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This study aims to assess electric heating system retrofit options and identify the optimal solution by
applying a combined LCA and LCCA approach using BIM for existing UK homes. Exemplary case study
illustrating an LCA and LCCA calculation using a BIM model of a house in Bristol (UK), to assess: (baseline)
gas boiler; (i) electric boiler; (ii) air source heat pump; (iii) electric boiler + PV; and (iv) ASHP + PV. The
optimal option overall is (iv) ASHP + PV, which reduces the kgCO,e emitted by 77% while increasing life-
time cost by 2.1%, compared to the classic gas boiler. This research also finds that embodied carbon still
has a low impact on the decision, since the main impact of heating systems like ASHP (SCOP = 3.4) is to
reduce kgCO,e by improving the efficiency of old gas boilers (COP = 0.76). Electric boilers are not the opti-
mal alternative; they reduce kgCO,e by 47% but increase the lifetime cost of the system by 105% com-
Building Energy pared to gas boilers. The change in the “carbon factor” of electricity from 0.519 kgCO,/kWh to 0.136
Housing retrofit kgCO,/kWh means that now dwellings using electrical systems emit 35% less kgCO, than those that
BIM use gas (0.210 kgCO,/kWh).
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1. Introduction

The construction industry accounts for 39% of energy-related
CO, emissions [57]. This indicates that the industry has one of
the highest environmental impacts. In order to reduce the negative
environmental impact of the industry, a transition to sustainable
and energy-efficient buildings is essential. In particular, as the
housing sector accounts for more than half of the energy consump-
tion in the whole building sector [29], there is a strong need to
improve its energy efficiency.

Currently, 75% of the total energy demand in the UK housing
stock comes from natural gas heating, with around 85% of UK
homes being heated by natural gas boilers [9], constituting a signif-
icant proportion of household CO, emissions [25]. In the UK, the
Heat and Buildings Strategy was published in November 2021, in
which it was announced that the installation of new gas boilers
would be phased out over the next few years [22]. The Boiler
Upgrade Scheme has been in effect in the UK Government for res-
idential and non-domestic buildings in England and Wales since
May 2022, providing grants to replace gas boilers with ground-
source heat pumps, air-source heat pumps and biomass boilers
to encourage these installations [23].
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The UK has the least energy-efficient housing stock in Europe
[26], with more than half of existing homes built before 1964
[12]. According to the [19] the 29 million existing homes across
the UK must be made “low-carbon, low-energy and resilient to a
changing climate*. In other words, most houses in the UK will need
to undergo some form of retrofit if we are to reach the 2050 carbon
target. Implementing energy efficiency retrofits for these older
houses is considered one of the essential approaches to improve
energy performance and reduce CO, emissions [27]. With sustain-
ability becoming a priority, retrofitting has become an urgent issue
[15]. Compared to reconstruction, the retrofitting of existing build-
ing stock can be a solution that saves resources and minimises
environmental impact [28]. According to the International Energy
Agency (IEA), progress in the energy-efficient retrofitting of exist-
ing buildings is currently low, with less than 1% of the existing
building stock being retrofitted annually [36]. This low percentage
of retrofits is due to the high initial costs [32,39], the lack of public
awareness of the potential benefits [43], and the lack of incentives
for homeowners.

The application of life cycle assessment (LCA) is widely accepted
today as supporting the identification of optimal solutions in terms
of sustainability and environmental impact [59]. LCA is a method
for assessing the environmental impacts of energy, materials and
environmental emissions, covering the entire life cycle of a build-
ing, from the design phase to demolition [43]. Regarding LCA, a
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metric known as the carbon equivalent is usually used to quantify
and report the overall global warming impact of the various green-
house gases emitted through the lifecycle stages to facilitate com-
parison and reporting [4]. The carbon emissions considered in the
LCA of a building can be divided into two main categories: embod-
ied and operational carbon, each generated in the lifecycle of the
building. Embodied carbon emissions are emissions from the
materials associated with the building and the energy associated
with the construction process [34], while operational carbon emis-
sions are emissions from the energy consumed in operating the
building. As embodied carbon emissions have been considered
smaller than operational carbon, the construction industry has
long focused on operational carbon-related energy consumption,
with less attention paid to embodied carbon and the other stages
of the lifecycle [34].

However, it has been pointed out that the relative impact of
embodied carbon emissions over the entire lifecycle increases as
operational carbon emissions are reduced through renewable
energy technologies and improvements in building fabric to
enhance its energy efficiency [21]. According to [56], the tradi-
tional ratio of 20% embodied energy to 80% operational energy
has changed to 40% — 60% due to the global trend of constructing
buildings with low energy demand during the operational phase.
This study focuses on the retrofit of existing buildings. Therefore,
we will find scenarios where embodied carbon represents less than
20% of the total, due to the low thermal efficiency of the fabrics of
the existing housing stock.

A retrofit project entails an increase in the embodied energy of
the building due to an increase in materials, technology and other
equipment, while it reduces energy demand during the use phase
[6]. Therefore, in retrofit projects, the embodied and operational
carbon need to be considered together from a whole-lifecycle
LCA perspective before deciding the retrofit strategy [53].

Furthermore, in housing retrofit projects, the assessment of life-
cycle costs should be given equal importance to the lifecycle envi-
ronmental impact, from the early stages of the retrofit project [33].
The reason for this is that the economic investment needed to carry
out a retrofit and the potential energy cost savings play a key role
in retrofit decisions [27]; consequently, financial incentives are
crucial for homeowners deciding to retrofit their homes.

