(see table 1). The following retrofit strategies were
proposed accordingly.

a) Bonded bead cavity wall insulation (50mm,
gable)

b) Insulated external render (50mm)

¢) Kingspan Optimi-R external wall insulation
(50mm, the first floor front wall)

d) Loft insulation (300mm)

e) MVHR - Energisaver 280 whole house solution

f) LED lighting throughout

g) PV roof (3.0 kWp, efficiency 14.4%) +lead acid
battery storage (4.8kWh, DoD 50%)

As for retrofit house 1, a mixed approach was
recommended, but with the PV roof supplying
the lighting circuit and a small fridge (see Figure
8), as there is no space to hold a hot water tank.
It was estimated that a whole application of the
proposed strategies would go beyond budget,
therefore some strategies have to be removed.
Simulations were carried out in regards to this to
assess and compare the performance optimisation
of different options. See table 6 for a summary of
the cases.
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According to the simulation results (see figure 9,
10), the most low carbon option is case 4 with all
proposed strategies except MVHR, which could
contribute to a 36% reduction of heating demand,
a 23% reduction of electricity demand, a 88% re-
duction of net carbon emission and a 110% cost
saving (there is a cost gain to the occupiers from
electricity generation and exporting electricity to
the grid). While it's obvious that potential benefits
brought by case 2, 3 and 6 are very close to that
of case 4, therefore they should be taken into ac-
count when the final decision is reached. Case 5
without solar PV and battery could be the most
economical one, but was the least low carbon
option as renewable energy supply was not inte-
grated in the system.

4.3 Retrofit house 3

The 3rd retrofit house was built after 2000 with
Table 6 simulation cases for retrofit house 2

Cases Retrofit strategies
1 Base case (before retrofit)
2 a)odf)g)
3 a)c)de)f)q)
4 a)b)c)d)f)g)
5 a)b)c)d)e)f)
6 a)b)c)d)e)f)q)

Figure9 Retrofit house 2: a comparison of the energy performance of different cases

Figure10 Retrofit house 2: a comparison of the operating energy cost and earnings of different cases (left); a comparison of the carbon dioxide emission of different cases (right).
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good fabric insulation and a relatively new system
boiler (See table 1). It was preliminarily designed
with the following retrofit strategies a) — d), mainly
a system approach with the PV roof supplying
power for all electricity circuits, including the
immersion heater in the hot water cylinder. Ad-
ditional strategies e)-g) were proposed for further
improvement if within budget. Figure 11 shows
how the proposed service systems work in the ret-
rofit house.

a) Loft insulation (300mm)

b) LED lighting throughout

c) Roof integrated PV array (5 kWp, efficiency
14.4%) + extensive lead acid battery storage

Figure11 Schematic of the proposed system for the 3rd
retrofit house

(DoD 50%, supplying the whole house)

d) Energy-efficient boiler (90% efficiency) + hot
water tank with immersun

e) External insulation rendering (50mm)

f) MVHR- Energisaver 280 whole house solution

g) 44m2 Transpired Solar Collector

Simulations were carried out to assess the poten-
tial staged benefits through the implementation
of the retrofit strategies, and also to compare
the performance optimization of the preliminary
strategies set and that combined with additional
strategies.

According to the simulation results (12-13), it

could be summarized as below,
Table 7 simulation cases for retrofit house 3

Cases Retrofit strategies

1 Base case (before retrofit)

2
3 a) b)
4

®|~N|o|w
&
o
a
=
o
=

Figure12 Retrofit house 3: a comparison of the energy performance of different cases

(1) For the preliminary strategies set (case 4), a
reduction of 24% could be achieved for Gas
demand, while 83% reduction for electricity
demand; besides, around 1448kWh excessive
power could be sold to the grid. These could
contribute to a 58% reduction of carbon emis-
sion from operating energy consumption, a
93% reduction of net carbon emissions, and
a 203% cost saving considering both from
operating energy reduction and the PV power
generation and exportation.

(2) Combined with additional strategies (case 8), a
reduction of 46% could be achieved for heat-
ing demand, while 78% for electricity demand
reduction; besides, around 1330kWh excessive
power could be sold to the grid. These could
lead to a 64% reduction of carbon emission
from operating energy consumption, a 96%
reduction of net carbon emissions, and a 207%
cost saving considering both from operating
energy reduction and the PV power generation
and exportation.

(3) Among all, the most energy-efficient strategies
for this property could be LED lighting, the PV
roof and batteries, energy-efficient boiler and
hot water tank. For the MVHR and TSC systems,
they could contribute to a 10-15% reduction of
gas demand, but also a 5% increase of electric-
ity demand, due to the added fan power for
the MVHR system.

It is obvious that benefits achieved through apply-
ing the preliminary strategies set is quite close to
that of the case combined with additional strate-
gies. Therefore both options should be considered
when making the final decision.

