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Solid wall insulation of the Victorian house stock in England: a

whole life carbon perspective
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Abstract: Solid walls are a common feature of the pre-1919 Victorian housing stock in England,
however their construction results in considerable heat loss, and thus large heating requirements.
Solid wall insulation of these walls would improve energy efficiency, and in turn should reduce
greenhouse gas emissions. However, the additional insulation needed comes with an embodied
carbon cost. Current studies about whole life performance of solid wall insulation focus on a single
building or building type only, without considering the diversity of building types in the pre-1919
Victorian house stock. This study fills this gap by investigating the whole life carbon performance
of eight current market available insulation materials. The insulation materials studied include
vacuuminsulated panels (VIPs), aerogel, phenolic foam, polyurethane (PUR), polyisocyanurate
(PIR), expanded polystyrene (EPS), glass wool and wood fibre. The results show that solid wall
insulation reduces whole life carbon emissions up to 1654 kgCOze per m?, with the carbon payback
time of all eight insulation materials being less than 23 years in the worst case scenario, and less
than one year in the best case scenario. Both are considerably shorter than the service life of the
insulation materials. More actions should be taken to promote the installation of solid wall insulation
in the pre-1919 Victorian house stock as this work shows that the accumulated carbon reduction
potential reached 268 MtCO2e from 2021 to 2050.

Keywords: Solid wall insulation, Whole life carbon analysis, Carbon emissions, Retrofit,

Victorian house stock

1. Introduction and literature review

Materials are one of the fundamental pillars of our society, as primary resources extracted from the

natural environment, they are used to fuel and sustain national economies [1, 2]. The construction
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sector and the built environment are major drivers of materials consumption [3], with the residential
building sector alone accounting for 30-50% of the material consumption [4]. The selection of building
materials is of vital importance, as an example, a study by Gonzalez and Garcia Navarro [5] shows that
selecting low environmental impact construction materials can reduce 27% of carbon dioxide emissions
in the construction phase. Building materials also contribute considerably to various impact categories

including human toxicity, fossil depletion, and global warming [6].

The UK government is committed to bring all greenhouse gas emissions to net zero by 2050 [7]. There
are 28.7 million homes in the UK [8], and domestic energy consumption emits 20% of the UK GHGs
[9], this makes them a critical area to target in the pursuit of zero carbon. Specifically, retrofit of existing
buildings has the potential to cut down both global energy consumption and greenhouse gas emissions
at relatively low cost and high uptake rates [10]. Although life cycle assessment of different
refurbishment strategies for individual buildings has been widely studied, the urban or larger scale life
cycle assessment of different refurbishment strategies for building stock has attracted much less
research interest [11]. Currently the majority of UK domestic stock retrofit studies focus on operational
impacts [12-17], largely excluding embodied impacts. However, sometimes the increase of embodied
impact leads to diminishing operational energy savings during retrofit, as shown in this roof retrofit
example [18], beyond a certain insulation thickness, the energy efficiency benefit stabilizes with
increasing thickness of insulation. This emphasises the need to extend UK domestic stock retrofit

studies to include whole life cycle assessment.

1.1 Solid wall insulation in pre-1919 Victorian house stock
As a result of the UK’s extremely low demolition rate of the housing stock [13], pre-1919 Victorian
dwellings, with comparable poorer thermo-physical characteristics and higher energy demand to
maintain indoor thermal comfort [19], still account for 20.8% of the English stock (calculated based on
the number of dwellings) [20]. Solid walls are commonly used in the pre-1919 house in the UK [21], and
these walls are responsible for 35% of the heat-loss for these building types [22]. Whilst there was a
national goal to insulate 2 million solid walls by 2030 [23, 24], progress has been slow [23-26], and low
installation in recent years means there is significant work to be done to meet this target. This is mainly
due to the fact that adding insulation to solid walls is more expensive and intrusive compared to other

forms of insulation, it thus remains less attractive and challenging for energy efficiency policy [27]. Only
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9% of the properties with solid walls in Great Britain had already installed wall insulation at the end of

2019 [28].

Adding insulation to solid walls brings various benefits to the stock, including improving energy
efficiency, improving comfort, health and wellbeing, as well as supporting fuel security and addressing
fuel poverty [29]. However, it also increases the material demand and comes with an embodied carbon
price. Insulation is not normally a low environmental embodied impact material due to the energy and
resources used during manufacture, the use of blowing agents and the lack of reuse/recycling at the
end of life [30]. Therefore, a whole life analysis of insulation is needed to evaluate its overall
performance. Currently, limited studies have evaluated the life cycle performance of solid wall insulation
during building retrofit. Moncaster, et al. [31] analysed the cradle to grave carbon emissions from
applying four types of insulation material in a traditional masonry semi-detached 2 storey house with
solid walls. Their results show the embodied carbon from insulation is very low compared with
operational carbon saving, which led to a very short carbon payback of around one year. Densley
Tingley, et al. [32] compared cradle to gate environmental impacts (including greenhouse gases) of
three insulation materials, namely EPS, mineral wool and phenolic foam. Their environmental payback
periods in the external wall insulation system for a mid-terrace house with solid walls is calculated and
compared. These studies only consider a single building or building type, making their conclusions
limited when trying to scale to an age cohort, e.g. the pre-1919 Victorian house stock, due to the inherent

diversity that exists within the stock in practice.

1.2 Archetype approach in building stock modelling
Building stock modelling is commonly used to quantify the potential for reducing energy and
environmental impact [33], with two main approaches, namely the fop-down approach and the bottom-
up approach [34-36]. The bottom-up approach bridges the gap between a building oriented model and
an aggregated stock model [37], therefore, it is capable of providing a more detailed inner structure of

the building stock [38].