The literature reveals that lifecycle cost analysis (LCCA) has
recently been applied in retrofit decision-making to improve the
energy performance of buildings, considering cost as a variable to
make decisions. [38] concluded through an LCC that, while build-
ings with better energy performance have lower energy costs dur-
ing the operational phase, the initial construction costs are higher
than those of conventional buildings [5]. There is also a significant
correlation between energy performance optimisation and LCC, as
choosing different materials and components for retrofit will sig-
nificantly impact the LCC [51]. The application of the LCCA
approach is, therefore, valuable for the early design phase in that
it balances initial and future costs (e.g., operation, maintenance,
repair and replacement costs) and helps to adopt options that
reduce total costs [46]. However, this review reveals that the
simultaneous application of LCA and LCCA is not common practice.

According to [50], improving the energy performance of exist-
ing buildings while minimising both CO, emissions and costs is
critical in retrofit projects. For this purpose, it is beneficial to con-
sider the environmental and economic impact of retrofitting
together. [40] pointed out the trade-off relationship between cap-
ital costs and energy efficiency improvements in retrofit projects.
The trade-off relationship in this context means that adopting
higher energy standards to reduce the environmental impact can
increase costs. Therefore, the trade-off relationships between LCC
and LCA need to be considered together in the early design stage
to identify the optimum point at which the total result of construc-
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tion and energy costs is at the lowest level [40]. Conducting LCA
and LCCA in parallel could facilitate optimising an economically
and environmentally affordable retrofit plan among different ret-
rofit options and energy efficiency levels [20].

This is also an efficient approach since LCA and LCCA share vital
points: (i) they can be carried out at an early stage of a project to
maximise its effectiveness; (ii) they can be carried out for a pro-
duction system that includes all building elements and construc-
tion methods; and (iii) they form an analytical process that
facilitates the selection of the best option by appraising the eco-
nomic and environmental performance of alternative options
[52]. However, in order to carry out both analyses efficiently, it is
necessary to have access to structured information. Therefore, a
Building Information Modelling (BIM) model with the necessary
information would facilitate and speed up both processes. Corre-
spondingly, BIM can support LCA by delivering accurate and com-
prehensive data about the building, including its materials,
components, and systems. This information can be utilised to
model the environmental impacts of the building throughout its
lifecycle, from design and construction to operation and decom-
missioning [41]. While integrating BIM and LCA can support a
more inclusive understanding of the sustainability impacts of a
building or infrastructure, which can be employed for decision-
making during its life cycle [44]. Furthermore, the integration
can improve the identification of cost-effective strategies for
selecting materials, technologies, and systems [45].

The construction industry is increasingly adopting BIM. In the
last decade, research on the use of BIM for LCA has been increasing
[42]. Concerning LCA-LCC integration, BIM could facilitate a
blended approach regarding energy efficiency, cost and environ-
mental impact [49]. The features of BIM offer great potential in
managing and sharing complex LCA and LCC data [42]. For exam-
ple, BIM enables the linking of objects to material information
and their quantity information, as well as cost information, and
can support the process of collecting and managing this informa-
tion as a database and data analysis tool [7]. [48] developed a pro-
totype tool that facilitates the simultaneous analysis of LCA and
LCC in a BIM environment, demonstrating the effectiveness of
BIM in facilitating the process. Several studies have investigated
the integration of LCA and LCC through BIM for the optimization
of decision making in the initial design phase. [55] proposed an
analytical framework for glazing based on comprehensive BIM-
based LCA and LCC, considering trade-off relationships between
thermal efficiency, environmental impact and cost-effectiveness.
[16] developed BIM-based 18 simulation scenarios with different
combinations of exterior walls, roofs and floors to automate LCA
and LCC analysis. Furthermore, several recent studies have exam-
ined BIM-based LCA-LCC integration in energy efficiency retrofit-
ting of existing buildings [40,3,20,43]. [40] showed that BIM
could be an information management platform for LCA and LCCA.
They examined various retrofit options and their energy efficiency
and found that BIM enables seamless updates of LCC and LCA cal-
culations according to different retrofit options, which allows the
most economical and least environmentally impactful option to
be determined from the trade-off relationship between LCC and
LCA. 3] developed three retrofit plans for a villa and an apartment
depending on three budget levels - low cost, medium cost and high
cost — and assessed the technical and economic aspects using a
BIM-based approach. Energy consumption could be reduced by
13.79% to 56.9% per year for a villa and 22.84% to 58.5% for an
apartment, with a payback period of 0.92 years to 25.15 years for
a villa and 0.60 years to 24.60 years for an apartment. [20] pro-
posed a comprehensive and integrated method for housing retro-
fits using BIM-enabled LCA, taking into account environmental
compatibility, energy efficiency and profitability based on actual
construction and energy consumption data. [43] showed that by
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incorporating detailed information related to materials and equip-
ment, and climate data in the BIM model, an optimised mathemat-
ical model can be used to identify the optimal energy retrofit cost
and measure in terms of energy savings and LCC reduction for dif-
ferent retrofit budget levels. Energy savings of between 24% and
58% could be achieved in the case studies in this study, depending
on the homeowners’ budget level (120 k to 300 k USD). These stud-
ies demonstrated that a BIM model could be used to quantitatively
assess retrofit plans in terms of cost and environmental impact and
to identify optimal retrofit plans. This is done using specific BIM
software tools, such as One Click LCA.

