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Abstract

Cities can decarbonize buildings by improving their energy efficiency or using low carbon tech-
nologies. Limited financial resources for cities make this choice a complex decision-making
problem, requiring a careful analysis of the impacts of the different options. This paper pro-
vides an ex-ante assessment of the cost-effectiveness and the distributional impacts of projects
in residential heating using a Cost-Benefit Analysis approach. The assessment is applied to the
case of Bristol (UK), which has to choose between (1) a district heating network implemented
in central districts or (2) retrofitting the least efficient dwellings. A model is constructed to
estimate the impacts of each project relative to a status-quo. The model is based on Energy
Performance Certificates and incorporates underinvestment in energy efficiency and rebound
effects. The results suggests that energy efficiency retrofits are less attractive than heating
networks. Energy efficiency retrofits would have a higher Net Present Value if end-users fully
invested in retrofitting measures.

Keywords: Residential heating, energy efficiency, district heating networks, cost-benefit anal-

ysis

1 Introduction

Facing the emergency of climate change, cities have committed to achieve net zero carbon emissions
by 2050 through Climate Action Plans, see for instance New York’s OneNYC Plan or Paris Climate
Action Plan. Cities can directly implement projects to decarbonize sectors such as transportation,
energy, or buildings. In the building sector, which accounts for one-third of countries’ domestic
emissions, cities can reduce the energy consumption and carbon footprint of buildings by imple-
menting energy efficiency retrofits or low-carbon heating systems (Rosenow et al.| (2020)). However,
some projects in residential heating can have adverse effects on consumers and conflict with policies
for reducing fuel poverty. Thus, cost-effective pathways must be identified to decarbonize and to
ensure the well-being of its inhabitants, posing a complex decision-making problem

This paper provides an ex-ante assessment of the cost-effectiveness and the distributional im-
pacts of projects in residential heating. The ex-ante assessment is built with a Cost-Benefit Analysis
approach. The assessment is applied to the case of Bristol in the UK, which has to choose between
(1) district heating networks implemented in central districts or (2) energy efficiency retrofits for
the least efficient dwellings in the city. This projects are embedded in a vast procurement process
comprising a pipeline of energy and infrastructures investments opportunities to achieve carbon
neutrality by 2030 called the Bristol’s City Leap (BCC] (2020)). Each project in residential heating
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respond to different political and industrial processes. District heating networks are systems that
distribute heat to buildings through a closed loop network carrying hot pressurized water com-
ing from plants using different energy sources (waste, biomass, heat pumps or gas) [Lund et al.
(2014). Heating networks involve important capital costs and significant operation services. They
are usually implemented by cities through public private partnerships to lever private capital and
expertise. FEnergy efficiency retrofits consists of improving the performance of buildings through
insulation measures (cavity walls, double glazing or roof insulation). Cities can directly implement
energy efficiency retrofits on their buildings stock, or can incentivize private dwellings through dif-

ferent mechanisms such as subsidies, or loans [Rosenow and Eyre| (2016).

Socio-economic assessments of projects in residential heating present a number of concerns.
First, energy efficiency measures are subject to various market failures implying an energy efficiency
gap: individuals decisions about energy efficiency lead to an under-investment in energy efficiency
measures and lower adoptions than expected (Gillingham and Palmer| (2020)). Second, residential
heating projects generate specific behavioral responses after their implementation. Energy efficiency
retrofits involve a rebound effect at end-users’ side. After a retrofit, end-users spend less for the
same service level and can improve their comfort by increasing their energy consumption. This surge
in energy consumption implies a backslash in the predicted energy savings and thus in saved carbon
emissions. Conversely, heating systems upgrades can imply a higher price charged to end-users,
reducing their surplus and reducing further carbon emissions than predicted due to the elasticity of
heating demand (Sorrell et al.| (2009))). Third, building-physics energy models traditionally conduct
their assessment by computing dwellings’ energy consumption based on the building envelope and
by applying normative assumptions on households occupancy and behavior, see for instance the
Standard Assessment Procedure in the UK |SAP| (2012). These models fail to the depict reality and
overestimate the consumption and energy savings actually realized by households (Brggger et al.
(2019)).

This paper aims to address these issues by providing a socio-economic assessment that bet-
ter estimates the outcomes of residential heating projects and reduce potential shortfalls. To do
so, the paper presents a model that estimates ex-ante the impacts generated by projects scenar-
ios against a status-quo. The model is calibrated on the Energy Performance Certificates (EPC)E|
data and incorporates economic and behavioral processes based on the literature, namely energy
savings shortfalls, demand elasticity, rebound effects and addressing building-physics models bias
(Gillingham and Palmer] (2020)); |Giraudet et al.|(2021)). This model is applied to the case of Bris-
tol. Ressources on the two projects are obtained form an energy service company and from the
Bristol City Council. Impacts on carbon savings, heating costs and comfort gains are estimated at
the dwelling level and aggregated with financial costs and revenues in socio-economic Net Present
Values (NPV).

This paper intends to make several contributions. First it presents a sound and flexible economic
assessment model to estimate impacts of residential heating projects. To our knowledge there is
a lack of studies comparing projects improving energy efficiency and using low carbon technolo-
gies in the same assessment. |Giraudet et al.| (2021)), use an energy-economy model to assess the
cost-efficiency of different policies in energy efficiency. |Charlier and Risch (2012) evaluate the im-

pacts of energy savings measures integrating individuals decision to retrofits their dwelling. Other

IRegisters for domestic buildings Energy Performance Certificates providing energy efficiency ratings at the
dwelling level and heating characteristics, accessed from the Ministry of Housing Communities and Local Govern-
ment’s Open data communities platform



papers conducting CBA for district heating networks projects focus on specific technologies (Feng
et al. (2021)); Leurent et al.| (2018); |Groth and Scholtens| (2016)). |Spirito et al.| (2021) study the
interactions between district heating networks and energy efficiency, but focus on the the economic
viability of the district heating network. Second, our model addresses the limits of building-physics
models for assessing energy-savings potentials. Previous studies have documented the upper bias
in building-physics models (Cuerda et al.| (2020); |Cozza et al.| (2021); Brogger et al.| (2019))). We
study the shortfall between potential heating savings and actual heating savings with EPC data.
Our paper will identify energy efficiency retrofits measures not implemented by end-users due to
under-investments in energy efficiency (in progress). This contributes to the literature on the ”en-
ergy efficiency gap” (Gillingham et al| (2009); [Fowlie et al.|(2018)).

