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HIGHLIGHTS

e We investigate the impact of a UK policy to require new boilers to be high efficiency.
e Theoretically informed models are developed and applied to national data.

e Bayesian analysis is used to find best fit parameters and compare model performance.
e The policy is prescriptive and simple to enforce; it improves stock boiler efficiency.

e Significant energy and carbon savings may be associated with this policy.
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of boilers in the stock

Parameter: intrinsic rate of growth
of condensing boilers in the stock
before 1st April 2005

Parameter: intrinsic rate of growth
of condensing boilers in the stock
after 1st April 2005

Parameter: fractional change in ef-
ficiency upon replacement of a
conventional with a condensing
boiler

Set parameter: ratio of dwellings in
UK to England

Model variable: fractional efficiency
of non-condensing boilers

Model variable: fractional efficiency
of condensing boilers

Model variable: fractional efficiency
of the stock

Predicted quarterly gas consump-
tion in the UK

Data: measured quarterly average
external temperature
Parameter/model variable: balance
temperature

Parameter: internal temperature
constant

Data: measured quarterly average
gas consumer price index

Model variable: gas needed/de-
manded for space heating

Model variable: UK quarterly gas
demand

Model variable: gas needed/de-
manded for water heating
Parameter: water heating constant

Parameter: change in internal tem-
perature due to price changes
Parameter: change in gas use for
space and water heating due to
price changes

Parameter: change in gas use for
water heating due to price changes
Parameter: change in gas use for
water heating due to external tem-
perature changes

Parameter: change in gas use for
space heating due to price changes
Parameter: change in gas use for
space heating due to changes in the
external-internal temperature
difference

Parameters: dummy parameters
Probability distribution

Hypothesis

Data: either gas consumption or
number of houses

Long-run price elasticity of domestic
gas use

Parameter set

1. Introduction

The potential consequences of climate change have induced
many countries to commit to reduce their carbon emissions (IPCC,
2007; UNFCCC, 2012). For example, the UK government has
committed to an 80% reduction in its carbon account from 1990
levels by 2050 (Climate Change Act, 2008). A raft of policies,
spanning energy supply and demand in the industrial, transport,
domestic and commercial sectors, aims to bring about this trans-
formation (DECC, 2011); however, assessing the efficacy of policies
remains challenging due to the complex interplay of economic,
social and physical factors (Foxon, 2011). The full impact of a policy
may take many years to become apparent.

Domestic water and space heating were responsible for ap-
proximately 26% of UK energy consumption in 2012, primarily
supplied by the local combustion of natural gas, which is thought
to account for approximately 81% of domestic consumption for
heat (DECC, 2014c). A range of mitigation policies have been pro-
posed to decrease carbon emissions associated with domestic
heating (DECC, 2011). Building regulations are projected to deliver
44% of residential sector energy savings in the fourth Carbon
Budget (DECC, 2012). This paper presents an analysis to determine
the efficacy of energy consumption policies, using the example of
legislation to mandate the installation of high efficiency boilers for
new and replacement systems via the Building Regulations
(ODPM, 2005).

1.1. Condensing boiler legislation

On 1 April 2005 an amendment to the Building Regulations
came into force in England and Wales requiring that, apart from
exceptional circumstances, all domestic gas boilers for new and
replacement systems should be rated SEDBUK (Seasonal Efficiency
of Domestic Boilers in the UK) A or B (ODPM, 2005). The minimum
required efficiency (defined in terms of gross calorific value of
natural gas) is 86%, necessitating the use of a condensing boiler
(ODPM, 2005). The proportion of condensing boilers in the do-
mestic stock has subsequently risen from ~5.7% of all boilers in
2004 to 42.8% in 2011 (DECC, 2014c). In this paper we treat the
2005 regulations as triggering a step change in condensing boiler
uptake and therefore stock efficiency; however, significant im-
provements in boiler efficiency will have occurred prior to, and
after, this date due to a range of factors including legislation,
maturing technology and market competition. In this analysis all
non-condensing boilers have one fixed efficiency regardless of age,
condensing boilers have a different fixed efficiency, changes in the
fixed efficiencies for each boiler type are incorporated into un-
certainty estimates.

The introduction of condensing boilers, of higher efficiency
than traditional boilers, is expected to decrease the carbon in-
tensity of heating. However, reductions in gas usage may be par-
tially offset by consumer comfort taking and rebound (Sorrell,
2007; Sorrell et al., 2009). Additionally, upgrading a dwelling's
boiler may result in a physical rebound whereby the system is
capable of achieving thermostat set-point over a wider range of
external conditions, or simply achieve set-point faster than pre-
viously, thus raising the mean internal temperature and increasing
the heat losses from the dwelling (Deurinck et al., 2011). Further,
the in situ performance of installed boilers may be below their
designed efficiency for a range of complex reasons, including re-
turn water temperatures being too high for condensing operation;
a setting that may be adjusted at installation, servicing or during
operation by professionals and occupiers (Orr et al., 2009). Field
trials of condensing boilers in the UK reported efficiencies
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approximately 5% lower than SEDBUK ratings, unfortunately the
efficiency of non-condensing boilers was not investigated (Orr
et al., 2009). Any resulting efficiency change of boilers in the stock
associated with the Condensing Boiler Legislation is therefore part
of a complex socio-technical problem.

1.2. Evaluation of the impact of the condensing boiler legislation

In this paper, the impact of the Condensing Boiler Legislation
on domestic gas use is presented as a case study of the impact of
policy on energy demand. National energy consumption statistics
have been analysed utilising models of gas demand. Models of
varying complexity have been investigated, incorporating tech-
nological uptake based upon the logistic equation for population
dynamics, simple thermodynamics and economics. Bayesian
techniques were used to provide parameter probability distribu-
tions, co-variant error analysis and select the model with the
highest probability of describing the available data, accounting for
our prior knowledge of the parameters that were investigated.
After the model with the highest probability of describing the data
was identified, it was used to estimate a range of characteristics of
the stock, such as the average balance temperature, specific heat
loss and improvement in efficiency associated with fitting a re-
placement boiler. The energy savings attributable to the legislation
that requires newly fitted boilers to be condensing were estimated
and projected savings to 2050 compared to those estimated as-
suming later introduction of the policy. Our approach of summing
annual energy and CO, savings to 2050, and assuming a constant
efficiency of the building stock may result in overestimates of
cumulative savings since it is likely buildings will become better
insulated and that one or more technologies will supersede con-
densing boilers over this period (DECC, 2011). This paper provides
enough information to allow the reader to estimate cumulative
savings over shorter periods, if required.

The impact of policies on their intended outcomes have been
widely researched, and to a certain extent standardised through
guidance provided by policy-makers (e.g. Treasury, 2011; EC, 2011).
The approach adopted in this paper is based on simple theoretical
models to analyse a top down and exhaustive data set (all domestic
gas use); the potential impact of the Condensing Boiler Legislation
is determined by analysing the performance of the stock before and
after its introduction, then modelling the stock performance in the
absence of the legislation in a counterfactual manner. The clear start
date associated with this policy has resulted in different rates of
population growth of condensing boilers in the stock being re-
corded before and after the introduction of this legislation. This
enables the use of the full national dataset rather than a sub-set of
the population or results of technology trials.