The archetype approach, which identifies archetype buildings to represent the studied stock, is widely
applied to support bottom-up models. It has previously been utilized for residential stock energy
modelling in the UK [16], the USA [39], China [40], Japan [41] and various EU countries [42-46]. The
archetype approach has also been used in building material stock modelling and building stock retrofit

life cycle impact analysis. Wiedenhofer, et al. [47] modelled non-metallic minerals material stocks and

3
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flows for residential buildings in the EU25 from 2004 to 2009 using 72 archetype buildings generated
by Nemry, et al. [48] and Nemry, et al. [49]. Stephan and Athanassiadis [50] applied a bottom-up
approach to spatially model building material stocks and quantify their embodied environmental
requirements in the City of Melbourne, Australia. 48 building archetypes are generated based on land
use, construction year and height, their construction assemblies are defined using expert knowledge in
construction and architectural history. Those 48 building archetypes have also been used in their further
study to quantify, spatialise and estimate both current material stock and future material replacement
flows for all buildings in the City of Melbourne, Australia [3]. Nemry, et al. [49] selected 72 representative
building types to study the life cycle impact of different building improvement options at EU-25 level.
The building retrofit measures included additional roof insulation, additional facade insulation and new
sealing to reduce ventilation losses. Famuyibo, et al. [51] used archetypes to evaluate the life cycle
energy and GHG emissions of retrofitting existing Irish housing stocks, although the life cycle
assessment has been done for each of the archetypes without scaling up to the whole stock level.
Allacker, et al. [52] studied the EU housing stock by using 24 reference residential buildings, with
different eco-innovation measures being evaluated by life cycle assessment. Murray, et al. [53] adapted
clustering analysis to generate 145 archetypes for residential and non-residential building stock of
Switzerland. Those archetypes are further used in multi-objective optimization to identify the optimal
building retrofit measures to reduce costs and life cycle CO2 emissions. Drouilles, et al. [54] used four
archetypes to represent the Swiss residential building stock, and evaluated the whole life environmental
impacts, including non-renewable primary energy and global warming potential, for archetypes to
achieve four different building energy performances. The results from archetypes can be used for

strategic planning, with the potential to extend life cycle assessment to neighbourhood or city scale.

1.3 Aim and objectives
In the UK, the current rate of solid wall insulation installations are much slower than desired. Higher
rates are likely required to improve the energy efficiency of the stock if the UK is to meet its 2050 net
zero ambitions. Given the scale of installation required (7.7 million uninsulated solid wall properties at
the end of December 2019 [28]), the choice of material could play an important role in the whole life
carbon impacts, in addition to the cost, and installation methods. This study will use an archetype
approach to investigate the solid wall insulation of the pre-1919 Victorian house stock in England. The

potential insulation material demand is evaluated and whole life analysis of the retrofit is considered for
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the whole pre-1919 house stock instead of only considering a single building type. This study also
compares various types of solid wall insulation material, assessing their whole life carbon emissions.
The results from this study are useful when considering material selection for solid wall retrofit
treatments. Moreover, the stock level analysis will offer an overview about the total amount of material
needed for solid wall whole life treatment, and their corresponding carbon impact. Both results are

beneficial to policy making to effectively promote solid wall insulation.

2. Methodology
The methodology applied in this study can be subdivided into four sections, as presented in Figure 1.
1) Identify solid wall insulation material options, together with the respective material characteristics,
and thus calculate the required insulation thickness for the different insulation materials. 2) The whole
life carbon emissions per unit area of the solid wall is analysed to compare the environmental impact of
different insulation materials. The whole life boundary of solid wall insulation goes beyond cradle to
gate [55] embodied carbon, it includes the carbon emissions from the product stage, construction
process stage, use stage and end of life stage in BS EN 15978 [56]. The carbon payback time has also
been calculated to indicate the whole life carbon performance. Depending on the service life of the
insulation material (which is taken from literature), the replacement of the insulation layer might happen
during the buildings’ continuing lifespan, the replacement is assumed to use exactly the same material
to achieve identical performance. 3) By considering the on-site U-value range of solid walls, uncertainty
analysis has been carried out, including the worst case scenario. 4) The whole life performance of solid
wall insulation in pre-1919 Victorian house stock is evaluated using building archetypes and stock

characteristics. The detailed implications of these steps are explained in the following sections.
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Figure 1: The framework of methodology

2.1 Solid wall insulation
In this paper, eight types of insulation materials that are currently available on the market for solid wall
insulation are compared, including vacuum insulated panels (VIPs), aerogel, phenolic foam,
polyurethane (PUR), polyisocyanurate (PIR), expanded polystyrene (EPS), glass wool and wood fibre.
While the phenolic foam, PUR, PIR, and expanded polystyrene are commonly used for retrofit wall
insulation in UK, the other four materials are less common, with VIPs and aerogel typically being more
expensive [57]. Their corresponding characteristics, including thermal conductivity, density, cradle to
gate embodied carbon and service life are presented in Table 1. For the embodied carbon factors for
different insulation materials, the Inventory of Carbon and Energy (ICE) database [58] provides the core
of the data used, but as not every insulation material is included yet, data from published journal papers
and EPDs have supplemented this to compare a wider range of insulation materials, while maintaining

the attributional system modelling approach taken in the ICE [59].

Table 1: The characteristics of different insulation materials

| . . Therm.a! Density Cradle to gate embodied carbon Sef"ice
nsulation material conductivity (kg/m?) factor (kgCOze/kg) life
(W/(m'K)) 9 gueeg (year)
Vacuuminsulated .
panels (VIPs) 0.003 [60] 190 [60] 8.3* [61] 40 [60]
Aerogel 0.015[62] 150 [62] 8.2[62] 50 [63]
Phenolic foam 0.022 [57] 40.5 [64] 7.021 [64] 60 [65]
Polyurethane 4.26 [58]
(PUR) 0.025 [66] 30 [66] 50 [60]
Polylsz)slys)nurate 0.0236 [67] 29 [67] 3.68 [67] 50 [68]
Expanded 3.29 [58]
polystyrene (EPS) 0.04 [66] 15 [66] 50 [3]
Glass wool 0.032 [66] 32 [66] 1.35% [58] 60 [69]
Wood fibre 0.038 [70] 40 [70] 0.98" [58] 80 [71]
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Note: * The mean of cradle to gate embodied carbon factor of VIP from four different sources in [61];
# This cradle to gate embodied carbon factor only covers CO, emission.