We find that the energy efficiency retrofits program is the most cost-effective, delivering higher
benefits per pound invested, while heating networks achieve more carbon emissions and consumers
surplus per dwelling but with a higher marginal cost. Besides, energy efficiency retrofits are better
at targeting social housing tenures, while heating networks are limited to central district apart-
ments. Finally, integrating behavioral assumptions in the assessment is detrimental to the projects’

profitability.

The rest of the paper is structured as follows. Section [2] sets the CBA applied to the Bristol
case study, section [3| describes the methodology used to construct the model. section 4] presents the
CBA results and section [B] concludes.

2 Cost-Benefits Analysis: application to Bristol

A Cost-Benefit Analysis (CBA) is conducted to assess the project options to be carried on by the city
(Quinet| (2013]); HM Treasury| (2020); |Atkinson and Mourato| (2015))). A CBA provides a socioeco-
nomic Net Present Value (NPV) of a project by discounting social costs and social benefits generated
through its lifetime relatively to a status-quo scenario. It requires baseline assumptions, setting the
context in which the study takes place, a status-quo scenario, including actions implemented by the
city if not selecting the projects, and project scenarios, detailing the scope of measures taking place

under each option, as described in this section.

2.1 Baseline and Status-quo scenario
2.1.1 Status-quo scenario

The status-quo scenario aims to pursue the city’s commitments in energy efficiency. More than
10,000 private and public housing have been retrofitted in Bristol since 2010 (BCC] (2020))). Build-
ings were retrofitted either through government schemes such as the Energy Company Obligation,
subsidy paid by energy suppliers, and the Green Deal, government loans, or were supported by local
schemes such as the ”Warm Up Bristol” initiative, a grant program. In spite of the ”Warm Up
Bristol” program closing in 2017, the city has identified more than 90,000 domestic homes eligible
for energy efficiency and targeted 7,000 social housing that must reach a C grade in energy efficiency
or above in latest strategy reports (Foster et al.|(2018); [Roberts et al.| (2019)).

It is assumed that without the projects option, the City Council would take minimal initiatives
to maintain the rates of renovation completed over the past ten years. Between 2008 and 2018,
7.6% of the housing stock as been retrofitted, corresponding to an annual rate of 0.32% for social

housing and 0.09% for private housing, according to the analysis of dwellings’ Energy Performance



Certificates (EPC) over time. By extrapolating these trends, the status-quo scenario comprises 976
social dwellings and 1,676 private dwellings to be retrofitted between 2021 an 2050 independently
of their energy efficiency labels. These retrofits are done through local initiatives and are therefore

accounted for in the City Council’s budget.

Considering low carbon heating systems. The status quo scenario assumes no future deployment
of heating networks. The Bristol City Council would remain with the existing 5 MW of capacity
installed in Bedminster and Castle Park districts. The two heating networks currently supply 1,000
dwellings over a potential of 68,000 buildings, according to Element Energy, a consulting firm |[Foster
et al| (2018). There are plans to expand existing networks and connect new buildings (Foster et al.
(2018)). However, this includes administrative and commercial buildings being outside the scope of
the study.

2.1.2 Baseline and trends

The baseline energy efficiency level and characteristics of the Bristol housing stock are obtained
from Energy Performance Certificates at the dwelling level. A data-set depicting the most recent
picture of Bristol’s build stock as of 2020 is constructed by selecting most recent EPC observations

per dwelling, as presented in Section 3.

The Bristol housing stock is kept constant through 2050. New housing is expected to be build
in Bristol by next decades with more stringent energy efficiency standards (Foster et al| (2018)).
However this does not interact with the projects or the status-quo scenarios. New housing stock
is considered as an exogenous trend that occurs independently of the study. If accounted in the
baseline trends, the impact of the housing stock would be netted in the assessment, being common

to the status quo and the project scenarios (impacts computed as the difference between the two).

Baseline energy prices are taken from the Standard Assessment Procedure data-base, the frame-
work that defines guidelines for EPCs|SAP| (2012), matching the housing stock characteristics. The
SAP database displays retail prices from 2008 to 2021 for different energy sources used in residential
heating, see Appendix A. It sets the price of electricity and gas at £18 per MWh and £4 per MWh
in 2020, which is in line with the BEIS’ ”Quarterly Energy Prices Report” (BEIS, 2021).

The assessment then sets out long-term energy prices trends. A first approach consists in ex-
trapolating price trends observed before 2020 obtained in previous BEIS reports, corresponding to
rates of 1% p.a. and 2% p.a. for electricity and gas through 2050. These trends are similar to
the ones taken in the paper by |Giraudet et al.| (2021) carrying the same exercise. However there
are currently great uncertainties for long-term energy prices, stemming from international crises
(Covid-19, Ukraine war), inflation, and latest IPCC reports. Settling long-term energy price trends
in this context is a complex exercise that requires specific forecasting models. This paper will
conduct the CBA on various price trends. The low trend hypothesis follows the rates obtained in
the initial approach, whereas the high trend hypothesis is based on observed rates in the UK en-
ergy retail market (Ofgem, 2021). An intermediary trend is settled in between, as detailed in table

Life cycle carbon emissions factors for each energy sources are taken from the SAP database.
These factors are cross checked with other databases from the BEIS and the ADEME on greenhouse
emissions (see Appendix A). The assessment settles a trend on carbon emission factors in line with
UK government’s decarbonation commitments. The government has set an objective to reduce by
20% the UK’s electricity grid emissions by 2050, implying a rate of 0.8% per annum (BEIS (2021)).