1.2.1. Bayesian analysis

This paper presents a Bayesian statistical analysis, the use of
which is widespread in many disciplines, particularly medicine
(e.g. Ashby, 2006; Lee and Chu, 2012). However, Bayesian data
analysis has not yet been widely adopted in energy demand re-
search; applications of Bayesian techniques include investigating
building energy performance with regression models (Hsu, 2014),
estimation of missing data for energy use intensities (EUIs) for the
non-domestic stock incorporating prior information through re-
gression modelling (Choudhary, 2012), investigating the spatial
characteristics of EUI distributions (Choudhary and Tian, 2014),
forecasting energy demand (Crompton and Wu, 2005) and energy
efficiency (Chen et al., 2015). We have been unable to find any
publication detailing the use of Bayesian analysis combined with
Bayesian model comparison to investigate the impact of demand
and efficiency policies, and consequently no research which ap-
plies this approach to the effect of the Condensing Boiler

Legislation.'

The use of Bayesian methods enables the comparison of dif-
ferent hypotheses (models) through the relative probability asso-
ciated with each model providing an accurate representation of
the data. This model comparison incorporates prior information
about the potential distribution of parameter values, thus in-
corporating known (or anticipated) physical and economic char-
acteristics. Bayesian model comparison also effectively penalises
more complicated models, since they expand the prior probability
space, and has been termed a numerical implementation of Oc-
cam's razor (Jeffreys, 1939; Good, 1968; Jefferys and Berger, 1992).
The principle of Occam's razor has been developed by many au-
thors, but in probabilistic terms may be expressed as “if two hy-
potheses H and H; explain the facts equally, then the simpler of the
two is to be preferred” (Good, 1968); Good suggests a development
of this principle for the purpose of the selection of hypotheses
when probabilities are not equal, the Sharpened Razor: “choose the
hypothesis whose strong explanatory power is the greater, or the
greatest”, this is applied in the analysis presented here.

1.2.2. Theoretically based models

This analysis uses simple models incorporating population
dynamics, building physics and economics, providing insight not
only into the magnitude of the policy impact, but also on the
physical parameters that characterise the building stock and their
relationship to the key drivers of external temperature and energy
price. Typically, energy demand analyses utilise standard statis-
tical relationships, rather than models and relationships informed
by theory, as illustrated by the examples in Section 1.2.1.

The analyses of Summerfield et al. (2010) and Hamilton et al.
(2013) on energy demand from the UK housing stock provide
contrast to that presented here. Summerfield et al analyse the
same national datasets as used here, as described in Section 2.1,
naturally excluding additions to the data in subsequent years
(Summerfield et al., 2010). They apply multiple linear regression to
determine a relationship between temperature, price and do-
mestic gas demand; however, while providing some useful in-
sights, the models applied are not physically informed, and include
third order polynomials with no physical justification. Increasingly
complicated models incorporating higher order polynomials will
always reduce the residuals, unless a fit is already exact, as illu-
strated by Jefferys and Berger (1992).

Hamilton et al. (2013) analyse the UK Homes Energy Efficiency
Database (HEED), applying a counterfactual analysis of pre- and
post-energy efficiency intervention (such as fitting a condensing
boiler) and utilising control group of dwellings. They found an 8%
reduction in gas use associated with fitting a condensing boiler,
but were unable to provide a detailed error analysis. This paper
also highlights the challenges of interpreting results derived from
datasets that are a sub-set of the population, at national scale.

2. Methods

The method used to investigate the impact of a policy to in-
crease the efficiency of domestic boilers on gas consumption is
outlined below. Firstly, the data sources and associated issues are
discussed, followed by the models used to both represent the
number of boilers in the stock of different types, and for gas use in
homes. Finally, the Bayesian methods employed to analyse the

! In addition to a broad literature review, a systematic search of bibliographic
databases was undertaken, including Web of Science and Google Scholar, to iden-
tify papers investigating energy demand and Bayesian model comparison using the
search terms “energy demand” OR “energy efficiency” AND “model comparison”
AND Bayes*; no publication date or other limits were set.
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data are reviewed.
2.1. Data sources

The data used for this analysis were UK government published
data for gas consumption, consumer price index for gas, external
temperature, dwelling and boiler numbers. While extensive data is
available in the UK, the varying geographical scales, differences in
aggregation, available time-scales and lack of error estimates
present challenges for analysis, as outlined below.

Statistics, published by the Department of Energy and Climate
Change (DECC), were used to identify domestic gas consumption
(DECC, 2014a) and average quarterly temperature (DECC, 2014e).
The available UK gas use figures include space heating, water
heating and cooking, estimated currently to comprise approxi-
mately 77%, 21% and 2% of total consumption respectively (DECC,
2014c). Gas use due to cooking is therefore included in this ana-
lysis but is not explicitly discussed.

The available quarterly data for domestic gas use begins in
1998, limiting the time span of the analysis (DECC, 2014a). Average
quarterly external temperatures in the UK, Ty are also provided,
broadly weighted according to population density (DECC, 2014e).
The average temperature has been taken from 17 stations in the
UK, with four stations in England double weighted. This is a crude
reflection of the distribution of homes in the UK, but introduces
additional errors and uncertainty into the analysis. UK consumer
gas price index, P, is also provided in the DECC statistics; it is the
component of the retail price index associated with gas prices
measured from a base of 2005 prices and compiled by the Office
for National Statistics (DECC, 2014b).

The number of dwellings (Np), gas boilers (Ng) and condensing
boilers (N¢) are available for England for complete years (DCLG,
2014b). The different geographical extent of gas consumption,
temperature and price data, representing the whole UK (DECC,
2014a,b,e), necessitated scaling of the England-only data, as de-
scribed by Eq. (7) and discussed in Section 2.3.1. We assume the
ratio of dwellings in England to those in the whole UK to be
constant. Similarly, we assume that the uptake rate of condensing
boilers is the same in England and the whole UK. Approximately
83% of all UK dwellings are in England, which is therefore likely to
dominate energy consumption trends.

2.2. Models of boiler uptake

A series of models has been developed to investigate the im-
pact of the 2005 UK policy to require all newly fitted boilers to be
condensing (ODPM, 2005). The models are physically or theoreti-
cally informed wherever possible, incorporating building physics
and economics, as discussed in Section 2.3. A key component of
these models is the number of boilers and condensing boilers; the
technological uptake component of the four models, which also
addresses differences in the time-steps of the data, is discussed in
this section.

Gas consumption for space heating is strongly dependent upon
external temperature, so it is desirable to analyse gas consumption
on a seasonal basis, in line with the quarterly gas, price and
temperature data (DECC, 2014a,b,e). However, the data for Np, Np
and Nc¢ is provided on an annual basis (DCLG, 2014b). Quarterly
values of Np, Ng and N¢ could be estimated from simple inter-
polation, but such a model does not account for the non-linear
characteristics of technology diffusion (Lund, 2006) and would not
be suitable to estimate future energy savings associated with the
introduction of condensing boilers.