The typical wall construction for pre-1919 residential buildings is solid walls at least one brick thick with
lime mortar [21], with an assumed U-value of 2.1 W/(m?K) to match with both TABULA typology [72]
and SAP [73]. In this study, all eight insulation materials are considered to reduce the U-value of solid
wall to meet the UK building regulations, part L1B requirement of maximum 0.3 W/(m*K) [74], and the
higher passivehaus standard requirement of maximum 0.15 W/(m#K) [75]. Part L1B is the statutory
guidance set by building regulation in England for the energy performance of existing dwellings, the

target post-retrofit U-value of wall is 0.3 W/(m?K) when upgrading through external or internal insulation.

The U-value of the wall is calculated using the following equation 1 [76],

Where

U is the thermal transmittance of the wall, unit: W/(m?K);

Rg; is the internal surface resistance, unit: (m*K)/W;

d,,d,,, d, are thickness of the material layer 1,2,x, unit: m;

AL A, A, are thermal conductivity of material used in layer 1,2,x, unit: W/(m-K);
R,, is the external surface resistance, unit: (m>K)/W.

The thickness of insulation layer added to reduce the U-value of solid wall to meet the aforementioned

requirements is calculated following equation 2,
T=Ax(1/U, —1/U,) (2)

Where U, and U, are the thermal transmittance of the wall before and after the retrofit [W/(mzK)]; T is

the thickness of the insulation material [m]; A is the thermal conductivity of insulation material [W/(m-K)].

2.2 Whole life carbon analysis
The modular structure of a building life cycle in BS EN 15978 [56] has been adopted in this study.
Building renovations are generally accompanied with long-term benefits/impacts and these are typically
assessed considering a 20-50 years’ time period [77]. In this study, 3 life spans will be considered,

including 1) 30 years, to match with UK’s carbon reduction target in 2050; 2) 50 years, as it's the most

7
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commonly used life cycle assessment lifespan value [78, 79]; and 3) 80 years, to evaluate the long term
impact until the next century. The whole life carbon analysis in this study considered the following BS
EN 15978 life cycle stages: the product stage (A1-A3), construction process stage (A4 transport to
project site), use stage (B4 replacement and B6 operational energy use) and end of life stage (C2

transport to disposal facility).

The material consumed for the building life cycle covers both the quantities of building material in-place
and those wasted during the construction, as suggested by [80], the material needed from the
manufacture process is increased by 5% to account for the construction waste [81, 82]. Moreover, as
the service life of insulation materials might be shorter than the life span suggested for the building,
insulation will be replaced when it reaches the end of its service life. The mass of insulation material
needed per unit of wall area is calculated in equation 3, their corresponding cradle to gate embodied

carbon C; is calculated via the following equation 4.
m=pXxT xceil(L,/L;) X (100% + r) (3)
Co,=Dxm (4)

Where m is the mass of the insulation material per unit area needed [kg]; p is the density of the insulation
material [kg/m3]; L, is the assumed life span of the house after retrofit [year]; L; is the service life of the
insulation material [year]; r is the construction waste rate [/], which is 5% as discussed above; D is the

embodied carbon factor during the production stage [kgCO2e/kg].

According to the study of Cuéllar-Franca and Azapagic [83] on the life cycle assessment of the UK
residential sector, 22t trucks are assumed as the method to transport insulation material. The following
assumptions are made in line with Cuéllar-Franca and Azapagic [83], manufacturers’ gate to site
distance of 50km and the building to demolition waste destination of 30km. For the transportation
process, an empty return journey is assumed, this agrees with Babaizadeh, et al. [84] and Moncaster
and Symons [85], which results in a total journey load of 50%. The carbon emission factor
corresponding to it is 0.20598 kg CO2e/tonne.km (diesel rigid HGV) [86]. The embodied carbon from

transportation per unit area are calculated via the following equation 5-6.
Cr =mx 1073 x J x 0.20598 (5)

Ch=mx 1073 x J' x 0.20598 (6)
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Where C; and C; are the embodied carbon per unit area from gate to site and house to demolition waste
destination transportation [kg COze/tonne.km]; /] and J' are the gate to site and house to demolition

waste destination transportation distance [km], which is 50km and 30km respectively.

The installation of insulation on the solid wall will reduce the operational energy needed for indoor
thermal comfort control as a lower U-value is achieved. In this study, only heating energy need is
considered as majority of household in England do not have an air conditioning units for summer cooling
[87]. A simplified heating estimation method using degree days for energy estimation has been applied

to calculate the avoided heat flux during the in-use phase, using the following equation 7 [88]:
hours
AE = HDD x (U, — U,) X 24W /1000 (7)

Where AE is the annual reduction in energy flow through a unit area [kWh/m?], the HDD is the annual
heating design day [K-day], which has a long term mean of 2175.8 for Great Britain [89], the U, and U,

are the U-values of the solid wall before and after the installation of insulation [W/(m*K)].

To offset the heat loss through the wall and maintain a comfortable internal environment, energy is
consumed by heating system, which leads to operational carbon emissions. The corresponding

operational carbon emissions avoided per unit area can be calculated in equation 8-9 [88]

AE
ACannual = T X F (8)

ACtotal = ACannual X Lh (9)

Where AC 1 nua @Nd AC,,.o; @re the annual and total operational carbon emission reduction per unit area
from solid wall insulation [kg CO2e], 1 is the efficiency of the heating system [/]. As the most common
form of space heating in the UK [90], gas central heating was assumed to use a natural gas condensing
boiler with a efficiency of 90% [91], F is the carbon conversion factor of natural gas, which is 0.18385

kg CO2e/kWh [86].

The whole life net carbon emission per unit area C,,, is calculated to evaluate the overall impact from

adapting solid wall insulation, and it is calculated using equation 10.

Cyet = Cp + Cr + Cr — AC 511 (10)
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The carbon payback time (PT) of retrofitting solid walls in the pre-1919 Victorian house stock using
various insulation materials is calculated as the ratio between the additional embodied carbon emission
from insulation material and the annual operational carbon emission avoided, shown in equation 11.
The cradle to gate product and transportation embodied carbon exclude the replacement of insulation

material to identify the payback time of a single application of insulation.

