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Existing buildings generate 30% of global emissions because of
the energy required to heat, cool and power them. Mass im‑
provements in building fabric efficiency and heating/cooling
systems are therefore imperative. Fast‑running modelling ap‑
proaches are thus necessary to identify appropriate interven‑
tions for the global building stock. This paper presents a new
parametric formulation to determine the best whole‑life carbon
intervention as a function of building form. We demonstrate
that buildings of inefficient form have greater potential for en‑
ergy savings, providing a useful prioritization tool for future
planning decisions. We present results as a novel graphical
tool, which can be used to identify the lowest carbon scenario
for any building form across a combination of building storeys
and glazing ratios. This is applied to a cool‑temperate climate,
comparing a retrofit scenario, to the option of replacementwith
new construction. Finally, we apply the formulation to a subset
of the UK educational building stock, assessing 15 193 forms.
For this scenario, we conclude that retrofit always results in
lower whole‑life carbon compared to replacement with attain‑
able new construction standards. This work provides practical
assistancewith early stage decision‑making and theoretical un‑
derstanding of how form influences energy consumption and
whole‑life carbon emissions.

1. Introduction
Global building stocks account for approximately 40% of total
carbon emissions, with 70% from operational energy consump‑
tion and 30% from the embodied impacts of materials [1]. Carbon
mitigation is urgently needed in the built environment sector to
reduce the future impacts of climate change. In cold and cold‑
temperate climates, current and future operational carbon emis‑
sions are dominated by heating owing to a reliance on fossil
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fuel boilers [2]. Since these boilers, by definition, release greenhouse gases to produce heat, they cannot
be decarbonized without intervention in our existing buildings.

In Europe, the European Union (EU) has set out plans to phase out boilers powered by fossil fuels
completely by 2040 [3]. Globally, other heating dominated nations also aim to remove non‑renewable
heat sources. For instance, the UK plan to stop new installations of gas boilers by 2035 [4] and Canada
would need 10% of homes to be heated by heat pumps to meet 2030 climate targets [5]. Replacement of
these systems with low‑carbon alternatives such as heat pumps presents additional challenges including
the sustainable and constant provision of electricity [6]. The electrification of the built environment will
only be a carbon‑neutral strategy when paired with successful decarbonization of electricity production.
This decarbonization will require larger levels of intervention as consumption increases.

Therefore, building fabric retrofit, including insulation and air tightness improvements, remain essen‑
tial in improving energy efficiency to minimize the increase in electricity consumption resulting from
the transition away from fossil fuels. In fact, in Europe, approximately 97% of stock needs upgrading
in efficiency to meet 2050 decarbonization targets [7]. With over 200 million buildings in the EU and
Switzerland alone [8], this demonstrates the required level of mass intervention. The material choice
of this intervention and its embodied impacts has also been shown to be pivotal to whether a country
can meet its retrofit carbon budgets, showing the importance of considering emissions over a building’s
entire lifespan when employing carbon mitigation strategies [9].

The importance of understanding whole‑life carbon emissions becomes evident when comparing
retrofit to the alternative of demolition and new construction. This comparison, made for a residen‑
tial case study, shows very different results depending on whether only an upfront embodied carbon
assessment is undertaken or a whole life analysis [10]. The upfront embodied carbon savings of the
retrofit compared to the new construction scenario are significantly diminished over the building’s lifes‑
pan owing to the worse operational performance of the retrofit case [10]. These findings demonstrate the
importance of understanding the balance between operational and embodied carbon when consider‑
ing future interventions to the stock. A systematic review of existing work also shows that the majority
of publications undertake such analysis at the individual building level [11]. There also exists a wide
variation in the methodologies adopted [11,12], e.g. which stages of the building lifecycle are assessed
[11] and what lifespan/study period is adopted [11]. While demonstrative, these case studies, however,
pose a disadvantage. As building characteristics, e.g. fabric efficiency and geometry, are likely to change
between individual case studies, it thus remains difficult to draw generalized trends from the work to
date.