A number of different models of technological diffusion (Ro-
gers, 2003; Stoneman, 1995) could be employed to investigate
the increase in the number of condensing boilers in the UK stock.

The model employed here is based on a simple physically
bounded growth curve, in the manner adopted in studies of po-
pulation dynamics, and described by the logistic equation Ver-
hulst, 1845; Case, 1999) (Eq. (2) gives its differential form). Partly
as a result of its simplicity, this model requires the input of only
three sets of data, all of which were available from UK national
statistics (Section 2.1): the number of boilers, condensing boilers
and dwellings in the UK. In this model, the number of dwellings
with boilers in England, Np, is limited by the total number of
dwellings in the stock.? Similarly, the number of condensing
boilers in England is limited by the number of dwellings with
boilers. Such technological diffusion models have been studied
widely, including analysis of the uptake of energy technologies,
showing reasonable agreement to data, and for low exponential
growth rates® generate the S-shaped curves typical of technology
uptake (Rogers, 2003; Lund, 2006). An alternative model ac-
counting for the potential drivers of boiler replacement could
provide further insight, such as a model assuming that the like-
lihood of boiler replacement is related to the age of the installed
boiler; however, no data is available to support the investigation
of such effects.

The number of condensing boilers in the stock depends on both
the rate of replacement of existing boilers with condensing boilers,
and the rate at which condensing boilers are installed in proper-
ties that have previously not been centrally heated. Additionally,
the rate at which gas central heating is installed for the first time
in dwellings comprises two components: that for existing dwell-
ings and the rate for new build properties. Models of the increase
in the number of condensing boilers in the stock pre- and post-
regulation are outlined below.

Before regulation requiring condensing boiler installation: The
rate of first time installation of boilers in dwellings may be mod-
elled as a population growth, with increasing carrying capacity
(total number of possible boilers). This increase in the total
number of dwellings is modelled first, followed by repeated ap-
plication of the logistic equation.

The number of households in England may be used as a proxy
for the number of dwellings, depending both on the rate of new-
build and the rate of conversion of current properties into different
dwellings. The model used here follows the government projec-
tion of a linear increase in the number of households in England
over the next 10-20 years, based on demographic trends, but
neglecting economic issues, government policies and other factors
(DCLG, 2010, 2013)

NE=NET4+ 1y 1)

where Np" is the number of dwellings in England at the start
of the time step, n the number of days since the start and rp the
number of new dwellings per day (or the rate of dwelling build-
ing). The number of dwellings at the start of the analysis period,
Np?, is a model parameter. The number of conventional and con-
densing boilers in England, Npg, is assumed to be limited by the
number of dwellings in the stock and is modelled by the logistic
equation

Ny _ rBNB(l NB)

de Ny @)

where 1y is the intrinsic rate of growth of boilers in the stock (per

2 To first order, the impact of large dwellings with more than one boiler and
flats where it is impractical to fit a gas boiler is not considered.

3 At high growth rates, solutions to the logistic equation become chaotic (May,
1976).
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day) and Np (the number of dwellings) is the carrying capacity or
the population limit. For the nth day this becomes

Nn—l

NI=N}'+ rBN,Q‘](l - B—n]

Np 3
where Np" is the number of boilers in England at the start of the
time step. The number of boilers at the start of the analysis period,
Ng° is a model parameter. A small time step of one day ensures
that the model is effectively continuous when used to predict
quarterly values. The number of condensing boilers in the stock
before introduction of the new regulation may be similarly mod-
elled, limited by the number of boilers

Nn—]

NE =N+ rClNgl[l - < ]

N “
where N¢" is the number of condensing boilers at the start of the
time step and r¢; the intrinsic rate of growth of condensing boilers
in the stock before introduction of legislation to require their up-
take. The number of condensing boilers at the start of the analysis
period, N°, is a model parameter.

Boiler uptake after introduction of condensing boiler regulation: Fol-
lowing introduction of the legislation to require new boiler installa-
tions to be condensing, the number of newly installed non-conden-
sing gas boilers in England and Wales is assumed negligible in this
analysis. The exceptional circumstances in which they may be fitted
are detailed in the Amendments to Approved Document L1 (2002),
Appendix G (ODPM, 2005), and require a clear justification, in-
dependent of home-owner preference of the room in which the boiler
may be fitted. Under this regulation, difficulties in fitting a condensate
drain or the need for an unusually long balanced flue, neither of which
is required for a conventionally flued non-condensing boiler, are ac-
ceptable reasons for not fitting a condensing boiler. No national sta-
tistics are available detailing the number of non-condensing boilers
fitted since 1 April 2005; however, we expect that few dwellings
would qualify under these stringent criteria. The UK boiler market has
subsequently become dominated by condensing boilers.

The number of condensing boilers from replacement of systems
existing at the date of introduction of the legislation, Niz1/4/2005,
increases at a new intrinsic rate of growth, re

n=1/4/2005 _ ayn=31/3/2005
Npe =N¢

_ _ Nn—l
Nic = Nic '+ 10,Nge 1(1 - N;1_1)74C1/2005)
B
Nic= Nj - N£=31/3/2005
NE = Nic + Nic )

where Ni(" is the number of replacement condensing boilers and

Nnc" the number of new condensing boilers at time step n.
Solution of the models of boiler uptake requires the determi-

nation of seven parameters: Np°, rp , Ng°, 15, N, req and re.

2.3. Models of the relationship between gas use, external tempera-
ture, price and the efficiency of boilers

Four simple models of domestic gas consumption are devel-
oped in this section utilising the strongest external physical driver,
external temperature, the consumer price index for gas as a driver
of heating behaviour, boiler efficiency and the relationships de-
scribing boiler uptake derived above. We have assumed that the
average efficiency of non-condensing boilers in the stock, and
therefore of those being replaced at each timestep, is constant.
This may not be the case, for example, if the oldest and least

efficient boilers are replaced first.® Similarly, we have assumed
that the improvement in efficiency associated with fitting con-
densing boilers is constant. As noted in Section 2.1, UK domestic
gas use is dominated by space and water heating; combining gas
consumed for water heating and cooking into one parameter, W
(for convenience referred to henceforth as “water”)

UK
E=N (s w)

n (6)
where E is the UK quarterly gas demand, NzUX the number of
boilers in the UK during that quarter as predicted by Eq. (3) (the
value for the middle of the quarter was used), 77 the stock heating
efficiency and S the energy used for gas space heating per
domestic property.” Eq. (6) is expanded below, linking available
data to simple models. Firstly, a simple relationship between the
number of dwellings in the UK and those in England is presented,
followed by a discussion of stock efficiency. A series of models are
then developed incorporating the impact of external temperature
and price on gas use.