G+ Cr G

PT (11)

A Cannual

2.3 Solid wall U-value uncertainty analysis
Although the commonly assumed U-value for solid wall is 2.1 W/(m*K), the on-site U-value varies from
building to building. After measuring 87 solid wall homes in England, Stevens, et al. [92] found that the
on-site U-value of solid walls varies between 0.64 W/(m?K) to 2.52 W/(m?K). To understand the carbon
payback of different insulation materials in real solid walls, whole life carbon analysis has been
conducted considering the pre-retrofit U-value of 2.52 W/(m#K) and 0.64 W/(m#K). The carbon payback
times of insulating the solid walls to meet the after retrofit U-value of 0.3 W/(m*K) and 0.15 W/(m?K)
are calculated using the same approach illustrated in section 2.1 and 2.2. Moreover, as a lower solid
wall U-value both before and after retrofit resulted in a longer carbon payback time, the likely worst case
scenario in solid wall insulation carbon payback time is also calculated. It is if a ‘typical’ U-value of 2.1
W/(m>K) is assumed, but the actual solid wall has a U-value of 0.64 W/(m?K), the amount of insulation
applied to achieve a post-retrofit U-value of 0.15 W/(m*K) will be calculated based on the higher U-
value. Meaning more insulation will be applied than required to achieve the target U-value (although

this will also result in a lower U-value).

2.4 Pre-1919 stock savings
An archetype approach is utilized to study the whole life performance of solid wall insulation in the pre-
1919 Victorian house stock. During the TABULA project, BRE developed national building typologies
representing the residential building stock of England based on dwelling age and built form type [72].
For the pre-1919 residential buildings, 3 typologies are identified, namely single family house pre 1919,
terraced house pre 1919 and multifamily house pre 1919. 3 archetypes are identified based on these 3
typologies. The wall surface area of every archetype is the same as the wall surface area of their
corresponding typologies in TABULA WebTool [93]. The English house survey 2013 [94] is referenced

for the latest information about the dwelling type and their corresponding dwelling age, with the later

10
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surveys no longer publishing this breakdown. The pre 1919 dwellings are classified into four types,
namely detached, terraced, semi-detached and flat. According to the original assignment of English
dwelling types to TABULA built form types [72], detached and flat dwellings are represented by the
single family house pre 1919 archetype and multifamily house pre 1919 archetype respectively, while
terraced and semi-detached are represented by the terraced house pre 1919 archetype, as semi-
detached houses are very similar to end of terrace houses with one shared wall and can be considered
as a two-dwelling terrace. The number of pre-1919 dwellings for each archetype is presented in Table
2, the terraced house pre 1919 archetype accounted for 66.3% of the pre-1919 dwellings, followed by
multifamily house pre 1919 archetype and single family house pre 1919 archetype. As the housing
demolition rate in the UK is lower than 0.3% [13], the demolition of pre-1919 dwellings after 2013 are
ignored. The ratio between number of buildings and number of dwellings from the TABULA project [95]

has been used to calculate the number of buildings for each pre-1919 residential archetypes.

Table 2: The pre-1919 residential archetypes

Residential
archetypes b
LI Ty
Single family house pre Terraced house pre Multifamily house pre
1919 1919 1919
Number of dwellings 592,000 3,082,000 974,000
Number of buildings 592,000 3,082,000 369,961
Wall surface area per
building (m?) 200.3 89.1 233.3

Note: images of archetypes from BRE typologies, their usage in this paper is approved by BRE

To evaluate the performance of installing solid wall insulation in the whole pre-1919 Victorian house
stock until 2050 for the national carbon reduction target, this study considered six future scenarios, with

six rates of retrofit, the detailed assumptions are as follows:

1) S1: The annual number of buildings insulated is 18,000. Based on the actual building solid wall
insulation installations in 2018 [26].

2) S2: The annual number of buildings being insulated is 36,000, doubling the current solid wall
insulation retrofit speed.

3) $S3: The annual number of buildings being insulated is 54,000, tripling the current solid wall

insulation retrofit speed.

11
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4) S4: The annual number of buildings being insulated is 72,000, four times the current solid wall
insulation retrofit speed.

5) 85: The annual number of building been insulated is 90,000, assumed based on the Committee
on Climate Change’s 2018 indicator in building solid wall insulation [26]

6) S6: As 9% of the properties with solid walls in Great Britain have already been insulated [28],
this scenario assumes the rest of uninsulated 91% of pre-1919 Victorian houses are retrofit with
solid wall insulation instantly in the first year, as all studied insulation materials have a service

life longer than 30 years, no replacement of insulation material is considered before 2050.

For S1 to S5, a gross annual number of buildings being insulated is set, assuming that every residential
archetype has an equal possibility of installing solid wall insulation. Thus, the number of buildings being
retrofitted in each residential archetype is apportioned according to their ratio of the pre-1919 Victorian
house stock. The number of buildings that have been retrofitted annually is calculated using equation

12 for each residential archetype.

Bj
3
Xis1 Bj

n]-=N><( )(12)

Where n; is the annual number of buildings that have had solid wall insulation installed for residential
archetypes j [/], N is the gross annual number of buildings being insulated [/], B; is the number of
buildings in the pre-1919 Victorian house stock for residential archetypes j [/], the archetypes including

all three shown in Table 2.
The annual wall surface area being retrofitted is calculated via equation 13.
A =230y xS) (13)
Where A4, is the wall surface area being retrofitted annually at the k™ year [m?]; S; is the wall surface
area per building for archetype j [m?].

For S6, the annual wall surface area being retrofitted is calculated via equation 14.

3
4, = 2(91% X B]- X S]-),Whenk =1

Jj=1

(14)
0,whenk >1

The carbon performance of solid wall insulation at the whole pre-1919 Victorian house stock level is

evaluated annually from 2021 to 2050 considering the above mentioned six scenarios. At the k" year,

12



the stock level annual cradle to gate production embodied carbon S, and gate to site transportation
embodied carbon S;, are calculated via equations 15 and 16, while the stock level operational carbon
emissions avoided AS,, and annual net carbon emissions from insulation S,,,, are calculated by

equation 17 and 18. As the buildings’ total wall surface area are used in equation 17, the results are

likely to overestimate the operational carbon emissions avoided, as the reduction in heat loss will be
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less significant when insulating solid party wall compared to solid external wall.

Sy = Cp X Ay

Sr=Cr XA,

(15)

(16)

k
Ao = Mammuar X ) Az (17)

zZ=

1

Snetk =Spx + Stk —ASp  (18)

The accumulated carbon reduction R, at the k' year is calculated use the following equation 19.