Table 1: Energy retail price trends considered in the assessment, fuel source categories taken from

SAP|(2012)
Annual Price trends . . .
20222050 Electricity Gas Oil LPG Wood Heat Networks
Low 0,01 0,02 0,02 0,02 0,005 0,006
Middle 0,02 0,06 0,056 0,06 0,0125 0,015
High 0,04 0,1 0,1 0,1 0,025 0,030

Current EU directives aim at reducing gas life-cycle emissions by 1% per annum. Biomass energy

sources are assumed to stay constant through 2050 as in the |Giraudet et al.| (2021) assessement.

2.2 Project scenario 1

Project 1 comprises the connection of 5,511 dwellings in Bristol central districts to district heating
networks. A list of district heating networks to be build is obtained form the Bristol City Counci]ﬂ
BCC, (2020)).

A provisional planning for infrastructure works and new dwellings connections is provided by a
heat network developer bidding for the Bristol City Leap. In each targeted district, it is assumed
that the district heating network will only connect dwellings located in apartments. Indeed, district
heating networks are economically viable in most densely heated areas and minimize the connec-
tion distance per connected household prioritizing multi-family housing and apartments |Lund et al.
(2014]).

The heat networks’ overall energy mix is obtained from the developer’s proposal and is composed
of the following: heat pumps accounting for 54% of the energy mix, with a COP = 3, a combined
heat and power plant accounting for 25% of the energy mix and an efficiency of 85%, a biomass
plant, 10% of the energy mix with an efficiency of 90%, peak gas boilers, 11% of the energy mix and
an efficiency of 90%.

The district heating network price scheme is based on a fixed and a variable component and the
operator’s required return on capital, respectively 45£/kW.year and 0.055 £kWh, resulting in an
average of 0.07 £ per kWh ﬂ

2.3 Project scenario 2

Project 2 is a large retrofitting program for all dwellings with an energy efficiency label less than D
covering the whole Bristol area, in line with City Council’s goal of banning all housing being rated
under D by 2050 (Foster et al| (2018)). Dwellings are retrofitted at different rates according to
their tenure type. Social housing being mostly owned by the city are retrofitted with a turnout of
80%, while least efficient private housing being subject to individuals preferences are retrofitted at
a rate of 25% (Gillingham et al.| (2009)). This corresponds to 1,126 social housing and 3,747 private
households.

The City Council supports energy efficiency retrofits by subsidizing private housing and directly
financing social housing. Retrofitting costs estimates are taken from |Giraudet et al.| (2021]), and

201ld Market, Redcliffe, Temple, Bedminster, Spike Island, Frome Gateway, University of Bristol, Bristol Royal
Infirmary, City Centre, Ashton Gate in the following postcodes: BS1, BS2, BS3, BS5, BS8
3fixed annual charge divided by the mean heating hours during a year, 2555 hours in South West England
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Figure 1: Dwellings’ connections and upgrades in each scenario

are displayed in Appendix B. After being converted to £2020, it ranges between 65 and 380 £.m 2
and is given conditional on the level of improvement (e.g. from D to B). The subsidy mechanism is
scaled proportionally to the total retrofitting cost and ranges from £5,000 to £10,000 according to
the dwelling.

Figure [1] below shows the connection timelines taken in each project scenario and in the status-

quo.

2.4 Price of carbon

CBA requires a proxy to monetize the social cost generated from one equivalent ton of carbon

reau et al.| (2020); Atkinson and Mourato| (2015))). Several carbon prices are used in the assessment,

following different approaches.

First, the carbon price is aligned with the carbon market. The actual UK ETS trigger price
amounts at 45.9.Lper.ton ), and would grow at a rate of 4‘7ﬂ Second the carbon
price is set at the social cost of carbon obtained from integrated assessment models
(2018)). Recent estimates of the social cost of carbon amonts to 133 $.2010 in 2020 for a discount
rate of 2.5% ) Third, the carbon price is aligned with the shadow price of car-
bon displayed by the required to meet temperature increase scenarios.

has set different shadow prices of carbon to stay in a 1.5°C scenario with some probabilities. The

carbon prices corresponding to the low and the high probability scenarios are used in the assessment.

Table 2 below summarizes the different carbon prices used in the assessment. A sensitivity

analysis will compare the results of the assessment under each carbon price. The default carbon price

is aligned with the social cost of carbon provided by (2018)), providing an intermediate
value for our analysis.

4projected market carbon price of 100£/ton in 2050 against 30£/ton in 2021, implying a 4 % increase per year
LSE, 2019; CCC’s Case for Net Zero, 2019



Table 2: Carbon prices estimates taken in the assessment

Carbon prices in £.2021 Year 2021 Year 2050
UK ETS market -[BEIS|(2021)) | 45.9 100
DICE model -[Nordhaus|(2018) | 106 194
1.5°C Scenario low - IPCC | 161 821
(2018)

| 1.5°C Scenario high - [PCC | 753 3182
(2018))

2.5 Social discount rate

The socio-economic Net Present Value (NPV-SE) discounts social costs and social benefits with a
discount rate, noted d. The CBA follows the recommendations from the UK framework for CBA

and uses a social discount rate for risk free projects set at 3.5%.

3 Methodology

This section presents the model constructed for the assessment. The model estimates future annual
heating demands (in kWh) at the dwelling level upon the completion of a project: involving a
change in heating system (Project 1) or an energy efficiency improvement (Project 2 and Status-
quo). Annual heating demands are estimated on the period 2020 — 2050. Impacts are computed
each year at the dwelling level by comparing the new heating demand with the counterfactual
heating demand, that occurs without the project uptake following baseline trends. Three impacts

are aggregated in the model:

e Expenditures savings: difference in expenditures at the dwelling level using future energy

prices
e Comfort savings: difference in the heating demand monetized using future energy prices
e Carbon emissions: difference in the heating demand times carbon emissions factors.