Although several previous studies have investigated design
optimisation through the simultaneous application of LCA and
LCCA, the literature review revealed that no studies have focused
on using LCA and LCCA for decision-making on heating systems
during a UK housing retrofit. Such a study would be very timely
and beneficial, because the Boiler Upgrade Scheme, introduced
by the UK Government in May 2022, promotes a change of heating
from gas to electric systems. Homeowners often do not have the
time, information or expertise to evaluate the available options
before deciding how to proceed. Therefore, retrofit measures for
heating systems are often based only on the cost, without consid-
ering the embodied and operational carbon of the new systems.

This study aims to evaluate, for the first time, electric heating
retrofit options in terms of environmental impact and lifecycle
cost to identify the optimal option. For this purpose, a BIM model
of an existing dwelling is developed to carry out efficiently a
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combined LCA and LCCA evaluation. Owners who face a heating
system retrofit are provided with a clear comparison between
the different options to lead to a reduction in CO, emissions at
an optimal price.

2. Research methodology

The literature review revealed the lack of an LCA/LCCA study
that helps to understand the impact of the available options in
terms of residential electric heating systems, and which are the
most optimal from that perspective. This gap must be filled so that,
in the current transition between two different heating models, i.e.,
from gas to electricity, homeowners, landlords, councils, and
energy assessors can make better informed and more sustainable
decisions at a reasonable price.

This study has two stages. In the first stage, a literature review
critically analyses the selected secondary sources published
between 2012 and 2022. This review shows the magnitude of the
need to undertake retrofit projects in the UK for residential build-
ings, the crucial moment for changing the heating system, and the
lack of reference examples to take more cost-effective and sustain-
able decisions when changing the heating system.

In the second stage, an illustrative BIM case study is presented,
which for the first time, shows a practical example of how to per-
form an LCA and LCCA using a BIM model to make decisions during
the change of heating model for an existing dwelling in the UK
(Fig. 1). The study also identifies the optimal option.

1. BIM model

(Base model)
Software: Revit

R

[

2. BIM model
(Retrofit options)
Software: Revit

R

for each

3. Energy analysis elmhutst
Software: SAP enerqg\

<Y

4.LCA
Software: One Click LCA

\ Integration /

Aggy consumption data

5. LCCA
Software: One Click LCA

One L/é)\
Click 5

retrofit option

[6. Holistic assessment on each

Fig. 1. Case study workflow.
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1. The authors gathered the specifications of the dwelling.

2. Development of a BIM model, with a traditional gas boiler heat-
ing system, used as a reference/control case, to measure the
impact of alternative retrofit solutions.

3. Development of a BIM model for each heating alternative to the
base model.

4. The operational energy demand baseline of the control case is
established, and the energy load is calculated for each retrofit
option, following the current energy modelling regulations.

5. A whole LCA is conducted based on the materials and their
quantities, the information exported from the BIM model and
the operational energy demand calculation results.

6. LCCA is conducted based on the materials and their quantities,
the information exported from the BIM model and the opera-
tional energy demand calculations.

7. The results of the LCA and LCCA are integrated to determine
which retrofit option is optimal from both economic and envi-
ronmental perspectives.

The LCA methodology applied in this study complies with EN
15978 [17] and the RICS Professional Statement Whole Life Carbon
Assessment for the Built Environment [47], which is aligned with
the EN standard. The LCCA methodology in this study follows ISO
15686-5:2017 [37] and its supplementary standardised Method
of Life Cycle Costing for Construction Procurement [8].

2.1. BIM model for the case study

For this research, a two-storey semi-detached dwelling is
adopted with a constructed area of 118 m?, facing south and
located in Bristol (Fig. 2). Table 1 shows the specifications of the
model (control case) used to assess the different retrofit options
for this research. The dwelling has two bedrooms, two bathrooms,
one kitchen and one living room.

Fig. 3 shows the MEP model, created using BIM to explore the
upgrade option related to the heating system. Autodesk Revit
was used as the BIM software.

2.2. Retrofit options

Various options may be applied for a housing retrofit to
improve energy efficiency, including external wall insulation,
underfloor insulation and glazing upgrades. However, this study
aims to investigate alternative heating systems as a replacement
option for a gas boiler and establish an optimal option. The study
focused on electric boilers (Option 1) and air-source heat pumps
(Option 2). Ground-source heat pumps were not adopted for con-
sideration in this case study, as additional external works are
required in the garden, such as installing pipe trenches. Further-
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more, in this case study, installation of photovoltaic (PV) panels
is considered as an additional option (Option 3 and Option 4). Thus,
a total of four options are considered in this study, as shown in
Table 2.

Option 1 proposes to replace the existing gas boiler with a flow-
based electric boiler. This only requires replacing the boiler, which
involves minimal work and some additional pipes. Option 2 is an
air-source heat pump. Unlike Option 1, air-source heat pumps pro-
vide hot water at a lower temperature than gas or electric boilers,
so the flow rate needs to be increased. This requires larger-
diameter pipework than in the case of existing gas boilers and lar-
ger radiators than existing ones. Therefore, in this case, in addition
to the installation of air-source heat pump equipment, the existing
pipework and radiators would need to be replaced with new ones.

Option 3 and Option 4 propose installing PV panels in addition
to Option 1 or Option 2. In this study, considering the dwelling size,
it is proposed to install 20 PV panels at 250 W each.