3. Results

k
Rk = E Snet,z
z=1

3.1 The demand for insulation materials

With a known solid wall U-value before and after the installation of insulation, the thickness needed to
achieve a U-value equal or less than 0.3 W/(m#K) and 0.15 W/(m?-K) can be calculated, the results are
presented in Table 3. The material thickness had been rounded up to ensure it meets the required U-
value. The thickness of vacuuminsulated panels (VIPs) and aerogel is much thinner than the other

insulation materials, which potentially leads to a space saving benefit when applied as internal wall

insulation.

(19)

Table 3: The insulation material thickness to achieve required U-values

Insulation material

Material thickness [mm]

U-value=0.3 W/(m>K)

U-value=0.15 W/(m?*K)

Vacuuminsulated panels (VIPs) 9 19
Aerogel 43 93
Phenolic foam 63 137
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Polyurethane (PUR) 72 155
Polyisocyanurate (PIR) 68 147
Expanded polystyrene (EPS) 115 248
Glass wool 92 199

wood fibre 109 236

The mass of the insulation material needed per unit area to achieve the assumed U-value for brick solid
wall is presented in Figure 2. Aiming to achieve a U-value of 0.3 W/(m*K), when considering a building
life extension (post-retrofit) of 30 years, the mass of insulation per unit area ranges from 1.80 kg for
vacuum insulated panels to 6.77 kg for aerogel. When increasing the building life extension to 50 years,
the mass of insulation per unit area ranges from 1.81 kg for expanded polystyrene to 6.77 kg for aerogel.
In this scenario, expanded polystyrene has the lowest weight as the vacuum insulated panels will need
to be replaced within the 50 years lifetime extension. Further increases in the building life extension to
80 years will result in a dramatic rise in material mass, from 3.59 kg for vacuum insulated panels to
13.55 kg for aerogel. All insulation materials require replacement once in the lifespan of the building,
with the exception of wood fibre which has a service life of 80 years. Similar trends also appear when
achieving a U-value of 0.15 W/(m?-K), insulation material mass increasing with a longer building lifetime
extension — due to the replacement cycles of the insulation materials. It varies from 3.79 kg for vacuum
insulated panels, with a building life extension of 30 years to 29.30 kg for aerogel with a building life

extension of 80 years.

[ 80 years building life extension ] 50 years building life extension [ 30 years building life extension

l: - Glass wool L :’
% - Expanded polystyrene (EPS) + ?
|_E - Polyisocyanurate (PIR) 4 ?

: - Polyurethane (PUR) - :l

I 3 Aerogel - I
E L Vacuuminsulated panels (VIPs) < E
15 12 9 6 3 0 0 5 10 15 20 25 30
The mass of insulation per unit area (kg) The mass of insulation per unit area (kg)
After retrofit U-value=0.30W/(m?K) After retrofit U-value=0.15W/(m>K)

Figure 2 The mass of insulation material per unit area to achieve a post-retrofit U-value of 0.3 W/(m*K) and 0.15
W/(m*K)
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3.2 The whole life carbon analysis results
The whole life carbon emissions per unit area results are presented in Table 4, including product stage
carbon emissions, transportation carbon emissions and saved operational carbon emissions. Whole life
net carbon emissions are also calculated to show the overall net carbon impact per unit area of using

various insulation material to retrofit the solid walls of pre-1919 Victorian house stock in England.

15



Table 4: Whole life carbon emission per unit area results (Units: kgCO2e)

Post-retrofit

Expanded

Carbon Building Vacuum insulated Aerogel Phenolic | Plyurethane | Polyisocyanurate olvstvrene Glass Wood
emission U-value : . panels (VIPs) 9 foam (PUR) (PIR) polysly wool fibre
2 life extension (EPS)
(W/(m2K))
(years)
30 14.90 55.53 18.81 9.66 7.62 5.96 4.17 4.49
Product 50 29.81 55.53 18.81 9.66 7.62 5.96 4.17 4.49
80 29.81 111.07 37.62 19.32 15.24 11.92 8.35 4.49
30 0.02 0.07 0.03 0.02 0.02 0.02 0.03 0.05
Gate to site 50 0.04 0.07 0.03 0.02 0.02 0.02 0.03 0.05
transportation
80 0.04 0.14 0.06 0.05 0.04 0.04 0.06 0.05
30 576.03 576.03 576.03 576.03 576.03 576.03 576.03 576.03
Saved
operational 0.3 50 960.05 960.05 960.05 960.05 960.05 960.05 960.05 960.05
80 1536.08 1536.08 1536.08 1536.08 1536.08 1536.08 1536.08 1536.08
House to 30 0.01 0.04 0.02 0.01 0.01 0.01 0.02 0.03
demolition
waste 50 0.02 0.04 0.02 0.01 0.01 0.01 0.02 0.03
destination 80 0.02 0.08 0.03 0.03 0.03 0.02 0.04 0.03
transportation
30 -561.10 -520.38 -557.18 -566.33 -568.38 -570.04 -571.81 -571.47
Whole life net 50 -930.19 -904.40 -941.20 -950.35 -952.40 -954.06 -955.83 -955.49
80 -1506.22 -1424.79 | -1498.37 -1516.68 -1520.77 -1524.10 -1527.63 | -1531.52
30 31.46 120.11 40.90 20.80 16.47 12.85 9.03 9.71
Product 50 62.92 120.11 40.90 20.80 16.47 12.85 9.03 9.71
80 62.92 240.22 81.81 41.60 32.94 25.70 18.05 9.71
30 0.04 0.15 0.06 0.05 0.05 0.04 0.07 0.10
Gate to site 0.15 50 0.08 0.15 0.06 0.05 0.05 0.04 0.07 0.10
transportation
80 0.08 0.30 0.12 0.10 0.09 0.08 0.14 0.10
30 624.03 624.03 624.03 624.03 624.03 624.03 624.03 624.03
opiraavtie(;jnal 50 1040.05 1040.05 1040.05 1040.05 1040.05 1040.05 1040.05 1040.05
80 1664.09 1664.09 1664.09 1664.09 1664.09 1664.09 1664.09 1664.09