Heating demands are calibrated using rebound effects and elasticity estimates differentiated at
the tenure type. Different tenure categories are: owner-occupied, rental (private), and rental (so-
cial). This allow us to investigate distributional impacts. The relationship between income levels and
home-ownership are well documented Stephens and Leishman| (2017)); [Lersch and Dewilde| (2018)).
Besides, there is significant heterogeneity when estimating rebound effects and price elasticity con-
ditional on tenures types. |Aydin et al.| (2017) analyse the rebound effect of the residential heating
and finds rebound effects significantly lower for owner-occupied dwellings than rental dwellings.
Madlener and Hauertmann! (2011)) study the price elasticity of the residential heating conditional on
the tenure and obtain a similar difference in the results. This in line with the fact that higher income
level households are less sensitive to costs changes of the heating service, as outlined in | McCoy and
Kotsch| (2021]).

The model relies on a data-set representing Bristol’s housing stock in 2020 that gives initial
heating demand and characteristics at the dwelling level (see section 4). The model updates the
building housing stock each year by selecting random batches of dwellings conditional on their
location, property type, tenure or energy efficiency rating. The batch size corresponds to the timeline

settled in each Project scenario. The simulation is repeated 10 times in a Monte Carlo experiment.



3.1 Heating demand function

The heating demand for dwelling 7 at year ¢ and under scenario s is noted E; ¢ .. Equation and
eq. (2) give the generic function for the heating demand (in kWh) after both an energy efficiency
uptake, in case of the Project 2 (s = 2) or the Status-quo scenario (s = 0), and a replacement of
its old heating system hy to a new one hy, in case of Project 1 (s = 1). The heating demand is
expressed as the expenditures of the previous year X;;—; multiplied by an annual trend and divided
by the energy price. The heating source hg is consumed at a price P, p, and follows a trend 7y p, .
In scenario s = 1, the dwelling changes heating sources and experience a price change from P, 5, to
P; p,. In scenarios s = 0 and s = 2 the dwellings benefit from heating savings noted K;. € and 7
are respectively the heating demand elasticity and the rebound effect. € gives the the percentage
decrease of heating demand induced by one percentage point increase in price. In the same vein, 7
gives the increase of heating demand induced by one percentage point increase in heating savings.
Finally, the heating demand range in an interval defined by two thresholds. Ep p;rn is the mini-
mum consumption required by the end-user to survive and Fp prax is the maximum service level

the end-user is willing to consume.

Xip—1(1+ €y, 1+7r P, — P,

By = Rt )0 tte) g g (Pt = ooy 1 4 1 ) &)
t,ho t,ho

E; s =max (min(E;; s; Epamax); Epvin) (2)

The heating demand is determined by the previous year’s consumption. The model assumes
no exogenous shocks in the optimal choices of the household and a strong path dependency. The
heating demand is defined as a linear function for simplicity. The model could be extended by
incorporating non-linearities near threshold levels using a Logit function.

Heating savings K; are estimated on the basis of the latest EPC recorded at the dwelling level
and are fixed over time. Indeed heating savings are determined according to the thermal envelope
of the building, which are assumed to stay constant in time without retrofitting measures. The fact
that energy savings are constant over long time periods is in line with other studies (McCoy and
Kotsch| (2021)).

The calculation of impacts on expenditures savings S; ;, carbon emissions savings C; ; and com-

fort savings H; ; at the dwelling level are given as follow.

Sithe = Xit,hg — Xijt,hy,e (3)
Cithe = Eithg F'Chost = Eit,hy,e F'Chy (4)
Hithyee = Fith — Eitne)Prn (5)

FCp, + is the carbon emission factor corresponding to the heating source hyg.

Finally, the impacts are monetized and aggregated with financial cash flows in a net present

value as presented below. C'FF; are financial cash flows generated during the project lifetime.

CFFy(t,¢ Sii(T,ep)  Ciw(T,ep)Pooas  Hii(T,€p)
NPV.SE = p) | Sialn e Lt : SRR
V-5 Z Z (+d) T +d) 1+ do)? 1+ do)t (©)



3.2 Calibration of the model (in progress)
3.2.1 Rebound effects

Rebound effects have been the subject of intense research activity in recent years, involving a wide
range of definitions and methodological approaches (Sorrell et al.| (2009)). The rebound effect in
this paper corresponds to the part of the incremental energy demand attributed to an increase in
the mean internal temperature after the retrofit of the dwelling. This effect is documented as the
”temperature take-back factor” and is measured as the elasticity of the energy consumption relative
to the actual energy gains from a retrofit. This estimate is lower than the total shortfall observed
between actual energy savings and theoretical energy savings predicted by the engineer. Indeed,
studies estimating the rebound effect, such as|Aydin et al.| (2017) and |Coyne et al.| (2018) are based
on expected energy gains stated by the EPC assessor and do isolate the channel of the rebound
effect caused by an increase of the heating service consumption. The resulting estimates present
and upper-bias due to the systematic shortfall between theoretical energy savings and actual energy
savings. |[Fowlie et al.| (2018)) study the rebound effect of the residential heating demand through a
Randomised Controlled Trial and fail to find evidence of significantly higher indoor temperatures,

attributing most of the observed rebound effect to the engineer overestimation bias.

The rebound effect is calibrated using past studies of the temperature take-back factor. [Sorrell
et al.| (2009) conducted a large literature review on the rebound effect in various sectors and find
temperature take back factors of the residential heating demand ranging from 0.05 to 0.3 with a
mean around 0.2. [Hamilton et al.| (2011)) study temperature take-back factors through an exper-
iment and find a mean estimate of 6% of potential energy savings that could reach 22% for least
efficient households. Hediger et al.| (2018]) apply a stated preference approach on Swiss households to
estimate the compulsory increase in service consumption implied by an energy efficiency retrofit and
find values ranging from 0.10 to 0.14. The values from Hamilton et al| (2011) are used to calibrate
the model.