Details of the heating system assumed for each option are
shown in Table 3. Capacities were assumed based on the dwelling
size, number of radiators and bathrooms in the case-study
dwelling.

2.3. Energy assessment

In this study, the Standard Assessment Procedure (SAP) was
chosen as the assessment tool for the energy consumption of the
dwelling and the operational CO, emissions. The SAP is the official
methodology for predicting energy consumption and meeting CO,
emission targets for a home in the UK. The prediction is based on
assumptions about the typical occupancy and behaviour of UK res-
idents. SAP-compliant software, Elmhurst Design SAP 10.2, devel-
oped by Elmhurst Energy Systems Ltd, was adopted in this study.
RASAP (Reduced Data SAP) would be used for an existing dwelling,
but SAP allows us to add more information to the model and is
more reliable than RASAP [54]. In this guide, the SAP is the sug-
gested calculation method for both the Dwelling Fabric Energy Effi-
ciency (DFEE) and the Dwelling Emission Rate (DER) of a dwelling.

In the SAP methodology, the annual energy requirement for
space heating, water heating, ventilation and lighting, is calculated.
It does not include the energy consumed by cooking and other
domestic appliances. The energy required for water heating is cal-
culated based on the assumed standard occupant water use rela-
tive to floor area, taking into account storage and pipework heat
losses and the efficiency of the water heater. The energy required
for space heating is calculated based on the internal and external
temperatures, solar and internal gains, and taking into account
the efficiency of the heating system.

7890

6.000

WEST SOUTH

7.630

NORTH ROOF

Fig. 2. The BIM model of the case study.
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Heating system

Air change rate

Gas fired boiler (Combi-boiler, non-condensing) for heating and hot water

Radiator
10ACH at 50 Pa pressure

Table 1
The Case study overview.
Element Description Thickness U-value G-value
Orientation South
Number of houses 1
Floor area 118 m?
Exterior wall Masonry (Brick) 92 mm 0.49 W/m?k
Rigid insulation 50 mm
Masonry (Concrete block) 193 mm
Plasterboard 16 mm
Roof Water-resistant barrier 6 mm 0.47 W/m?k
Rigid insulation 76 mm
Plywood 19 mm
Plaster board 12 mm
Floor Concrete 127 mm 0.31 W/m?k
Wood flooring 16 mm
Windows Double glazing with air cavity 3.40 W/m?k 0.76
Door Unglazed solid timber 3.00 W/m?k

Fig. 3. MEP model and the two-storey semi-detached dwelling where the unit under study is included.

‘Replacement of existing radiators with new
radiators
-Installation of 20 PV panels at 250 W each (5kWp)

2.4. LCA

The LCA methodology applied complies with EN 15978 [17],
which defines the calculation method for LCA as a European stan-
dard. Furthermore, the process was undertaken following the RICS
Professional Statement Whole Life Carbon Assessment for the Built
Environment [47], which developed the UK guide for the practical
implementation of the principles of BS EN 15978, establishing the
technical details and calculation requirements. This study uses the
Global Warming Potential (GWP) as an environmental impact indi-
cator. Furthermore, One Click LCA is chosen as the software to per-

Option 2, 4
Air source heat
pump

Weight

Heat pump type
Nominal heating
power

Efficiency

Hot water flow rate
Flow temperature
Refrigerant

Weight

Table 2 Table 3
Retrofit options assessed. Heating systems for each option.
Option Implementation detail Heating system Detail
Option 1 Replacement of existing gas boiler with direct- Existing Boiler type Non-condensing combi
Electric boiler acting boiler with 150 I cylinder boiler
Optlgn 2 -Replacement of ex1§t1ng gas bO{ler with Air to Gas boiler Nominal heating 25 KW
Air source heap water heat pump with 150 | cylinder power
pump ‘Replacement of e;flstlng flow/return pipes with Efficiency Winter: 74%, Summer: 65%
new flow/return pipes .
A . . Hot water flow rate 11 1/min
‘Replacement of existing radiators with new
. Flow temperature 60°
radiators Weight 33k
Option 3 ‘Replacement of existing gas boiler with direct- g J
Electric boiler + PV acting boiler with 150 1 cylinder Option 1, 3 Boiler type Direct acting electric boiler
panel ‘Installation of 20 PV panels at 250 W each(5kWp) Electric boiler Nominal heating 15 kW
Option 4 ‘Replacement of existing gas boiler with Air-to- power
Air source heap water heat with 150 I cylinder Efficiency 100%
pump + PV panel ‘Replacement of existing flow/return pipes with Hot water flow rate 11 I/min
new flow/return pipes Flow temperature 50°

113 kg (cylinder included)

Air to water heat pump
6 kW

340% (space), 187% (water)
17 1/min

35°

R32:2.2 kg

170 kg (cylinder included)

form LCA. The material and quantity of heating systems required
for the embodied carbon calculation was exported from BIM to
One Click LCA. This automated the export process and provided
accurate data for the number and specification of the building ser-
vices and the quantity of pipework.
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An LCA was conducted, including two stages: A) The Production
and Construction stages and B) The Use stage. In the A) Production
and Construction stages, as this study focuses on retrofitting exist-
ing buildings, only retrofit work is included, not new construction
of the existing building. The authors found a clear lack of EPDs for
MEP products in the UK. When no EPD is available, and embod-
ied carbon calculations for MEP equipment are required, TM65
[58] provides an alternative “Basic” calculation method. That
method is used to cover A1-A4 as accurately as possible. A1 emis-
sions from product materials were based on the list of individual
product components included in French EPDs for pipes, electric
boiler, gas boiler, water cylinder, radiator, pipes and PV panel.
These weight “quantities” are then multiplied by the British “em-
bodied carbon coefficient” (kg CO,e/kg) [58] and [35]. Information
was provided for at least 95% of the weight of each product. For the
heat pump, the values for A1-A4 were extracted from a “mid-level”
TMG65 calculation that the manufacturer, Mitsubishi, provided [60].