2.3.1. Addressing geographical coverage issues with the data

A technology uptake model for the number of condensing
boilers in England was developed in Section 2.2. However, quar-
terly gas consumption is available for the whole UK (DECC, 2014a).
Assuming a constant ratio of boilers in England to the whole UK, a
scaling factor, F°UX, may be employed to represent the number of
boilers in the UK, NgYX, as a function of the number of boilers in
England, Np

Ny = FUN ™

As the parameter FFUX is a scaling factor in an equation with
multiple unknowns (Eq. (6)), it cannot be determined in this
analysis and was explicitly entered into the model. An approx-
imation from the ratio of domestic gas use in Great Britain to
England in 2011, of 1.15 is used, with an assumed error of 5%
(DECC, 2013).

2.3.2. Stock efficiency
The efficiency of condensing boilers, 77¢, can be related to the
efficiency of conventional boilers, 77nc

e = yc(1 +7) @)

where y is the fractional change in boiler efficiency between a
conventional and condensing boiler and is a parameter in the
models to be determined.

The average gas use efficiency of the stock, #, may then be
represented by

C)]

where N¢ is the number of dwellings with condensing boilers in
England and Np is the number of dwellings with condensing and
conventional boilers in England. Eq. (6) for the UK domestic
energy demand from natural gas becomes

4 The efficiency of both non-condensing and condensing boilers is likely to
have improved over time, so errors due to our modelling of replacement as a
random process will tend to offset.

5 The adopted categories “space heating” and “water heating” may not reflect
the full complexity of the temperature and price dependence of gas use for water
and space heating, which cannot be distinguished in this analysis. However, the
authors have introduced these terms to help the reader navigate his or her way
through the paper; it is likely that these interpretations and ascriptions would be
substantially supported by future research.
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P N
e (‘1 + ﬂ]

It is not possible to directly determine the parameter #y¢ from
the data available in this analysis, so an explicit estimate was en-
tered into the model. A range of estimates for the efficiency of
boilers in the building stock are available, but, the in situ perfor-
mance is not well characterised. For example, government sup-
plied boiler efficiencies for the stock are estimated by matching
responses to the English Housing Survey to SEDBUK quoted effi-
ciencies where possible or simply by matching the boiler type and
fuel to typical figures (DECC, 2014d); values therefore do not ac-
count for in situ performance factors such as the state of main-
tenance, quality of installation and losses due to un-insulated pi-
pework. We have used 72+ 2% in accordance with the range
suggested for the UK's Standard Assessment Procedure for post
1998 conventional boilers (Building Research Establishment,
2014). Typical quoted efficiencies of condensing boilers are
80-84%° (Building Research Establishment, 2014).

10

2.3.3. Models of space and water heating demand

Specific models were developed to explore the relationship
between domestic gas use, external temperature, consumer gas
price index and the number of condensing boilers. While the
physical relationship between a temperature differential and heat
loss is well established, the relationship in occupied dwellings is
less clear. Physical factors which may correlate to temperatures or
time such as the incident solar radiation, wind speed and change
in heat gains from devices within the property, combine with
behavioural issues such as a price dependency of heat demand,
ventilation requirements and seasonal variation in occupant
clothing choices. Improvements to the building fabric (e.g. in-
sulation or double glazing), the water heating system (e.g. better
insulated hot water tanks or insulated pipes) and cooking (e.g. a
better insulated oven) were not addressed to simplify the analysis;
their impact is incorporated into the error estimates outlined in
Section 3.

Four simple models were developed encapsulating different
characteristics of gas demand. Each model assumes a system in
thermal equilibrium and all models satisfy the condition that
space heating may never be negative: dwellings may not produce
gas and export it. Where models otherwise predict negative space
heating gas demand in any quarter (in Summer months with
warm external temperatures), it is forced to zero:

e Model I attempts to minimise the number of parameters used to
explain gas use, while accounting for both external tempera-
ture, Tgxr, and gas price, P. It assumes that gas use for both water
heating and space heating is equally sensitive to the price

S+ W = Gor(Tpar = Tixr) + Wi + GpP an

GST(ESAL - TEXT) =0if GST(TBAL - TEXT) <0

where Gsr is the quarterly heat loss per dwelling per degree of
interior-exterior temperature differential, Tgs; is the balance

6 The true in situ performance of boilers in the UK is an important character-
istic of the energy performance of the housing stock, being required to calculate the
carbon savings and cost implications of alternative heating systems. Recent esti-
mates of in situ performance, including those listed here as a baseline, derive from
modelled performance or laboratory tests (Palmer and Cooper, 2013; Building Re-
search Establishment, 2014). Results from the Energy Saving Trust field trial of 43
condensing boilers indicated an average efficiency of regular and combination
boilers of 85.3 +2.5% and 82.5 + 4% respectively (Orr et al.,, 2009); we have been
unable to identify similar test results for non-condensing boilers.

temperature, a parameter representing the lowest external
temperature at which free internal gains meet heating demand,
and Wk is a constant water usage. Gp is the linear change in gas
demand due to changes in the consumer price index for gas. A
linear relationship between gas price and use was chosen for its
simplicity; a more complicated model could be adopted in the
future. Model I utilises 12 unknown parameters: Tga;, Gst, Gp,
Wy and the fractional change in efficiency, y, in addition to the
7 unknown parameters from the technological uptake re-
lationships developed in Section 2.2.

® Model II attempts to model price sensitivity of thermal comfort,
while gas use for water heating is assumed to be independent of
price. In this model the balance temperature (T4, ) of dwellings
is not a parameter but linearly dependent on the consumer gas
price index. This model is described by

Tpar = GrpP + Tx

S = Gor(Tpar — Texr)

W= Wg

S=0 ifS<0 12)

where Gyp is the rate of change of internal temperature as gas
price increases, Ty is a constant temperature, Wy is the constant
water use and all other symbols are as above. This model has
the same number of parameters as model I, 12, but incorporates
a slightly more complicated model of gas use.

® Model III is similar to model II as it incorporates a price de-
pendency of the gas use for space heating, but it also includes a
separate price dependency for water heating

Tpar = GrpP + Ti
S = Gor(Tpar — Texr)
W = GypP + Wy 13)

where Gyyp is the rate of change of gas use with gas price for
water heating and all other symbols are as above. This model
has a total of 13 parameters, one more than models I and II.

® Model IV is the most complicated model analysed, with 14
parameters. It builds on model IIl by incorporating a tempera-
ture dependence of the gas used for water heating, in addition
to its price dependence, to account for differences in the cold
water supply temperature and seasonal differences in hot water
demand

Tpar = GpP + Ty
S = Gsr(Tpar — Text)
W = GuwpP + Gwr Texr + Wi (14)

where Gyr is the rate of change of gas use for water heating
with external temperature and all other symbols are as above.

Models I-IV represent simplified models of domestic gas use in the
UK based on available data, to investigate the effect of im-
plementing a policy to increase the efficiency of boilers in the
housing stock. The models represent incrementally greater com-
plexity; the best model to represent available data has been de-
termined using Bayesian techniques (Section 2.4.2). The following
section describes the derivation of error estimates for model
inputs.