3.2.2 Price elasticity

The price elasticity parameter corresponds to the elasticity of energy demand with respect to the
energy price. The rebound effect and the price elasticity are dissociated to avoid an overestima-
tion of each effect due to simultaneous changes in prices and investment costs induced by different
projects, as well as to account for different behaviors between prices increase and a costs decrease,
and to control for potential selection biases of households self-selecting in energy efficiency programs

to improve their service level (Sorrell et al.| (2009)).

Sorrell et al.| (2009) provides a range of 0.10 — 0.58 for the price elasticity of the heating demand
relative to cost decreases. However estimates can be confounded with rebound effects. |[Labandeira
et al.| (2017)) study price elasticities from a meta-regression analysis of 428 papers produced between
1990 and 2016. Price elasticity estimates are different according to the fuel source being -0.18 for
gas and -0.13 for electricity. |Chitnis et al.| (2014) separate the relative contribution of income and
substitution effects and find lower estimates; -0.09 for gas and -0.07 for electricity. Mean values

from |Labandeira et al.| (2017)) are taken to calibrate the model.

Table displayed in Appendix C presents a review of the elasticity estimates obtained by the

literature.



3.2.3 Energy consumption thresholds

Maximum heating consumption levels are obtained from the standard consumption displayed in
the EPCs. Indeed the EPC indicates the standard consumption of a dwelling under conditonal on
heating the dwelling at 21°C. It is assumed that the dwelling maximum consumption is the EPC
standard consumption multiplied by a factor of 1.2. Considering the minimum energy consumption

threshold, the value is currently set at 0.

3.3 Data

The model relies on a housing stock, a data-set that elicits heating demand and other characteristics
at the dwelling level in 2020. The housing stock is constructed from the Energy Performance
Certificates (EPC) dataﬂ that covers more than 14 million dwellings in the UK, identified at the

address level. Each dwelling has several observations providing the following variables:
e Current and potential energy efficiency ratings (EPC bands) — ranging from A to G

e Current and potential standard heating expenditures for hot water and heating appliances.
These figures are obtained by applying the Standard Assessment Procedure (SAP) methodol-
ogy, a building-physics model

e Heating systems and fuel sources

e Property types: flat, detached dwelling, semi-detached dwelling

e Tenure categories: owner-occupied, rental (private), rental (social)

e Total floor area

e Number of heated rooms

e Details on the energy efficiency envelope (e.g. double glazing, walls insulation, roof insulation)

The EPC data-set is curated and processed in order to obtain the most recent picture of the
Bristol housing stock in 2020 by selecting most recent EPCs per dwellings. Dwellings with incorrect
data are washed out (less than 1% of the observations) resulting in a data-set of 129,538 observa-
tions. Standard heating expenditures in EPCs recorded before 2021 are actualised by the fuel price

of the recorded year and the fuel price in 2020 to obtain energy consumption in 2020.

EPCs only offer a partial view of the housing stock and some caveats must be addressed. First,
EPCs are completed by energy efficiency assessors, prone to idiosyncratic errors |Gillingham and
Palmer]| (2020). Second, EPC only provide estimates for the standardized energy consumption
derived from the building-physics model. Theoretical energy consumption figures are likely to diverge
from observed expenditures, falling to internalize behavioral or contextual factors (cite SAP). Third,
the estimated potential energy consumption indicated by the EPC represents an upper bound of
the savings that could be achieved by a dwelling after implementing the recommended retrofitting
measures (Brggger et al.| (2019)). Dwellings are likely to implement only a part of the retrofitting
measures and thus achieve less energy savings as expected. The following describes the strategies

employed to correct for theses sources of bias in the data-set.

5Ministry of Housing Communities and Local Government’s Open data communities platform

10



3.3.1 Estimation of real energy consumption

The SAP methodology computes standard energy consumption based on the dwelling envelope —
e.g. space heating requirement, ventilation rates, walls heat transmission — and for a defined level
of temperature set at 21°C. Such model is good to compare different dwellings on a similar basis

but do not account for individuals preferences.

Research papers studying energy use in buildings have studied the discrepancy between building
stock energy models and actual energy consumption (Cuerda et al. (2020)); (Cozza et al.| (2021);
Brogger et al.| (2019)). All papers outline a shortfall between actual and theoretical energy con-
sumption’s and an overestimation form the building-physics model. Some papers have investigated
ways to provide better estimates for actual energy consumptions. Brggger et al.| (2019) imple-
ment a multiple regression analysis to develop a model predicting actual energy consumption from
building-physics models with actual energy consumption data in Denmark. (Cozza et al.| (2021) es-
timate real energy consumption based on locational factors and households’ detailed characteristics
of the household. However, no meta-analysis or econometric models applied on the UK case have

been fund.

In this paper, standard consumptions are corrected by applying a random variable to each obser-
vation corresponding to the shortfall between theoretical and actual consumption. The distribution
of the random variable is derived from the BEIS Quaterly Energy Price report issued in 2018 (BEIS,
2018), which compares actual consumption from the English Households Survey and standardized
energy consumption from the SAP. A systematic overestimation is fund conditional on households
income levels and dwellings EPC band. The difference variable correcting the model follows a nor-
mal distribution with a standard error of 100 £ and means as reported in Table 3 — mean differences
reported per EPC band and income levels. Figure 2 displays the distributions of the theoretical

energy expenditures and of the estimated actual energy expenditures.

Table 3: Expenditure difference (theoretical - actual consumption) according to EPC band and
income level (in £)

All Households Fuel Poor households
Label AbS(()il:llt2eO(118ﬁ’;r)ence Percentage difference AbS(()ilII:t;()(ilsﬂ';r)ence Percentage difference
A 0 0 0 0
B 0 0 0 0
C 68 6% 220 16%
D 135 10% 280 20%
E 281 22% 409 27%
F 510 36% 758 47%
G 510 36% 758 47%
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3.3.2 Estimation of actual heating savings

A panel econometric specification is estimated to study the shortfall between potential heating sav-
ings, estimated ex-ante, and actual heating savings obtained from the standards energy consumption
of the two EPCs (before and after a retrofit). The estimation is based on all dwellings with multiple
EPCs recorded in the UK’s Southwest region. It is observed that achieved energy savings after
implementing a retrofit is significantly lower than the potential heating savings recorded ex-ante.