16




House to
demolition
waste
destination
transportation

Whole life net

30 0.02 0.09 0.04 0.03 0.03 0.02 0.04 0.06
50 0.05 0.09 0.04 0.03 0.03 0.02 0.04 0.06
80 0.05 0.18 0.07 0.06 0.06 0.05 0.08 0.06
30 -592.51 -503.68 -583.03 -603.15 -607.49 -611.12 -614.90 -614.16
50 -977.01 -919.70 -999.05 -1019.17 -1023.51 -1027.14 -1030.92 | -1030.18
80 -1601.04 -1423.38 | -1582.09 -1622.33 -1630.99 -1638.26 -1645.81 | -1654.21

17




A WN

()}

10

11

12

13

14

15

16

17

18

19

20

21

Wood fibre 98.96% 1.04%

Glass wool 99.24% 0.76%
_TE Expanded polystyrene (EPS) 99.69% ‘ 0.31%
§ Polyisocyanurate (PIR) 99.72% 0.28%
-g Polyurethane (PUR) 99.76% ‘ 0.24%
:§ Phenolic foam 99.85% 0.15%
Aerogel 99.87% 0.13%
Vacuuminsulated panels (VIPs) 99.88% 0.12%

98.80% 99.00%  99.20%  99.40%  99.60%  99.80% 100.00%

Percentage of cradel to site embodied carbon emissions
O Product Gate to site transportation

Figure 3 The breakdown of the cradle to site embodied carbon emissions

Looking at the breakdown of the embodied carbon emissions (as show in Figure 3), the gate to site
transportation carbon emissions are almost negligible if compared with the cradle to gate product
carbon emissions, for all the insulation materials, gate to site transport accounts for less than 1.1% of
cradle to site carbon emissions. When the transport distance is increased to 100km and 200km, the
carbon emissions from gate to site transportation will increase up to 2.1% and 4.0% of the cradle to site
carbon emissions respectively. The cradle to gate product carbon emissions per unit area ranges from
4.17 kgCO2e (using glass wool to achieve U-value of 0.3W/(m*K), considering a 30 years post-retrofit
building life span) to 240.22 kgCO:ze (using aerogel to achieve U-value of 0.15W/(m?-K), considering a
80 years post-retrofit building life span). Moreover, it's important to note that the cradle to gate embodied
carbon intensity for glass wool and wood fibre only accounts CO2 emissions, their evaluation of cradle

to gate product carbon emission per unit area are thus underestimated.

As proved by calculation results shown in Table 4, although insulating solid walls brings extra embodied
carbon emissions, the operational carbon emissions decrease so dramatically that it results in a gross
carbon emission reduction considering the whole life cycle. Although the selection of insulation material
has a great impact on the carbon emission during the cradle to gate product process and transportation
process, their impact on the whole life carbon emissions is diluted due to the significant carbon
emissions reduction from operational energy saving. For all scenarios considered above, with different

U-values, insulation materials and building life extension times, the whole life carbon emission saving
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per unit area varies from 503.68 kgCOze to 1654.21 kgCOze. Adding a thicker layer of insulation
material to achieve a lower U-value is worthwhile for all materials studied in this study, apart from
aerogel. As the whole life net carbon reduction per unit area is higher for a U-value of 0.15W/(m?K)
compared to 0.3W/(m*K). Moreover, extending the building life span after retrofit should also be

promoted as increasing building life extension reduces the whole life carbon emissions.

The carbon payback time of insulating the pre-1919 Victorian house stock using the different materials
is presented in Figure 4. The carbon payback time for achieving a U-value of 0.3W/(m?-K) varies from
0.22 years for glass wool to 2.90 years for aerogel. Whilst pursuing a lower U-value of 0.15W/(m?K)
almost doubled the carbon payback time to range from 0.44 years for glass wool to 5.79 years for
aerogel. Although lower post-retrofit U-value will have a longer carbon payback time, it is also able to
achieve bigger whole life net carbon reduction for all materials except aerogel, as shown in Table 4.
Under all scenarios considered in this study, the carbon payback time is less than 6 years. The short
payback time of insulating the solid walls for pre-1919 Victorian house stock indicated that they started

to reduce whole life carbon emissions very quickly.

Wood fibre  zzzzm .47
Glass wool 0.44
Expanded polystyrene (EPS) ZZzz (62
Polyisocyanurate (PIR) 0.80
Polyurethane (PUR)  zzzzzzzzza 1 00

Phenolic foam 22 s 1,97

Insulation materials

Aerogel T . 7O
Vacuuminsulated panels (VIPs)  B22immzs 150

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Year(s)

U=0.3 W/(m%K) EU=0.15 W/(m?2-K)
Figure 4 The carbon payback time of solid wall insulation (considering a pre-retrofit U-value of 2.1 W/(m*K))

3.3 The solid wall U-value uncertainty analysis results
Considering the real solid wall U-value range, to analyse the uncertainty in the U-value assumption of
2.1 W/(m*K), the carbon payback time range for achieving a post-retrofit U-value of 0.3 W/(m?K) and
0.15 W/(m?K) where the starting U-value ranges between 0.64 W/(m*K) to 2.52 W/(m?:K) is shown in

Figure 5. As expected, the solid wall insulation carbon payback times are increased when the solid wall

19



1 pre-retrofit U-value decreases. However, considering the lowest pre-retrofit U-value, in the worse cases
2  the carbon payback times to achieve an post-retrofit U-value of 0.3 W/(m#K) and 0.15 W/(m*K) are

3 less than 10 years and 20 years respectively.

Wood fibre &,
Glasswool &1 |

73 Expanded polystyrene (EPS) @.
5]
- . 7
g Polyisocyanurate (PIR) @,
c
o L
= Polyurethane (PUR) @,
E =
2 Phenolic foam =
Aeroge| PR
Vacuuminsulated panels (VIPs) m.
0 5 10 15 20

Carbon payback time (year)
7 U=0.3 W/(m?K) EU=0.15 W/(m2-K)

4

5 Figure 5 The carbon payback time range of different solid wall insulation materials, considering a pre-retrofit u-
6 value range from 0.64 to 2.52 W/(m*K)

7

8  This worst case carbon payback time of excessive insulation for a solid wall with pre-retrofit U-value of
9  0.64 W/(m*K) is presented in Figure 6. This demonstrates that all the materials studied have a carbon

10 payback time of less than 23 years, which is still considerably shorter than material service life.