B) In the use stage, the carbon emissions from B1: Use, B2:
Maintenance, B3: Repair, B4: Replacement and B6: Operational
energy use are included in the study. As this study aims to compare
retrofit options of different heating systems, only emissions associ-
ated with the heating system were counted for embodied carbon in
B1: Use, B2: Maintenance, B3: Repair, and B4: Replacement. B5:
Refurbishment use was excluded, as it was not considered that
the design alternatives would make a major difference to the
results. In addition, B7: Water use was also excluded because the
design of the building has little influence on water use [31].

Finally, the end of life stage (C) is not included in this study due
to its relatively low environmental impact compared to other life
cycle stages for residential buildings [10]. The LCA scope in this
study is shown in Fig. 4.

In this study, the calculation period is set to 60 years. The life
expectancy of the heating system and PV assumed for each retrofit
option was set at 10 years for the gas boiler, 15 years for the elec-
tric boiler, 20 years for the heat pump and 25 years for PV, based on
CIBSE M Indicative economic life expectancy [18]. The service life
of each system affects the frequency of replacements during the
60-year analysis period.

2.5. LCCA

One Click LCA was chosen as the calculation software to con-
duct this LCCA. The costs over the life cycle of the building covered
in this study must be consistent with the scope of the LCA
described in the previous section. Therefore, in this study, the ini-
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tial costs related to the retrofit and the costs related to mainte-
nance, repair, replacement of heating systems and energy
consumption during the use stage are included in the LCC analysis.

The cost data for materials were mainly sourced from the
SPON'S price book [2,1], where cost data (total cost of material
price + labour price) were applied. Regarding materials for which
no data were available in SPON’S, the manufacturer’s price for
equipment was used as a reference for the cost estimation. For
the costs associated with energy consumption, the annual energy
costs were determined by multiplying the electricity and gas con-
sumption, which was calculated in the energy assessment, by the
energy unit price. The British Gas energy unit price as of 1st Octo-
ber 2022 [13]| was adopted as the energy price in this study
(Table 4). It was announced that the Energy Price Guarantee was
to be applied from 1 October 2022 to 31 March 2023, reducing
the unit cost of energy [24]. As it is uncertain whether this scheme
will continue to be applied in the years ahead, the energy unit price
not affected by this scheme was adopted in this study.

In addition, the prices need to be equivalent in time to add up
and compare cash flows at different times in the building lifecycle.
Accordingly, to make the cash flows time equivalent, the costs at
each point in time are discounted to the retrofit point at a discount
rate to calculate the total present value. A discount rate of 3.5% was
adopted, based on the standard discount rate of 3.5% per annum in
the Green Book [30].

The economic benefit obtained from the surplus electricity pro-
duced during the summer was also included. Currently, in the UK,
the Smart Export Guarantee (SEG) provides a payment for the sur-
plus electricity sent to the national grid. Companies sell a kWh of
electricity used for 51,886 pence, while paying the home generator
just 6.4 pence per kWh [14]. The prices vary from 15 to 2 pence
kWh, depending on the company. The previous Feed-in Tariff
(FIT) scheme, of incentives to install photovoltaic panels, initially
paid more than 40 pence per kWh of exported electricity. This sit-
uation means that the economic impact of Options 3 and 4 is less
than in the past. The life of a solar panel is at least 25 years. A
reduction in the price of electricity will benefit Option 4
(ASHP + PV) from an economic point of view.

3. Results

3.1. Energy assessment

The annual energy consumption of the existing dwelling and
each retrofit option calculated by SAP is shown in Table 5. Table 5

cortroeion Benefits and loads
PRODUCT rocess Use End of life beyond the building
B life cycle
SR TATTTASTTTTAATTTTTASTON 1 TB2 B3 B4 B5  Be BA a1 @ @3 D
T 1] ] a YA 1
! g i I
1 2 I o 1
i > a Iy E 1 [
1 oy oo S I - = > 1 c
R . = . b= Iy 8 £ g 2 o |1 < 4- 2 _ -
i|s||lg]l] 2 5 2 ] g = £ £ g 2 i 2 s g g 0§
1| = & Q G 8 hf g = = @ = o = |1 = 2 < <} 2> 9
1 5] = & c 2 ] > 2 [7) 3 o © S h g = s 2 2 3 °
1| 2 2 2 ° z I = = gt E S 2 i 3 £ @ a g«
I = = © —= 5 1] g 9 5 &= = 1 a = k7 o«
I 2 = B~ Iy o o 1 g
N 5 I g 1
i 5 ] o 1
2 I ]
\ S A 7
N, ———— PRd ) N e e e e e -
Retrofit stage Use stage after retrofit [ Tincluded in this study

I:Not included in this study

Fig. 4. LCA scope in this study.
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Table 4
Energy unit price (Amended from [12]).
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October 2022 Unit rate per kWh

Average Unit rate under Energy Price Guarantee scheme

Unit rate per kWh

Standing charge per day

Unit rate per kWh Standing charge per day

Electricity 51.886p 46.356p 34.037p 46.356p
Gas 14.758p 28.485p 10.330p 28.485p
Table 5

Annual energy consumption in kWh calculated by SAP.