2.34. Error analysis for data analysis

The absolute uncertainty or error in the number of dwellings
(Np), dwellings with boilers (Ng), dwellings with condensing boi-
lers (N¢) and quarterly gas use (E) is not provided directly by the
metadata. It would be extremely difficult and time consuming to
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extract this uncertainty from the information available. Never-
theless the analysis combines these data elements and an estimate
is required to ensure that the data is properly weighted in the
evaluation of the likelihood function (Section 2.4).

In order to provide estimates, two simplified, but plausible,
models of the relationships between time and Np, N, and N¢ and
temperature, price and E were used to determine the best fit de-
viation and therefore the uncertainty of these data. While this
method does provide meaningful error values, which are an
amalgamation of all the random uncertainties, they are model
dependant. The quality and validity of the models therefore con-
tributes to the errors associated with the parameters values de-
rived in Section 3. However, as they are common to all models
described in Section 2.3.3 they will not alter the model
comparison.

Systematic errors in external temperature, price of gas and date
on which measurements were taken were not estimated in this
analysis. Finally, it is likely that condensing boilers consume more
electricity than non-condensing boilers, due primarily to the
longer gas flow path through the heat exchanger. The effect is not
included in the SEDBUK boiler rating system, and no systematic
study of it has been reported in the literature. The impact on
electricity use in dwellings is small and confounded with many
other sources of change. It has therefore not been possible to
provide an empirical estimate of its magnitude.

2.3.5. Condensing boiler uptake error

Egs. (1)-(5) were used as the basis for a model of boiler uptake
dynamics. Uniform non-informative prior distributions including
all reasonable values were selected for the seven parameters (Np°;
i Ng°%; 15; N&; 1co; 1) (Table 1). The error in values was initially
arbitrarily set to 1 for all parameters, enabling estimation of the
true error from residuals. The one sigma error for Np, Ng and Nc¢ is
model dependent and was estimated as + 0.12 million houses.

2.3.6. Gas use error
A very simple model of gas use was utilised to estimate the
error in domestic natural gas energy demand

Table 1
Parameter estimates, uncertainties and prior ranges for models I, II, IIl and IV.

Symbol Model I Model II Model III Model IV Prior
(£10) (+10) (£10) (+10) Range

N9 194 + 0.1 194 + 01 194 + 0.1 194 + 01 5-25

) 0.00041 =+ 0.00041 + 0.00041 + 0.00041 + 0-1
0.00002 0.00002 0.00002 0.00002

N9 136 + 0.2 136 + 0.2 13.6 + 0.2 13.6 + 0.2 5-20

TR 0.000276 + 0.000276 + 0.000276 + 0.000276 + 0-1
0.000009 0.000009 0.000009 0.000009

N2 011 + 0.02 012 + 003 013 + 0.02 013 + 0.02 0-1

11 0.00033 + 0.00031 + 0.00030 + 0.00030 + 0-1
0.00004 0.00004 0.00004 0.00003

2 0.00122 + 0.00123 + 0.00123 + 0.00123 + 0-1
0.00004 0.00004 0.00004 0.00004

v 046 + 014 033 + 015 025 + 015 026 + 015 —10-10

Gst 049 + 002 048 + 0.02 047 + 0.02 037 + 003 -15-15

Gp —0.006 + —15-15
0.002

Tgaw 142 + 03 0-30

Grp —0.020 + —0.015 + —0.018 + —15-15

0.006 0.006 0.008

Tk 15.7 + 05 153 + 0.5 151 + 0.7 0-30

Gwr -011 + 0.02 —15-15

Gwp —0.004 + —0.004 + —15-15

0.002 0.002
Wi 1.6 + 0.2 11 + 01 14 + 0.2 31 + 04 —50-50

E =A(TBAL - TEXT) + B
A(Tgar — Texr) = 0 if A(Tzar — Tixr) < O (15)

The unknown parameters in the model are a heat loss depen-
dent variable, A, the balance temperature, Tgs;, and water heating
parameter, B. As for models described in Section 2.3, if Tgxr is
greater than Tpy;, the difference is set to zero. The one sigma error
derived from the residuals between this model and the data is
+ 9500 GW h per quarter.

2.4. Data analysis

The relationship between UK domestic gas consumption and
temperature, consumer gas price index and the number of con-
densing boilers in the stock was investigated using Bayesian ana-
lysis. The four models constructed in Section 2.2 contain compo-
nents for the uptake of boilers and domestic gas consumption;
each model was analysed independently to estimate its best fit
parameters and their confidence intervals.” The probability of each
model accurately describing the data was then compared using
these best fit parameters. Parameter estimation is described in
Section 2.4.1. Model comparison is discussed in Section 2.4.2.

2.4.1. Parameter estimation

The parameters, €2, within each model describe a posterior
probability space, with considerable co-variance across the 12
parameters in models I and II, 13 in model IIl and 14 in model IV.
Following Bayes' theorem, the joint probability distribution of the
parameters, Prob(@D, M;), given the data, D, is

Prob(DI@2, M;) x Prob( 2IM)
Prob(DIM;) (16)

Prob(QID, M;) =

where M; represents a model, Prob(DI, M;) is the likelihood
function, the probability of measuring the recorded data given the
estimated parameters and model, and Prob(2IM,) is the prior dis-
tribution, the estimated initial probability distribution of the
parameters. Prob(DIM;), the evidence, is the probability of obser-
ving the recorded data given the model; it normalises across all
possible models and is not required to determine the most likely
values of the parameters. Model parameters may be estimated
from Eq. (16) by optimising across the probability space, using the
prior distributions of parameters and likelihood function, as
described below.

In the absence of detailed prior knowledge of the probability
distributions of the parameters, flat, uninformative, distributions
were employed. Wide physically informed limits to the distribu-
tions were selected to ensure all reasonable parameter values
were included

N
1 .
PTOb(.QIM,) = H [W] fOl‘ Qrfnm S Qn S .Qr’,’"ax
= n n
Prob(QIM;) = 0 otherwise a7

where €2, is the maximum value of the parameter, £2,, and
£, its minimum value; the range of prior for each parameter is
shown in Table 1. Likelihood functions were estimated by assum-
ing data points conform to a Gaussian (normal) distribution, in the
absence of error estimates for data (Section 2.1), with uncertainty
in the kth data point estimated as described in Section 2.3.4

7 67% confidence intervals are used throughout. Confidence intervals are not
assumed symmetric, but are the smallest 67% interval containing the peak of the
probability distribution.
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Table 2
Number of parameters, prior density and evidence for models I, II, IIl and IV.

Property Model | Model II Model 111 Model IV
(£10) (£10) (£10) (£10)
Number of 12 12 13 14
parameters

Prior density 6.17e—11 6.17e—11 2.06e—12 6.86e — 14

Evidence 3.31e—66 4.16e — 66 1.19e — 64 9.13e—-65
N 1( Ea(@) - D)

Prob(DI2, M;) = [] exp| — o Lk

k=1 O'k\/zﬂ 2 Oy (]8)

where E;(Q) is the estimate of the data point k under model M;
and using parameters (2. Substituting into Eq. (16), parameters
and their confidence intervals were estimated numerically from
the peak in the probability distribution, using the optimisation
software MINUIT (James and Roos, 1975). Table 1 summarises the
model parameter, prior range, most probable value and uncer-
tainty for each model. See the nomenclature table for the physical
description of each parameter and its units.