Wood fibre W 1.82
Glass wool W 1.68
Expanded polystyrene (EPS) Il 2.37
Polyisocyanurate (PIR) I 3.04
Polyurethane (PUR) I 3.84
Phenolic foam I 7.54

Insulation materials

Aerogel NI 22,12
Vacuuminsulated panels (VIPs) IS 5.79

0.00 5.00 10.00 15.00 20.00 25.00
Carbon payback time (year)

11
12 Figure 6 The carbon payback time of solid wall insulation (considering a pre-retrofit U-value of 0.64 W/(m*K))
13
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3.4 The stock carbon reduction from solid wall insulation
Glass wool is selected as an example to demonstrate the whole life carbon performance under various
retrofit speeds for insulating the pre-1919 Victorian house stock with solid wall insulation, as it has the
shortest carbon payback time in the eight types of insulation materials analysed in this study. Although,
if carbon sequestration was included, wood fibre could be considered to have negative cradle to gate
emissions, as for those products [96-98], due to the removal of CO2 from the atmosphere during tree
growth. In this case the end of life treatment is critical, as landfill, or incineration would result in release
of greenhouse gases back into the atmosphere, whereas, reuse and then recycling of wood fibre (or
indeed other products) would retain the material, and the carbon storage within it. Giving the importance
of the end of life treatment on carbon storage, we have not included sequestration in our cradle to site

assessment.

Considering the use of glass wool to insulate a solid wall to achieve an post-retrofit U-value of
0.15W/(m?-K) (from a pre-retrofit U-value of 2.1 W/(m?K)), the annual net carbon emissions for pre-
1919 Victorian house stock from 2021 to 2050 is presented in Figure 7. For six scenarios described in
section 2.4, all scenarios achieve negative annual carbon emissions. Moreover, as expected, the faster

the retrofit speed, the larger carbon reduction from solid wall insulation of pre-1919 Victorian house

stock.
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Figure 7 The annual net carbon emissions for the six different installation rate scenarios from insulation
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The accumulated carbon reduction for all six scenarios is shown in Figure 8. Through 30 years of
applying glass wool solid walls insulation in pre-1919 Victorian house stock, the accumulated carbon

reduction in 2050 varies from 20.1 MtCOze for S1 to 268.3 MtCOze for S6.
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Figure 8 The accumulated carbon reduction for the six different installation rate scenarios

When taking the on-site pre-retrofit U-value ranges between 0.64 W/(m*K) to 2.52 W/(m#K) into
account, the accumulated carbon reduction of insulating solid walls of pre-1919 Victorian stock to a
post-retrofit U-value of 0.15 W/(m*K) is presented in Figure 9, with two retrofit speeds (S1 and S6)
present as examples. Depending on the real pre-retrofit U-value distribution of solid walls in pre-1919
Victorian house stock, the stock level accumulated carbon reduction till 2050 ranges from 4.7 to 24.5

MtCO:ze for S1, and ranges from 65.2 to 326.9 MtCO-e for S6.
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Figure 9 The accumulated carbon reduction range for S1 and S6 considering the pre-retrofit U-value ranges
between 0.64 W/(m*K) to 2.52 W/(m*K), and post-retrofit U-value of 0.15 W/(m?K), with the plotted line assumes
the pre-retrofit U-value as 2.1 W/(m?K)

S6 is the only future scenario to have retrofit all uninsulated pre-1919 Victorian houses by 2050, while
the number of homes that still need to be retrofit for the other five future scenarios varies from 980,005

(S5) to 3,140,005 (S1) after 2050 .

4. Discussion
This study has analysed the whole life carbon emissions of solid wall insulation of the pre-1919 Victorian
house stock in England. By using glass wool, the insulation material with the shortest carbon payback
time, reducing the solid wall U-value from 2.1 W/(m#K) to 0.15 W/(m*K), the cradle to site embodied
carbon emissions to retrofit all uninsulated pre-1919 Victorian house stock is around 4.0 MtCO-e, 0.89%
of the UK’s 2018 GHG emissions (451.5 MtCOze [99]). 30 years of building life extension with this
additional insulation results in a maximum carbon reduction of 268.3 MtCOZ2e. This is equivalent to
more than 3.8 times of the impact of the UK’s residential direct GHG emissions in 2018 (69.1 MtCOze
[99]). Thus, insulating the solid walls of the pre-1919 Victorian housing stock has the potential for
considerable carbon benefits, and should be considered a critical part of meeting the UK’s 2050 net
zero greenhouse gas ambitions. However, installation rates are still low, and as shown in our scenario

modelling, installation rates need to be rapidly increased for significant carbon benefits to be achieved.
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Considering the amount of properties that still have uninsulated solid walls, policy incentives, financial
support and other promotion measures are likely to be needed to increase the uptake of solid wall

insulation.

This study is based on the assumption of continuing use of natural gas condensing boiler for space
heating. However, with the governmental renewable heat scheme like Domestic Renewable Heat
Incentive (RHI) [100], biomass boilers, solar water heating and heat pumps could become more popular.
A switch from natural gas boilers to other renewable heating sources would also reduce operational
carbon emissions. Homes that install renewable heating sources in addition to solid wall insulation
would have different embodied carbon payback times to those modelled in this paper, which assesses
payback as a result of the reduction in the demand for gas for heating. However, reducing the heat
demands of a home (through solid wall insulation) may make renewable heat alternatives more viable
to provide comfortable internal temperatures, especially when low-temperature heating is adapted
[101], and thus the two solutions would work well in tandem. Solid wall insulation is also likely to reduce

fuel poverty and reduce the health impacts of cold homes [29].