Category Existing Gas boiler Option 1 Electric boiler Option 2 ASHP Option 3 Electric boiler + PV Option 4 ASHP + PV
Space heating Gas 14,747kWh - - - -
Electricity - 10,311kWh 3,350kWh 10,311kWh 3,350kWh
Water heating Gas 3,806kWh - - - -
Electricity - 3,243kWh 2,236kWh 3,243kWh 2,236kWh
Pumps and fan Electricity 765kWh 165kWh 0kWh 165kWh 0kWh
Lighting Electricity 468kWh 468kWh 468kWh 468kWh 468kWh
Energy generation Electricity - - - —2933kWh —2706kWh
Annual energy consumption 19,786kWh 14,187kWh 6,054kWh 11,254kWh 3,348kWh
Annual CO, emissions 4,070kgCO,e 2,141kgCO%e 906 kgCO,e 1,751kgC0,e 546 kgCO,e
Annual energy cost £ 3,618 £7,530 £ 3,310 £ 6,096 £2133

presents the annual energy consumption of the control system and
each alternative system in kWh/year, taking into account the effi-
ciency of each one. Therefore, these values change depending on
the heating and hot water system. Each alternative had lower total
energy usage than a gas boiler, ranging from 28.3% (Option 1) to
83.1% (Option 4) lower than the existing system with a gas boiler.
Of the four options, the most energy-efficient option was found to
be Option 4 (Air-source heat pump + PV).

On the other hand, the least energy-efficient option was Option
1 (Electric boiler). The breakdown of energy use shows that the
reduction in energy consumption is most significantly affected by
space heating, which has the highest energy consumption as a per-
centage of the total. In Option 3 and Option 4, electricity is gener-
ated by the installation of PV panels, which has a negative effect on
energy consumption.

32.LCA

The results of the LCA on the retrofit and use stages for retrofit
options are shown in Table 6 and Fig. 5. Comparing the existing gas
boiler with the four retrofit options, the total GWP of these four
options is significantly lower than the existing gas boiler, with a
reduction ranging from 46.6% (Option 1) to 77.1% (Option 4). This
is mainly explained by the fact that, as shown in Table 5, the retro-
fit results in a significant reduction in energy consumption and the
energy source being changed from gas to electricity, which has a
smaller carbon footprint. As a result, for all options, the reduction
in GWP in B6: Energy exceeded the total GWP generated during
the A: retrofit, B1: Use, B2: Maintenance, B3: Repair and B4
Replacement stages, resulting in a lower total GWP than in the
existing system. Of the four retrofit options, option 4 (Air source
heat pump + PV) had the highest GWP in the retrofit stage; how-
ever, it had the most significant reduction in GWP in the use stage,
resulting in the lowest total GWP.

3.3. LCCA

The total present cost of the retrofit and use stages for the retro-
fit options are shown in Table 7 and Fig. 6. Comparing the retrofit
options in terms of cost, Option 4 (Air source heat pump + PV) had
the lowest total lifecycle costs among the four retrofit options.
However, all of the four options exceeded the total cost of the
existing gas boiler by 105.0% (option 1), 16.4% (Option 2), 84.1%

(Option 3), and 2.1% (Option 4). The reasons that the total costs
of the four options exceed those of the existing buildings are, first,
that the unit cost of electricity concerning energy consumption is
significantly higher than the unit cost of gas, as shown in Table 4,
so the reduction in energy consumption did not lead to a reduction
in energy costs. In addition, in terms of replacement of equipment,
despite the longer service life of both electric boilers and air source
heat pumps compared to gas boilers, the cost of equipment was
higher than that of gas boilers, so the total cost of equipment
replacement exceeded that of gas boilers in all options.

3.4. LCA and LCCA integration

The LCA and LCCA results conducted above are combined, as
shown in Table 8. Among the four options, the air source heat
pump with PV option is the optimal option, both environmentally
and economically, with the lowest figures for both GWP and cost.
However, under current high electricity prices, homeowners will
be less incentivised to change the boiler, as all options lead to total
costs that exceed those of the existing system.

4. Discussion

This is an exemplary case study, evaluating for the first time
electric heating options to replace traditional gas boilers, based
on low carbon emissions (LCA) and cost (LCCA) criteria to measure
the environmental and cost impact of four alternative heating
systems.

First, the baseline is established using the case study using a
BIM model of a semi-detached house in Bristol with a combi-
boiler. Then, the environmental and economic impacts are calcu-
lated of adding an electric boiler (i), an air-to-water heat pump
(ii) and the impact of adding PV panels to each option (iii, iv).