Details and results of the reression are reported in Appendix D.

Dwellings that undertake a retrofit achieve on average 34.1% of the potential heating savings
stated ex-ante by the engineer. This shortfall is heterogeneous according to the socioeconomic level.
Private rental households achieve more savings per potential savings as compared to owner occu-
pied households while social rental households achieve less savings per potential as compared to
owner-occupied households. Besides, the regression results indicate a positive trend in the standard
consumption reported in the EPC. Standard consumption on average are 33.8% higher in latest
EPCs than former ones (with no energy efficiency upgrades implemented).

The explanation for this systematic shortfall is that households do not implement all the retrofitting
measures specified in the EPC. Alternatively, the SAP methodology could have been updated over
the years and become more stringent over time, which increases the ex-post standard consumption.
However the latest update of the SAP methodology dates from in 2012 and year fixed effects should

control for time variant trends.

The econometric regression results allow the heating savings to be adjusted by applying a data
generating process as follow:
Yie=0.019+0273 x X; + A, (7)

Where Y; . is the estimated actual heating and X; is the potential heating savings identified at the
dwelling level, ). is a constant specific to the tenure type (equal to 0 for owner-occupied, —0.073 for
rental social and 0.022 for rental private tenures). The distribution of heating savings before and
after correction is displayed in Figure 2.

Summary statistics of the resulting data-set are given in Appendix E conditional on the tenure

type.
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Distribution of standard and corrected heating expenditures
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Figure 2: Distribution of heating expenditures and heating savings before and after the correction

4 Results (in progress)

4.1 Projects’ Impacts and NPV

Figure [3| details monetized impacts generated by each scenario discounted in net present values.
Project 1 is better at delivering carbon savings and heating expenditures savings while Project 2 de-
livers higher comfort benefits. Project 1 saves three times more carbon than Project 2. Indeed, the
district heating networks’ energy mix has lower carbon emissions factors, 0.14 kg/kwh versus 0.24
kg/kwh for the electricity grid, benefiting from large heat pumps and a biomass plant. However,
carbon savings in Project 1 decrease in time. The energy consumption reduction stemming from

increasing energy prices is slower for users connected to heat networks than users with gas boilers,
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reducing the energy consumption shortfall induced by the switch from gas to heat networks over
time. Besides, the electricity grid and natural gas decarbonize at a faster rate than heat networks,

which is also contributing to decreasing carbon savings in Project 1.

Project 1 generates £ 2 million heating expenditures savings more than Project 2. Despite an
increase in heating expenditures when switching from gas to heat networks during the first decade,
end-users start to make heating expenditures savings as of 2037 when the price of gas becomes
higher than the price of heat networks. The price difference in 2021 implies an increase by 77% of
heating expenditures for users replacing their gas boilers, while it implies a reduction by 34% of
their expenditures in 2050. Conversely, expenditures savings for end-users switching from electric
heaters to heat networks increase with time, reduce their heating bills by 55% in 2022 and by 59%
in 2050.

Project 2 delivers more than £ 1 million of comfort benefits in net present value, while Project
1 generates less than half that amount in comfort gains. The surge in heating expenditures expe-
rienced by end-users switching from gas to heat networks implies an important loss of comfort at
the beginning of the time period. End-users that are formerly on gas have to decrease their heating
demand as compared to the counterfactual and start to improve their comfort in 2039. Initially,
end-users under gas heating consume on average more than end-users under electric heating, thus
comfort benefits realized by the latter do not balance the loss of gas end-users at the beginning of
the period as seen in the bottom-right panel of Figure 3. Conversely, Project 2 improves the comfort
of end-users independently of the former heating source, reducing the cost of the energy service for

all dwellings.
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Figure 3: Monetized impacts generated in each scenario; present value with discount rate = 3.5%;
social cost of carbon as a proxy

Figure[d]displays Net Present Values pertaining to the economic scope, noted NET.NPV.ECON,

the financial scope, NET.NPV.FIN, and the socioeconomic scope, NET.NPV.SE. The NPVs of
each projects are netted from the status-quo scenario.
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Both Project 1 and Project 2 generate a positive socioeconomic NPV, with £ 15 millions and £
1 million respectively. This result suggests that under current assumptions both projects produce
more benefits than costs and should be undertaken by the city. Project 1 has a higher socioeconomic
NPV. It achieves two times more economic impacts and has a higher financial NPV than Project 2.
Indeed, the capital costs required by the district heating networks are balanced by revenues from

heat sales during operations.
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Figure 4: Net present values in 1,000 £

4.2 Heterogeneous Impacts

Table [ displays impacts conditional on the dwellings’ tenure type. Project 1 is targeting more
rental private households, reaching 1,820 additional units as compared to the status-quo versus 612
additional units in Project 2. Conversely, Project 1 reaches less owner-occupied households than
Project 2, 218 units versus 1410 units respectively, and is detrimental to social housing dwellings
reaching 196 units less than in the status-quo. Indeed, heat networks connect central districts’
dwellings grouped in apartments. Central districts apartments are less likely to be social housing
and are more often occupied by private renting tenants. Project 2 comprises more owner-occupied
dwellings since they are more likely to be under the energy efficiency band D.

Project 1 generates heating expenditures savings for social housing, despite targeting less dwellings
than in the status-quo, but implies a loss of comfort for social housing tenures. Project 1 also im-
plies a loss of comfort for rental private dwellings, while generating net benefits for owner-occupied
tenures. Recall that price elasticities are set conditional on the tenure type. Owner-occupied tenures
have lower price elasticities than rental tenures as they are less sensitive to change in the cost of heat-
ing. This difference in elasticity drives the difference in the impacts of Project 1. Owner-occupied
reduce less their heating demand when switching to heating networks and thus realize higher gains
when gas price exceeds heating networks prices. Since owner-occupied dwellings consume on average
more energy than rental tenures (see Appendix E), the comfort gains of owner-occupied dwellings
out-balance the loss of rental tenures in Project 1.