4.1 Data availability

A detailed whole life carbon analysis is still challenging due to the limited information available, even
for the cradle to gate embodied carbon emissions data. This study uses cradle to gate embodied carbon
emission data from trustworthy sources, including the Inventory of Carbon & Energy databases,
published journal papers and environmental product declarations. However, currently there are still
issues such as non-unified embodied carbon reporting boundaries, the diversity of what types of gas
are counted in the carbon emissions, e.g. all greenhouse gases or only carbon dioxide. All cradle to
gate embodied carbon emissions of common insulation materials should be undertaken following a
standard procedure, e.g. EN 15804 [102], with consensus on the system modelling approach and
including all greenhouse gases. More consistent product/material studies of this type would assist in
building level assessments. Although there are Environmental Product Declarations (EPD) available for
those materials from manufacturer for glass wool [69, 103] and wood fibre [96-98], the cradle to gate
varies depending on the manufacturers’ detailed production process, e.g. glass wool 0.96 to 1.62
kgCO2e/kg; and wood fibre -1.12 to -0.95 kgCO2e/kg. Therefore, instead of selecting a single EPD
value, representative general cradle to gate embodied carbon values from the ICE database have been

used in this study. The embodied carbon of glass wool used in the analysis from ICE database is 1.35
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kgCO2e/kg, although it’s only covers CO, it sits nicely in the range of glass wool. The embodied carbon
of wood fibre used in the analysis is positive, as carbon sequestration is not integrated into the data of
ICE due to global tree populations decline and fail to reach a steady-state balance between
consumption and replenishment [104]. Further development of comprehensive, consistent cradle to
gate embodied carbon databases (e.g. the Inventory of Carbon and Energy [105]) for use in the built
environment would assist wider uptake of embodied carbon calculations, and should ensure
comparison studies of different materials are subject to less uncertainty. It is also worth noting that, life
cycle assessment has various implicit uncertainties, including those from data variability and quality
(parameter uncertainty), methodological choices (scenario uncertainty) and impact assessment
methods (model uncertainty) [106]. Future studies could also examine these uncertainties in the context
of national whole life carbon stock models. Besides, as large amount of electricity is used in the
manufacture of insulation materials, their embodied carbon will likely decrease with the decarbonisation
of electricity grid. Therefore, a frequent update of the embodied carbon databases will be beneficial to

improve embodied carbon calculations accuracy.

4.2 Internal versus external insulation

In this study, the installation of insulation material on the solid walls is simplified without considering the
placement of insulation layer. In real world applications, there are pros and cons for both external and
internal wall insulation. Even though external wall insulation avoids the internal surface and space
interruption, it can change the building’s external aesthetic and thus may be unfavourable, particular for
those buildings with facades of architectural and historical merit. The is significant for the pre-1919
Victorian housing stock, considering that a quarter of the dwellings built before 1919 are preserved,
including 1.2 million dwellings in conservation areas and about 300,000 individual residential buildings
listed as architecturally important [13]. Internal wall insulation is preferable to maintain buildings external
appearances. However, there are cases where internal wall insulation might lead to moisture
accumulation within the wall [107], which affects both the structural integrity and the health of occupants
[108]. Therefore, the placement of insulation materials should be carefully evaluated at an individual

building level.

4.3 Limitations of the study
This paper assumes that the thermal performance of insulation material is a constant during its service

life, without considering the effect of aging. However, in reality aging will lead to a decrease in insulation
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thermal resistance [109]. Even for vacuum insulated panels (VIPs), which is commonly recognized as
a high-performance thermal insulation solution, climate factors, including temperature, moisture, and

pressure will downgrade its thermal performance [110].

With a focus on carbon emissions reduction, this study only considers the whole life carbon performance
of the insulation material selection of the solid wall insulation, however, there are other layers in internal
or external insulation treatments, e.g. a finish render/plaster, protective mesh, higher rise buildings may
require structural support of external insulation. Where the scope is more detailed to the individual
building level and considers either external or internal treatment, and building height these elements
should be included. In addition, apart from the whole life carbon perspective investigated in this paper,
other economical and construction factors, such as the material price, and installation ease will influence

the decision making of the insulation material selection.

5. Conclusion
This study has adopted a whole life carbon analysis approach to investigate the solid wall insulation of
the pre-1919 Victorian house stock in England. Eight types of insulation materials that are currently
available on the market are studied, namely: vacuum insulated panels (VIPs), aerogel, phenolic foam,
polyurethane (PUR), polyisocyanurate (PIR), expanded polystyrene (EPS), glass wool and wood fibre.
Their whole life carbon emissions considering 30, 50 and 80 years of building life extension have been
calculated. Moreover, the stock level carbon reduction performance of different future solid wall retrofit

speeds is also compared. The main results from the analysis can be summarised as follows:

e To retrofit solid walls to meet the requirements of current UK building regulations, 1.80kg to
13.55 kg of insulation material is needed per unit area, depending on material used and building
life extension; further retrofit to meet the higher passivehaus standard requires insulation
material between 3.79kg to 29.30kg per unit area.

e Considering a manufactures’ gate to site distance of 50km, the gate to site transport carbon
emissions of insulation materials accounted for less than 1.1% of the cradle to site embodied
carbon emissions.

e Solid wall insulation leads to a dramatic reduction in operational carbon emissions, which pays
back extra embodied carbon emissions from insulation materials and achieves gross carbon

emission reduction considering the whole life cycle. The whole life carbon emission saving
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varies from 503.68 kgCO2e to 1654.21 kgCO2e per unit area considering three post-retrofit
building life spans (30, 50 and 80 years) and two post-retrofit U-values (0.3 and 0.15W/(m>K).

e The carbon payback time of insulating the solid wall of pre-1919 Victorian house stock with a
pre-retrofit U-value of 2.1W/(m?K) is very short, less than 6 years. With polyisocyanurate (PIR),
expanded polystyrene (EPS), glass wool and wood fibre having a carbon payback time of less
than one year.

e Retrofitting solid walls by adding glass wool insulation achieves negative annual carbon
emissions. The faster retrofit speed is, the larger carbon reduction in the stock level. The
accumulated carbon reduction varies from 20.1 MtCOze to 268.3 MtCOze when insulating solid
walls in the pre-1919 Victorian house stock using glass wool.

o Considering the service life of insulation materials, solid wall insulation is shown to be a carbon

efficient retrofit measure for the pre-1919 Victorian house stock in England.

The results from this study highlight the whole life carbon benefits from insulating the solid walls of pre-
1919 Victorian house stock. More actions, e.g. policy incentives and financial support should be taken
to promote the installation of solid wall insulation to support the UK national carbon reductions target.
Furthermore, the results from this study will be applicable to buildings internationally with similar solid
wall construction. The archetype whole life carbon method developed could also be applied to building

stocks internationally.
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