The control case has the highest global warming potential GWP,
almost double the impact in terms of CO, emissions, of the next,
which is the electric boiler, and four times more than the air-
source heat pump (ASHP), and this impact is simply based on its
operational CO,; since it is already installed, the embodied carbon
is not taken into account. However, in terms of cost, this is the
cheapest option, since you do not have to invest in a new system
and, furthermore, the “Unit rate per kWh” of gas is almost 3 times
lower than that of electricity.
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Table 6
LCA results in kgCO,e calculated by One Click LCA.
Option Retrofit stage Use stage kgCO,e
A1-A4 B1 B2 B3 B4 B6 Total Total
Material + Transport Use Maintenance Repair Replacement Operational energy use B1-B6 Retrofit + Use
Existing — Gas boiler - - 591 148 1,055 244,200 245,994 245,994
1 - Electric boiler 549 - 591 148 1,647 128,460 130,846 131,395
2 - ASHP 4,200 1,784 591 148 1,916 54,360 58,799 62,999
3 - Electric boiler + PV 5,169 - 591 148 10,887 105,060 116,686 121,855
4 — ASHP + PV 8,820 1,784 591 148 12,114 32,760 47,397 56,217
- 50,000 100,000 150,000 200,000 250,000
kgCO,,
Existing - Gas boiler
1 - Electric boiler
2 - Air Source
heat pump
3 - Electric boiler PV
4 - Air source
heat pump PV
ﬂRetroﬁt stage A1-A4 Materials @ Use stage B1 Use EUse stage B2 Maintenance
+ Transport
Use stage B3 Repair Use stage B4 Replacement Use stage B6 Operational energy use
Fig. 5. LCA results (edited by author).
Table 7
LCCA results in pounds calculated by One Click LCA.
Option Retrofit stage Use stage Total
Retrofit Total Maintenance Repair Replacement Energy Total Retrofit + Use
Existing - Gas boiler - - £ 2,494 £ 624 £ 3,999 £ 90,250 £ 97,367 £ 97,367
1 - Electric boiler £ 4,000 £ 4,000 £2,494 £ 624 £ 4,663 £ 187,834 £ 195,615 £ 199,615
2 - ASHP £ 16,070 £ 16,070 £ 4,490 £1,123 £ 9,062 £ 82,567 £ 97,242 £113,312
3 - Electric boiler + PV £ 13,625 £ 13,625 £ 2,494 £ 624 £ 10,459 £ 152,064 £ 165,641 £ 179,266
4 — ASHP + PV £ 25,695 £ 25,695 £ 4,490 £1,123 £ 14,858 £ 53,207 £ 73,678 £99,373

Table 6 and Fig. 5 show that the main potential to reduce GWP
is by reducing the operational energy consumption. Table 6 shows
how the amount of emissions during the retrofit stage is much
lower than that which occurs during the operational stage, and
only in case (iv), ASHP + PV, embodied carbon represents more
than a fifth of the total emissions. This makes embodied carbon
start to be relatively significant in proportion, due to the massive
reduction in operational emissions.

This study determines that, from the point of view of global
warming, the most important factor is the efficiency of the heating
system. The more efficient a system is, the less power will be con-
sumed and lower emissions will be produced during the opera-

tional stage. An electric boiler with COP = 1 needs fewer energy
units (kWh) to produce the same amount of heat than the old
gas boiler (COP = 0.74). In turn, an air-water heat pump with a
SCOP of 3.4 will produce, for every 1 kW of electricity, 2.4 kW more
heat than an electric boiler. In terms of efficiency, air-water heat
pumps are much more efficient in generating heat than other sys-
tems, as they require less energy. Therefore, they will emit the
least CO, of all the alternatives.

The second determining factor to reduce the global warming
impact of heating systems is the “Government conversion factor”.
Traditionally, electricity had a high “carbon factor”, 0.519 kgCO,/
kWh, compared to 0.216 kgCO,/kWh for gas. This meant that the
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Fig. 6. LCCA results (edited by author).

Table 8

LCA and LCCA results integrated.
Option Retrofit stage Use stage Total GWP kgCO,e Total cost

GWP kgCOe Cost GWP kgCO,e Cost

Existing Gas boiler - - 245,994 £ 97,367 245,994 £ 97,367
1 Electric boiler 549 £ 4,000 130,846 £ 195,615 131,395 £ 199,615
2 ASHP 4,200 £ 16,070 58,799 £ 97,242 62,999 £113,312
3 Electric boiler + PV 5,169 f 13,625 116,686 f 165,641 121,855 £ 179,266
4 ASHP + PV 8,820 £ 25,695 47,397 £ 73,678 56,217 £99,373

impact of homes in which the heating system used electricity was
2.4 times higher than those that used gas. However, the increasing
use of renewable energy in the production of electricity for the
national interconnected system has reduced its “carbon factor”
by 73.8%; electricity now has a conversion factor of just 0.136
kgCO,/kWh (one-year average) [11]. The carbon factor of natural
gas has also been reduced, but only by 2.8% to 0.210 kgCO,/kWh.
This change reduces the traditional high impact in terms of CO,
emissions from electricity, and now houses that use electric sys-
tems will emit 1.6 times less CO, than those that use gas. In the
future, the carbon conversion factor of electricity is expected to
continue to decline; in other words, in terms of carbon emissions,
the use of electricity for heating will become increasingly favor-
able. For all these reasons, and although condensing boilers can
currently achieve efficiencies of 90%, the government’s scheme to
promote the use of electricity over gas with incentives, the greater
efficiency of electrical systems and the new conversion factors of
gas and electricity, which favour the latter, promote the switch
to electric heating systems.

Traditionally, cost was considered the most important aspect
and must continue to be taken into account for decisions to be
cost-effective and affordable.

The electric boiler is the most affordable option upfront, while
the heat pump is almost 4 times as expensive, and is almost twice
as expensive to maintain/repair. However, the key cost for this cri-

terion is the operational energy use cost, as seen in Table 7. Tradi-
tionally gas has been cheaper than electricity. However, the
economic part of this study is affected by the recent strong
increase in energy prices, especially of gas, which have a significant
impact on the calculation of life cycle costs. Wholesale energy
prices increased rapidly from the second half of 2021 onwards;
such changes mean that the lifecycle cost results can differ signif-
icantly if this simulation is performed at different points in time.