This result suggests that the heating network has degressive impacts, improving the surplus of

higher income households and decreasing the surplus of lower income households.

4.3 Cost-Effectiveness

Table [5 provides cost-effectiveness metrics, expressed both in monetary (impact per 1,000 £ in-

vested) and in units (impact per year and dwelling) for each project. Consumer surplus is the sum

15



Table 4: Impacts for each tenures, NPVs are computed relatively to the status-quo; expressed in £

Rental (social) Rental (private) Owner-occupied Total
N 7,82E402 2,34E+403 1,28E+03 4,40E+03
Project.1 | N et ~1,96E+02 1,82E403 2,18E+02 1,85E+03
Comfort NPV -9,39E+04 -1,73E+04 1,12E405 8,29E+02
Expenditures NPV | 1,83E+06 6,33E+06 2,01E4-06 1,14E4-07
N 1,13E4-03 1,13E4-03 2,48E+03 4,73E4+03
Project_2 N net 1,48E4-02 6,12E+02 1,41E+403 2,17E+03
Comfort NPV 1,49E+405 1,60E-+05 5,21E405 8,30E+05
Expenditures NPV | 585E+05 1,62E+4-06 4,05E+06 6,26E+06
(1)2-6

of heating expenditures savings and comfort gains. Project 1 is more efficient at delivering benefits
per dwelling while energy efficiency retrofits are more efficient per pounds invested. A social plan-
ner is thus induced to implement energy efficiency retrofits in priority, being the most cost effective
option. However, heating networks imply 300 % more carbon savings and 60 % more consumers
surplus than energy efficiency and are necessary to reach the City Council’s net zero carbon emis-

sions objectives.

Table 5 shows differences in cost-effectiveness metrics between the Project 2 and the Status-quo.
Project 2 dominates the Status-quo for all metrics categories and implies 40% more carbon benefits
and 60% more consumer surplus. This is stemming form different dwellings targeting strategies in
each scenario. Project 2 targets all dwellings under D in the city while the status-quo is indifferent on
the initial EPC band. This highlights the incremental gain from having specific policies prioritizing
the most inefficient dwellings.

Table 5: Cost effectiveness of projects for carbon and consumers surplus

CO2 CO2 Consumer surplus Consumer surplus

(tons/1,000£) (tons/year.dwelling) (£/1,000£) (£/year.dwelling)
Project_1 0,57 14.42 0.12 3.07
Project_2 2.13 5.60 0.81 2.12
Status-quo 1.69 3.24 0,59 1.14

4.4 Sensitivity Analysis (in progress)

This section is a work in progress. First, the sensitivity of the results to retail prices will be exam-
ined. We will see that the impacts of project 1 are very sensitive to the evolution of prices. The
NPV of Project 1 decrease with heating price trends. Heat networks are attractive only when the
prices of other energy sources increase significantly more than the price of the heat network and are

high enough to generate large expenditures savings.

Second, the shortfall in heating savings will be investigated. We will study the differences when
end-users fully invest in retrofitting measures. This provides an upper bound for the NPV of Project

2 and indicate the maximum potential impacts generated from energy efficiency retrofits.

Finally, an alternative scenario bundling heat networks and energy efficiency retrofits at the
dwelling level will be studied. We will see that the interaction of the two projects improves both
consumer surplus and carbon emissions as compared to original projects. Besides, the gains from
the energy efficiency improvements offset the loss implied by the increase in energy price for the

heating networks, removing the necessary trade-off between social and environmental benefits.
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5 Discussion and conclusion

This paper conducts an ex-ante Cost-Benefit Analysis to assess which project in residential heating
the Bristol City Council should adopt in order to cut carbon emissions and alleviate fuel poverty.
The city has the choice between a district heating network or an energy efficiency retrofit program.
A model is constructed to estimate the social costs and benefits of each project, evaluated against
a status-quo scenario. We suggest that the district heating networks project should be adopted by
the city, yielding a NPV more than ten times higher than energy efficiency retrofits. This result
is sensitive to long-term retail energy price trends and the district heating network could generate

more benefits for end-users as retail gas prices rise.

Through this assessment, the paper highlights several results. First, each project option is better
at delivering one of the two objectives settled by the city. District heating networks generate more
carbon savings and expenditure savings while the energy efficiency retrofits program is better to
target low-income households and to deliver comfort gains. Besides, district heating networks have
a negative effect on rental tenures, likely to pertain to lower income levels, by lowering their comfort.
This highlights a necessary trade-off encountered by the city between cutting carbon emissions and
improving its inhabitants well-being.

Second, energy efficiency retrofits are more cost-effective than district heating networks. They
cut carbon emissions and deliver consumer surplus at a lower marginal cost. Conversely district
heating networks are more efficient at delivering benefits per dwelling connected. This suggests
that while energy efficiency retrofits should be implemented first under limited financial resources,
district heating networks are required to decarbonize more deeply the building stock and get closer
to the city’s objectives.

Third, under-investments in energy efficiency retrofits from end-users are significant and imply
an important shortfall in energy savings. This shortfall is detrimental to the profitability of energy
efficency retrofits. The loss induced by under-investments in Project 2 is estimated at £2 million in
net present value (provisional result).

Finally, bundling energy efficiency retrofits and district heating networks at the dwelling level
would be the most attractive option. On the one hand, heat networks produce an important de-
crease in carbon emissions, on the other hand energy efficiency retrofits balance the loss in comfort
implied by district heating networks. However there might be significant barriers to merge the two
projects at the dwelling level: heating networks are less economically viable in low density districts

and the two projects would require important works on existing buildings.