2.4.2. Model comparison

The evidence, the probability of obtaining the recorded data
given the model, may be used to compare the relative probabilities
of different models describing the observed data

Prob(DIM;) ~ Prob( DIy, M;) x Prob(2y,pIM;) X ogp 19)

where £2,p are the best-fit parameters and o, is their uncertainty
(MacKay, 2007, p. 349). The final two terms in Eq. (19) are the
Occam factor. The Occam factor accounts for the fact that for a
given level of evidence, the fit to the data must increase as the
number of parameters increases (Section 1.2.1). The evidence for
models I, II, IIl and IV are shown in Table 2; model III is the most
probable, having the highest evidence, despite utilising 13 para-
meters (MacKay, 2007, p. 343). The most probable of the models to
describe the data therefore includes a separate price dependency

30 -

A Total number of Houses in England
Houses With Gas Boilers (England)
Houses with Condensing Boilers (England)

o«

25+

15+

Houses (Millions)

10+

for space and water heating, a temperature dependence of space
heating, but does not include an additional temperature depen-
dence of water heating (Section 2.3.3). Model III is therefore used
in the rest of this paper to investigate the impact of the Conden-
sing Boiler Legislation on UK gas use, as discussed in Section 3.

3. Results and discussion

Tables 1 and 2 provide the results of the parameter estimation
and model comparison described above, indicating that model III,
illustrated by Eq. (13), best describes the numbers of dwellings,
dwellings with boilers and boilers that are condensing and the UK
gas consumption data. This model utilises different price para-
meters for temperature dependent (primarily space heating) and
temperature independent (assumed to be primarily water heating)
energy use. The model parameters shown in Table 1 represent the
best estimates in this study and provide some insight into the
performance of the stock and uptake of condensing boilers.

The fixed ratio of the England to UK scaling factor to the effi-
ciency of the stock of non-condensing boilers (F*’/y,.), required
to solve Eq. (13) in the absence of more data, introduces significant
uncertainty into estimates of certain parameters. Three para-
meters are inversely proportional to this fixed ratio: the quarterly
heat loss per dwelling per degree of interior-exterior temperature
differential (Gsy), temperature independent gas use dependence
on energy price (Gyp) and the constant representing other con-
tributions to temperature independent gas consumption, Wy; all
other parameters are independent of it. The ratio of the number of
boilers in England to the whole UK (FEY¥) is well characterised
(Section 2.3.1), although it may change over time. However, the
in situ performance of boilers in the UK is not well known as
discussed in Section 2.3.2; our results may be scaled accordingly if
a different estimate is utilised.

3.1. Uptake of condensing boilers

Table 1 and Fig. 1 highlight the clear impact of the legislation to

; .
2 2,
% %o

.
E} E} E} B
% % % %

Fig. 1. The total number of house in England (upward pointing triangles), number of those houses with boilers (downward pointing triangles) and the number of those that
are condensing boilers (circles). The solid lines with shaded uncertainty bands shown through each set of points represent the predictions of model IIl. The dashed lines with
shaded uncertainty bands represent the predictions of the number of condensing boilers from model III, with different dates for the introduction of the Condensing Boiler
Legislation. Predictions using the dates of 1 of April 2010, 2020, 2030, 2040 and 2050 were used.
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Fig. 2. The UK domestic gas use per boiler as a function of external temperature. The points are the measurements taken during quarters 1 (circles), 2 (upward pointing
triangles), 3 (downward pointing triangles) and 4 (squares). The crosses represent the estimate of model III using the external temperature, consumer gas price index, the
number of houses, houses with boilers and houses with condensing boilers during the quarter.

require boilers fitted from 1 April 2005 to be condensing. The rate
of installation of condensing boilers in properties for the first time
increases by roughly an order of magnitude from 170*18 per day
one year before the introduction of the Condensing Boiler Legis-
lation (1 April 2004) to 1850*}2 per day one year after the in-
troduction of this legislation (1 April 2006). The modelled peak in
the number of properties being fitted with condensing boilers for
the first time, on the basis of the data outlined in Section 2.1, is
6, 3224158 per day, achieved on 20 August 2012; on this date 582+
properties had boilers installed for the first time.

3.2. Heating characteristics

The heat energy loss per UK dwelling per unit temperature per
quarter (Gsr) was converted to a specific heat loss coefficient per
property, 215 + 10 W/°C, which is the average value over the per-
iod studied.® The specific heat loss per property is expected to
decrease over the duration of the analysis due to improvements to
new building efficiency driven by regulation (DCLG, 2014a), and
increasing uptake of retrofit measures such as insulation and
windows (DCLG, 2014b). The specific heat loss per dwelling esti-
mated here is lower than that estimated by the Building Research
Establishment Housing Model for Energy Studies (BREHOMES) of
247 W/°C (Utley and Shurrock, 2008) and Summerfield et al. of
240-320 W/ °C (Summerfield et al., 2010). However, Summer-
field's technique of fitting a third order polynomial to the data,
followed by selecting the approximately linear central section of
this fit to estimate specific heat loss creates a stronger perceived
relationship between temperature and heating energy use, ac-
counting for the latter difference (Summerfield et al., 2010). Si-
milarly, differences in methodology account for the difference
between our estimate of specific heat loss and that from BRE-
HOMES, a theoretical bottom up model informed by the physical
survey of several thousand properties and containing many

8 There are 92.5 x24=2190 h per quarter, Gsr is 0.47 +0.02 MW h/quarter/
dwelling/°C. The specific heat power loss per property is therefore
0.47 x 1,000,000/2190=215 W/°C.

assumptions about the heat loss from windows, walls, floors, roofs
and ventilation through occupant behaviour and fabric air tight-
ness (Shorrock and Dunster, 1997). BREHOMES also assumes
whole house heating where the only barrier to heat loss is the
external fabric, whereas the UK Energy Follow-Up Survey (Build-
ing Research Establishment, 2013) found that 65% of houses had
one or more habitable room that was unheated by the main
heating system, effectively reducing the heat loss area (though
demand for heat will reduce by less than the difference in actual
floor area).

The balance temperature in UK dwellings, the external tem-
perature at which the desired internal temperature is just reached
through free heat gains (solar, metabolic and appliances), is a
function of the price of gas in this model. The effect of dwelling
thermal efficiency is incorporated into the balance temperature
estimated by the model through the constant Ty, (Eq. (13));
however, this parameter is estimated over the duration of the data,
providing an average value. The impact of improvements in
building fabric on the balance temperature therefore cannot be
estimated. In model III the balance temperature falls as a result of
rising gas price index, from 14.7 + 0.3 °C in 1998 to 13.7 + 0.5 °C in
2013, suggesting consumers decreased their thermal comfort (in-
door temperature) as the price of gas rose.