There is currently a unit price difference between gas and elec-
tricity that makes gas more favourable from an economic point of
view. The study, as shown in Table 8, also reveals that the higher
the cost and embodied carbon emissions in the retrofit stage, the
lower the energy consumption, resulting in lower cost and embod-
ied carbon emissions in the use stage. The LCCA also shows that,
due to the change in incentives, the installation of PV panels gen-
erates less money for the owner than before, since the kWh sent to
the grid is paid now between 15 and 2 pence per kWh depending
on the supplier.

Therefore, in terms of cost, ASHP is again the optimal option due
to its low fuel consumption; the LCCA shows that, in 60 years, the
electric boiler is more than £80 K more expensive than the heat
pump, even though the initial investment and maintenance of
the latter are higher. Also, the costs of heat pumps and electric
boilers will fall in the same way that photovoltaic panels did in
the early 2000s.
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Finally, if we add PV panels to the optimal option, this increases
the retrofit cost by 60% but reduces the lifecycle cost of system (iv)
by 12%, while in terms of total GWP, it has a low impact, reducing
the CO, emissions by 11%. Compared to options (ii) and (iv), elec-
tric boilers (i and iii) do not seem to be such an ideal option.
Although they reduce kgCO,e by 47%, they represent an expense
105% greater than gas boilers.

As a result, the most ideal option of the four evaluated is the
combination of air-source heat pump plus photovoltaic panels,
since it simultaneously has the lowest GWP and lifecycle cost.
Option (iv) offers great efficiency that produces a great reduction
in energy consumption and CO, emissions, and in the long term
it is a very cost-effective option. On the downside, it requires exter-
nal space for the external unit and the internal unit is larger than
the average boiler. However, this combination results in the high-
est energy savings in comparison to the baseline, saving 83%,
which represents an 87% reduction on CO, emissions.

5. Conclusion

An update of heating systems will be vital in order to fulfil the
reduction in CO, emissions goals to mitigate climate change. This
paper aims to establish the optimal heating system in terms of
CO, emissions and cost when undertaking a retrofit project. We
can by no means expect this to happen on its own: the fabric
comes first, and that should always be the approach during a retro-
fit project. That is the reason why heating installations have less
and less output, because they are expected to be installed in houses
with improved energy management qualities, and not those of the
past.

This study has shown that the simultaneous application of LCA
and LCCA can facilitate sustainable and cost-effective decision
making by identifying the trade-off relationship between upgrade
costs and energy savings. BIM creates a single platform where it is
possible to calculate LCA and LCCA simultaneously, also facilitating
the automatic extraction of the same information and quantities of
materials. Reducing the calculation time and improving its accu-
racy. As a result, consistent LCA/LCCA results could be obtained
for each retrofit option, facilitating the assessment of LCA/LCCA
trade-off relationships for the optimisation of the retrofit. After cal-
culating the environmental (LCA) and economic (LCCA) impact of
adding an electric boiler (i), an air-water heat pump (ii) and the
impact of adding photovoltaic panels to both options (iii, iv) it is
possible to conclude that:

The main potential for heating systems to reduce GWP is
through the improvement of their efficiency and subsequent
reduction of their operational energy consumption. Electric sys-
tems have reduced operational carbon through two factors, their
higher coefficient of efficiency and their lower carbon conversion
factor. But still, embodied carbon has a low impact, and only starts
to be relatively significant in proportion, when we assess (iv) ASHP,
due to the fact that this option (SCOP = 3.4) is much more efficient
compared to the old gas boilers (COP = 0.76). As explained at the
beginning of these conclusions, in existing dwellings with low
thermal performance, a change in the heating system must be
accompanied by an improvement in the fabric, the main factor in
reducing the proportion of operational carbon. It is then when
embodied carbon begins to be relevant in our decisions.

Embodied carbon still has a low impact, and only starts to be
relatively significant in proportion, when we assess (iv) ASHP,
due to the fact that this option (SCOP = 3.4) is much more efficient
compared to the old gas boilers (COP = 0.76).

The second determining factor to reduce the global warming
impact of heating systems is the “Government conversion factor”.
Since the “carbon factor” of electricity was reduced from 0.519

Energy & Buildings 288 (2023) 113000

kgCO,/kWh to 0.136 kgCO,/kWh, houses that use electric systems
will now have a 35% lower GW impact than those that use gas
(0.210 kgCO,/kWh).

The new heating system must also be cost-effective and afford-
able. This study shows how the key factor is operating cost, rather
than system price and maintenance/repair cost. ASHP is again the
best choice due to its low fuel consumption, even at higher initial
and maintenance costs.

PV panels reduce the lifecycle cost of an ASHP by 12%, and its
GWP impact by 11%.

Based on this analysis, the study concludes that electric boilers
are not the ideal alternative, since, although they reduce kgCO,e by
47%, they increase the lifecycle cost of the system by 105% if com-
pared to gas boilers. The optimal option of those evaluated is the
combination of ASHP plus photovoltaic panels, since it is the most
efficient, reducing the kgCO,e emitted by 77%. However, in terms
of the life cycle cost, it is 2.1% higher compared to the classic gas
boiler.
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