The model constructed in this paper is based on an open-access and standardized data-set and
calibrated on academic literature. The paper intended to create a model that could be easily
replicated to other case studies. This paper is a work in progress and several limits are identified.
The heating demand function could be improved and adopt a convex shape to better model upper
bounds. Rebound effects could also vary in time to account for long term effects in individuals
demands. The calibration of the model could be refined as well. Only limited and simplified
assumptions are done on energy prices trends and CO2 factors. Estimates of rebound effects and
price elasticity are parameters that are still in calibration. The assessment could also be greatly
improved by incorporating end-users’ actual consumption data, allowing to produce more realistic

heating demands and to estimate rebound effects and heating elasticities in-situ.
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6 Appendix

6.1 Appendix A: Reference trends

Table 6: Reference trends assumptions

Input Value in 2021

Trend p.a.

Source

Electricity price 180 £ per MWh

4+1% increase

EU commission 2019 (ec.europa);
BEIS Quarterly Retail; SAP 2012
Prices (June, 2021)

Natural gas price 40 £ per MWh

+2% increase

EU commission 2019 (ec.europa);
BEIS Quarterly Retail Prices; SAP
2012 (June, 2021)

Electricity gird carbon
factor 0.266 kg per kWh

-0.8 % decrease

ADEME bilan ges database, 2021;
BEIS, Government Greenhouse Gas
Conversion Factors, 2021

Natural gas carbon factor | 0.216 kg per KWh

-1% decrease

ADEME bilan ges database, 2021;
BEIS, Government Greenhouse Gas
Conversion Factors, 2021

Biomass carbon factor 0.030 kg per KWh

ADEME bilan ges database, 2021;
BEIS, Government Greenhouse Gas
Conversion Factors, 2021

6.2 Appendix B: Retrofitting cost

matrix taken from |Giraudet et al.

(2021)
cost A£ per m2 F E D C B A
G 65,36 116,96 172,86 233,06 301,86 380,12
F 54,18 111,8 175,44 246,82 328,52
E 60,2 125,56 199,52 284,66
D 67,94 145,34 233,06
C 79,98 171,14
B 94,6
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6.3 Appendix C: Literature review of eslaticity estimates

Table 7: Literature review of rebound effect estimates

Topic Paper Estimates Methodology
. Various econometric approaches on a sample of
Rebound effect Aydin et al (2017) 0,199 - 0,485 563,000 households in the Netherlands
Rebound effect Sorrell et al (2009) 0,32 - 0,5 icrvézz‘ée(ft?ﬁ Ezstoi?;t“dymg rebound effect
o " Various econometric approaches on a sample
Rebound effect MecCoy et al (2021) of 4 million households the UK
N Quasi-experiment on a sample of
Rebound effect Coyne et al (2018) 0.3340.41 960 social housing tenures in Ireland
o 0,41 (gas) — Household demand model and inputaoutput
Rebound effect Chitnis et al (2015) 0,48 (electricity) model
-0,09 (gas) Household demand model and inputéaoutput

Price elasticity

Chitnis et al (2015) -0,07 (clectricity)

model

Price elasticity

Lambarderia et al (2016)

-0,126 (electricity) —

Meta-regression analysis on paper

-0,180 (gas) studying energy services price elasticity
Price elasticity Sorrell et al (2009) -0,1 - -0,58 .RCVlC.W of .20 papers .studymg rebound effect
in residential heating
Temperature take-back Sorrell et al (2009) 0,05 - 0,30 'Revlelw of .20 papers studying rebound effect
in residential heating
Temperature take-back Hamilton et al (2011) 0,06 — 0,2 Assessment of the Warm Front eﬁuflency
program on a sample of 1600 dwellings
Temperature take-back Hedinger et al (2018) 0,110 — 0,144 Stated preferences approach on 3555 surveyed

households in Swistzerland

Temperature take-back

0,76°C (living room)

Greene et al (2015) 2,82°C (bedrooms)

Assessment of the Warm Front efficiency
program on a sample of 1600 dwellings (report)
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6.4 Appendix D: Estimation of actual heating savings

Here the EPC data-set in extended to the whole Southwest region, where dwellings are identified at
the LSOA level (1,558,777 observations). The data-set is reduced to dwellings that had conducted
multiple EPCs through time. The data-set is then split into two groups: a control group comprises
dwellings with multiple certificates that did not retrofitted and a treatment group with dwellings
that did retrofit. Actual savings are computed for all dwellings and is the difference between stan-
dard consumption before and after over the standard consumption before. The potential heating

savings is derived in the same way form the ex-ante potential heating consumption.

The model specification is as follow:
Yike =B+7vXi Dy +0Z; 4 + M + pig + €i.1¢ (8)

Where Y; 1 ; denotes for the actual heating savings achieved in dwelling ¢ and location %k at
time ¢, X, ; is the potential heating savings estimated by the previous EPC for the dwelling and is
interacted with D, ; a dummy variable equal to 1 if the dwelling implemented a retrofit between the
two EPCs. Z;: is a vector of characteristics at the dwelling level, A; and i, are year and location
fixed effects. The results are outlined in the table bellow.

Here right some results and interpretaiton stuff. Say for one group, for the other, after EE and
interaction look at year dummy with significant effects and say that this is due to price, look at

total floor area go deeper in measres before after in the EPC
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Table 8: Regression results

Dependent variable:

Act.Heat_sav

Pot.Heat_sav 0.159***
(0.023)
EE_upgrade 0.406***
(0.009)
Total _floor —0.00003
(0.0001)
Tenurerental (private) 0.022***
(0.007)
Tenurerental (social) —0.073***
(0.006)
Diff_time —0.044***
(0.001)
Pot.Heat_sav:EE_upgrade 0.114***
(0.028)
Constant —0.3877**
(0.064)
Observations 15,918
R? 0.502
Adjusted R? 0.497
Residual Std. Error 0.292 (df = 15768)
F Statistic 106.526*** (df = 149; 15768)
Note: *p<0.1; **p<0.05; ***p<0.01
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