3.3. Boiler efficiency

The estimated fractional change in the boiler efficiency, y, be-
tween a conventional and a condensing boiler is given by Eq. (8).
For model III, y=0.25 4 0.15; while the uncertainty in this value is
high, it indicates a reduction in gas use on boiler replacement.
Utilising 5. = 0.72 the estimated efficiency of condensing boilers
nc 15 0.9 £ 0.1, as compared to the 0.8-0.84 range provided in the
Standard Assessment Procedure (Building Research Establishment,
2014).

3.4. Gas use dependence on external temperature

Fig. 2 shows the dependence of UK domestic gas use on



CA. Elwell et al. / Energy Policy 86 (2015) 770-783 779

=
o

Gas Use per Boiler [MWh/Quarter/Boiler]

Data from Quarter 1

o)

Data from Quarter 4

° Ny
o ® -
° - Data from Quarter 2 4
L ] A"
n | ]
v Data from Quarter 3
A
A 0
A A

2014
2012
2010

2008

2006

2004

2002

2000

°CJ] 20 908

Fig. 3. The total UK domestic gas use per boiler as a function of the external temperature and year. The points are the measurements taken during quarters 1 (circles), 2
(upward pointing triangles), 3 (downward pointing triangles) and 4 (squares). The wire surface represents the estimate of model III using the external temperature,
consumer gas price index, the number of houses, houses with boilers and houses with condensing boilers during the quarter. The solid line moving across the plot indicates
the balance temperature, which is the temperature at which the heat demand to reach the desired internal temperature is just met by free heat gains. The date of the
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regulation change is also shown.
which only varies within the analysis as a function of gas price; it

quarterly external temperature, indicating a very good agreement
generally decreases over time.

between observed and modelled data. Total gas use in model III is
linearly dependent on the number of boilers in the stock and their
average efficiency; Fig. 2 shows the gas use per boiler to eliminate 35. Gas use dependence on price
the impact of the number of boilers. The relationship between
external temperature and gas use is further explored in Fig. 3,
which also shows the year. The figure indicates very good agree-
ment between the model and data. The impact of price on thermal
comfort is illustrated by the evolution of the balance temperature,

Fig. 4 shows the dependence of UK domestic gas use on the
annual consumer gas price index, indicating good agreement be-
tween the data and model. Data points are not adjusted for annual
or seasonal variations in temperature and model predictions

45 x10°
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Fig. 4. UK gas use per quarter vs. year average consumer price index for gas. Circles represent data, crosses model estimates and the price elasticity of gas use, estimated

from Eq. (20), is indicated by the line.
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Fig. 5. The modelled underlying trend in the total UK gas use (solid line), gas use per boiler (dashed line) shown as an index with the 1998 value set to 100 and estimated
domestic boiler stock efficiency (dotted line). To remove the effects of the temperature variations, the average temperature between 1998 and 2013 is used by model IIl. The
effects of price and improved efficiency determine the reduction in gas use, whereas the increasing number of boilers increases gas use. The dashed vertical line indicates the
date of the introduction of the regulation to promote the uptake of condensing boilers.

incorporate this factor. The long-run price elasticity of domestic number of conventional and condensing boilers to provide a

gas use, &, is indicated by the line on the graph and was estimated modelled best fit to the total period. The uncertainties account for
over the full period of data availability, according to variations in Tgy, Ne and N in addition to the error analysis de-
scribed above. Estimated total UK domestic gas use price elasticity

= g_f)g 20 is —0.3 4+ 0.1, consistent with the value estimated by Summerfield
et al. (2010) and that estimated in the Netherlands by Koopmans

Average values were used for the external temperature, and te Velde (2001) of —0.28. Deeming gas use with no
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Fig. 6. The yearly gas use per boiler. Data is represented by points. The dashed line with shaded uncertainty bands is the prediction from model IIl using the best fit
parameters. The solid line with shaded uncertainty bands is the prediction from model Il using the best fit parameters, but assuming the Condensing Boiler Legislation was
not introduced in 2005.
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Fig. 7. The solid line shows the potential cumulative domestic gas use savings with shaded error bars over time, until 2050. The dashed line shows a simple fit to the

predictions between 2005 and 2030.

temperature dependency, summer use, to be water heating, as in
Section 2.3, the price elasticities of space and water heating were
estimated as —0.2 + 0.1 and —0.3 + 0.2 respectively.

3.6. The impact of Condensing Boiler Legislation on UK gas use

The impact of the Condensing Boiler Legislation is explored in
this section, using the model and best fit parameters developed
above. The modelled trend in total UK domestic gas use, removing
the effects of changes in external temperature, and domestic gas
use per boiler is shown in Fig. 5. Increases in total UK gas use are
driven by increases in the number of boilers in the stock while
decreases in gas use are driven by increases in gas price and im-
proving stock efficiency; estimated average boiler efficiency is also
shown in Fig. 5.

Fig. 6 shows the modelled impact of the Condensing Boiler
Legislation on UK gas use since 1998. Using the pre-regulation rate
as described in Section 3.7, model outputs suggest a significant
reduction in UK gas use associated with the Condensing Boiler
Legislation, ~176, 000+85%00) GW h, or 327§ MTons of CO,e,’ be-
tween 2005 and 2013, compared to an average annual gas demand
in that period of 360,000 + 25,000 GW h/year or 66 + 5 MTons of
CO,e.

3.7. Future impacts of the Condensing Boiler Legislation

The potential long term impacts of the 2005 Condensing Boiler
Legislation on UK gas use and the effect of delaying its introduc-
tion were investigated using the predictions of model III.

Fig. 6 shows the yearly gas use with and without the Condensing
Boiler Legislation for the years 2005-2013. Fig. 5 shows the change
in stock efficiency with the regulation. The stock efficiency without

9 Assuming a conversion factor of 0.18404 kg CO,e per kW h, that for natural
gas (Carbon Trust, 2013). This factor ignores the energy costs and emissions asso-
ciated with supplying gas to the individual consumer's gas meter, and is therefore
likely to understate the actual impact of domestic gas consumption. It is easy to
scale the results presented here for different values of this factor.

the regulation is not shown, but can also be calculated assuming
that the post 2005 condensing boiler uptake rate () continues at
its pre 2005 value (¢4 = 1, = 0.0003 million boilers per day). There
is a linear relationship between the difference in the yearly gas use
and the average difference in stock efficiency for each year, which is,
to first order, independent of temperature or price. Variations in the
difference in gas use are obviously influenced by price and tem-
perature, but in the years 2005-2013 their influence is much
smaller than the difference due to stock efficiency improvements.
The predicted gas use drops by 5000 + 1000 GW h/year for every
1% increase in the average stock efficiency.