Besides, the performance of individual compo-
nent has also been examined. The calculated peak
power output from PV is 4.6kW, assuming an ef-
ficiency of 14.4%, with all roof area (30m?) covered

Figure13 Retrofit house 3: a comparison of the operating energy cost and earnings of different cases (left); a comparison of the carbon dioxide emission of different cases (right).
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by PV. For cases with battery storage (assuming
50% for DoD and 60% for charging and discharg-
ing efficiencies), the battery capacity was selected
as 8kWh with regards to its impact on the total
power reduction, and the relevant cost (referring
to that of the 1st retrofit properties). Figure 14
shows the predicted relationship between the air
temperature rise through the TSC and the related
solar radiation on the TSC, which is very close to
the reference data (Conserval Engineering Inc.
2003).

5 Discussion and conclusion

Based on the simulation results, further discussion
was carried out between stakeholders. The final
decision was reached (see table 8), with consider-
ation to other factors including time and budget
requirements. It can be seen that,

(1) All strategies proposed for the st retrofit prop-
erty were implemented.

(2) For the 2nd retrofit house, case 3 was selected,
as no insulated external render can be sourced
from Wales. The MVHR, although predicted
to be not so energy-efficient, was installed to
improve the air quality and thermal comfort
indoor. Compared with the 1st retrofit, this
house was finally installed with a larger battery
storage, with consideration to a bigger PV area,
and also as it was an iterative learning process
with each retrofit when dealing with the bat-
tery capacity and capabilities.

(3) For the 3rd retrofit house, additional strate-
gies including TSC, MVHR and insulated ren-
der were not implemented due to budget
control and tight retrofit schedule. A battery
storage, over twice of the size predicted, was
installed to test the performance of a system
supported by a relatively large battery stor-
age. As above, a step was taken forward with
each retrofit when selecting the battery ca-
pacity.

Based on information confirmed in making final
decision and post-retrofit investigation (such as
air tightness tests), simulations were carried out in
regards to the actual improvements of the retrofit
properties. Figure 15 and table 9 compared and
summarized the performance optimization ben-
efits predicted for the final retrofit cases. Through
a system approach with solar PV supplying power
for the whole house, house 3 achieved the biggest
electricity reduction, cost savings, and carbon re-
duction. While the retrofit of house 1 reduced the
most gas demand as the other two houses were
relatively new and already had reasonable thermal

Figure14 TSC panel: Air temperature rise vs. solar radiation

Table 8 A summary of the implemented retrofit strategies
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Properties

Property 1

Property 2

Property 3

Retrofit strategies
implemented

A mix approach:

- External wall insulation
(100mm EPS-60mm be-
low DPC)

« Low-E double glazing

- Loft insulation (300mm)
& flat roof insulation
(50mm)

« MVHR - Energisaver 280
whole house solution

« LED lighting main circuit

« PV roof (2.5 kWp) +lead
acid battery storage
(4.8kWh)) + inverter for
lighting circuit

« System boiler + hot water
cylinder with immersun

A mix approach:

- Bonded bead cavity wall
insulation

- 50mm Phenolic EWI (first
floor front wall)

- Loft insulation (300mm)
+ MVHR - Energisaver 280
whole house solution
« LED lighting throughout
- PV roof (2.7 kWp) +lead
acid battery storage

(8.5kWh)

A whole systems approach:

- Loft insulation (300mm)

« LED lighting throughout

-+ 4.5 kWp Roof Integrated PV
Array

+ 18kWh Extensive lead acid
battery storage;

- New Boiler with Hot Water
Tank (+ Immersun type
device) to supply annual
hot water and winter heat-

ing.

On-site renew-
able energy sys-
tem

The PV roof supplies elec-
tricity for LED lighting and
water heating in the hot
water tank.

The PV roof supplies the
lighting circuit and a
small fridge.

The PV roof supplies elec-
tricity for all electricity
circuits, including heating
water in the hot water tank.

Figure15 A comparison of the actual performance improvement predicted for the retrofit properties

Table 9 the actual cost benefits predicted for the retrofit properties (£/year)

) Annual operating cost| Annual earnings from electricity )
Properties ) ) Total annual savings
saving generation and export
1 594 410 1004
2 185 546 731
3 389 837 1226
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insulation levels.

Above all, a lot of effort had been taken to tailor
the best practice approach to meet requirements
of different retrofit properties. The following con-
clusion can be made,

(1) A fabric approach could greatly optimize the
energy performance of a previous poor insu-
lated house.

(2) For a conventional systems based approach
such as the installation of the PV panel (the
2nd retrofit house), most power generated by
photovoltaic panels would be exported to the
grid. While if with a hot water cylinder and an
immersion heater powered by the photovol-
taic panels was installed (the 1st retrofit house),
around 1/3 of this photovoltaic power could be
used to provide domestic hot water. Or if more
electricity circuits were integrated with the PV
system (the 3rd retrofit house), the total power
demand from the grid could be reduced by
around 90%, and net export to the grid would
be only 1/4 of the total power generated.

(3) When designed properly, a systems based ap-
proach with renewable energy supply could
reduce carbon emission from operating energy
by 60%, net carbon emission (combined with
negative carbon due to power exportation)
by over 90%, and save total cost by more than
200% considering both operating cost reduc-
tion and earnings for renewable energy gen-
eration and export.

6 Future work

The simulation results will be compared with mon-
itoring data at the next stage when annual data is
available.
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