The impact of different dates of introduction of the Condensing
Boiler Legislation was studied by changing the date at which the
rate 1, changes to 1 in the model. Six scenarios were in-
vestigated: introduced in 2005, 2010, 2020, 2030, 2040 and not
before 2050 (Fig. 1). The different scenarios for the evolution of the
boilers in the stock, with associated errors, were then used to
create projections of the efficiency of the stock for each scenario
up to the year 2050. Assuming that the relationship between the
difference in the yearly gas use to the average difference in stock
efficiency continues into the future'® it can used, together with
predictions of the differences in efficiency, to project the longer
term impact of the Condensing Boiler Legislation.

Fig. 7 highlights the decreasing impact of the legislation the
later it is introduced. The dashed line in Fig. 7 shows a linear fit to
the predictions between 2005 and 2030 to provide an estimate of
the domestic gas savings per year associated with delaying in-
troduction of the policy of approximately 60,000 GW h/year.

While the 68% credibility limits are large due to the long time
span of the projections, Fig. 7 highlights the significant gas use and

19 This implicitly assumes that other physical features of the stock affecting
heat loss, the climate, price and behaviour are similar to the 1998 to 2013 period. It
is not possible to account for the effects of unknown future contextual changes,
such as the introduction of new legislation, the impact of gas prices on boiler in-
stallations and the effect of emerging and potentially disruptive technologies (such
as heat pumps). Contextual and counter-factual indeterminacy is likely to become
progressively more important, and thus the predictions of this analysis less reliable,
as time goes on.
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carbon savings that may be associated with the introduction of
legislation, in 2005, to require new boilers to be condensing. En-
ergy savings by 2050 total 2,000, 000"} 2000 GW h (or
368+154 MTons of CO,e), approximately 5.6 times the average UK
gas demand of approximately 360,000+ 25,000GWh (or
66 + 5 MTons of CO,e).

4. Conclusions and policy implications

Analysis of the efficacy of policies to reduce energy use and
carbon emissions is challenging due to the complicated interactions
of economy, behaviour, weather, building and technology perfor-
mance. The core purpose of this paper has been to provide quan-
titative estimates, with a comprehensive analysis of errors, of the
reduction in UK domestic gas consumption, and therefore of CO,e
emissions, through an analysis based on published and widely
available statistics, brought about by the introduction of the 2005
Condensing Boiler Legislation. This paper presents the first such
investigation; as far as we are aware. The paper also presents the
first application of Bayesian methods incorporating model com-
parison, combined with physical models, to investigate the efficacy
of energy demand policy. The Condensing Boiler Legislation was
introduced as an addendum to the 2002 Edition of the Building
Regulations for England & Wales, prior to the 2006 revision of Part L
(Conservation of fuel and power) (ODPM, 2005, 2006a,b) but these
two editions represent very different approaches to regulation.
Whereas the 2006 revision of Part L is complicated, allowing de-
signers a range of options for compliance and supporting design
freedom within a carbon target, the Condensing Boiler Legislation,
still in effect, is simple and prescriptive, requiring condensing in-
stead of non-condensing boilers to be used in most circumstances
relating to new housing or boiler replacement.

It is likely that in the absence of the Condensing Boiler Legis-
lation, the 2006 revision of Part L would have triggered a shift in
the market for condensing boilers. However, this may not have
occurred immediately; this analysis suggests that the replacement
boiler market is, at peak in August 2012, ~2.1 million per year,
compared with just ~210,000 installations per year of boilers for
the first time, and ~150,000 new dwellings per year in the stock
(Section 3.1). Among the reasons for this is the fact that anecdotal
evidence (we are unaware of any formal analysis) suggests that the
application of the 2006 and subsequent revisions to Part L to ex-
isting dwellings has been haphazard and unenforced.

Simple models have been developed and their probability of
representing the observed data compared, to explore the re-
lationship between quarterly gas use and external temperature,
consumer gas price index, the number of boilers and condensing
boilers. A technological uptake model based on the logistic equa-
tion was employed to predict the number of boilers and conden-
sing boilers in England. It was not possible to account for market
disruptions due to unknown future technologies, policies and
economic factors. Bayesian analysis was utilised to estimate best
fit parameters, error and to compare the probability of each model
representing the observed data, incorporating an Occam's factor to
account for model complexity.

All models incorporated a linear dependence of gas use on the
number of boilers and their efficiency. Gas use was divided into
two components: that with a higher temperature-dependence,
assumed to be dominated by space heating, and with low or zero
temperature dependence, assumed to be dominated by water
heating. The model best able to describe the observed data in-
corporates a linear dependence of space heating requirements on
external temperature and consumer gas price index. It also in-
cludes a separate price dependency for water heating, which was

not temperature dependent.

The model best able to describe the data provides a good fit to
observed gas use and highlights a strong dependence on external
temperature, the number of boilers and their efficiency and the
consumer gas price index. A boiler efficiency improvement of
1.25 + 0.15 upon the replacement of a conventional with a con-
densing boiler has been derived; the specific heat loss per dwell-
ing is 215+ 10 W/°C. The balance temperature is a function of
price only in the selected model and reduces from 14.7 + 0.3°C in
1998 to 13.7 + 0.5°C in 2013, suggesting the observed increase in
gas price over this period has significantly lowered demand.

The model was used to estimate the total energy savings as-
sociated with the Condensing Boiler Legislation; between 2005
and 2013 this is 176, 000*55°55, GW h (or 32*1§ MTons of CO,e).
Models of future technology uptake were then combined with the
models of energy demand to project energy savings, approxi-
mately 60,000 GW h per year may be saved between 2005 and
2030 by the Condensing Boiler Legislation. This analysis suggests
that carbon savings in 2020 associated with the Condensing Boiler
Legislation may be as high as 11 MT CO,e, significantly higher than
the conservative estimate of 2 MT CO,e for boiler replacements
only by the Committee on Climate Change (2008). Our estimate of
total energy savings by 2050 associated with the 2005 legislation
is 2, 000, 0001290055 GW h (or 368735 MTons of CO.e), approxi-
mately 5.6 times the average UK gas demand of approximately
360,000 + 25,000 GW h (or 66 + 5 MTons of CO,e).

The above carbon and energy savings highlight the efficacy of the
Condensing Boiler Legislation, which meets simple criteria for ef-
fective policy deployment (Lowe, 2000): it is unambiguous, clear to
installers and homeowners, and simple to enforce through gas safety
and accreditation mechanisms, in contrast to the complexity of the
Building Regulations Part L. The cost effectiveness of replacing ex-
isting boilers with new condensing boilers is difficult to estimate due
to the changing and non-linear nature of market prices for conden-
sing and non-condensing boilers and the present authors have not
set out to provide an estimate. Published marginal abatement cost
curves, and associated analysis suggest a cost of CO,e saved per £45
per tonne (Committee on Climate Change, 2008). It therefore appears
that the Condensing Boiler Legislation has led to significant carbon
and energy savings at a cost of CO.,e that is close to the UK Gov-
ernment's historic shadow price of CO,e (Clarkson and Deyes, 2002),
although significantly above the current market price defined by the
European Union emissions trading system (EUETS). Since carbon
emissions have a long life time in the atmosphere, the analysis pre-
sented here supports the early introduction of such polices to max-
imise the impact on climate change.
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