Both the efficacy of building fabric retrofit andmaterial consumption are related to a building’s geom‑
etry, which can be defined as its geometric form. Building form defines the relationship between exposed
surface area and the internal volume of a building. Therefore, form provides a proxy for the relative im‑
portance of the heat losses through walls, floor and roof and the heat loss through the infiltration of cold
outdoor air owing to ventilation losses. Consequently, buildings of the same fabric characteristics can
have different energy consumption because of higher exposed area compared to the heated internal vol‑
ume and floor area. In fact, form is shown to impact the energy efficiency of a building [13–16] as well as
the embodied carbon of new constructions [15]. From a retrofit perspective, the required insulation levels
to achieve a similar energy efficiency level are higher for buildings with a larger volume‑to‑floor area ra‑
tio [17]. Therefore, understanding the impacts of form has applications for whole‑life carbon assessments
of retrofit as it impacts both operational and embodied carbon of a building. At scale, a national residen‑
tial stock study shows that prioritizing retrofit of the worst performing buildings assists with meeting
governmental carbon reduction targets [18]. As form impacts the energy efficiency of a building [13–16],
there are further potential applications to use form to identify and prioritize retrofit where it will make
the largest impact on total emissions. However, it is not understood how building form influences which
intervention scenario for existing buildings will cause the lowest carbon emissions from both an energy
and material consumption standpoint. It is this gap in knowledge we seek to fill.

In this work, we offer a parametric formulation of whole‑life emissions as a function of building form
and quantify the impact of this on the choice of low‑carbon interventions within the built environment.
We analytically connect key building form factors with heating energy consumption, total operational
and embodied carbon. By making this connection (rather than undertaking singular case study analysis
as common in whole‑life assessments [11]) a broader understanding of how different building charac‑
teristics impact energy consumption and whole‑life carbon retrofit decisions is achieved. This allows
for rapid assessment and visualization of how future decision‑making may change for many different
building forms.
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The rest of this paper will be organized as follows. We first parametrize building form as a func‑

tion of form factors and quantify the relationship between building form factors and whole‑life carbon
intervention decisions. This will then be validated using existing building geometries to demonstrate
the potential for these decisions to change within realistic stock types which is followed by concluding
remarks.

2. Building form and components
Building form can be measured in many ways, with past work typically using a single factor to compare
different building designs [13,15–17,19]. For example, one commonly used metric is surface area to vol‑
ume ratio (S∕V), which calculates the ratio of external surface area to internal volume. Buildings with
smaller S∕V are shown to have lower energy consumption [13,16]. However, this value is not dimen‑
sionless and is influenced by building size. Therefore, two buildings of the same form can have different
values, which limits the ability to use this factor for direct comparisons between shapes [19]. One mea‑
sure of compactness has been defined which is the ratio of building surface area (S) to minimum surface
area required to enclose the same volume (Smin). By creating a scale‑independent measure of form this
value is not influenced by building size unlike S∕V [19].

This measure of compactness uses both aspect ratio (r=W∕L), which is the ratio of building width
to length and slenderness (k=H∕L), which is the ratio of height to length [19]. In multi‑storey building
design a small aspect ratio, combined with a larger floor area per storey reduces not only heating and
cooling energy consumption but the upfront embodied carbon emissions [15].

By defining form as a single parameter such as compactness, S∕V, or solely aspect ratio, one cannot
distinguish between the potential differences in the thermal performance of different building surfaces.
Where this difference is high, which commonly occurs owing to relatively poor performance of glaz‑
ing compared to other elements, these shape factors do not account for worse performance of certain
building forms.

When kept separate, aspect ratio (r) and slenderness (k) account for any differences in performance
between fabric elements. This allows for building form to be described for any rectangular building form
and distinguish between potential thermal performance variations of different building elements. From
these form factors, the analytical connection between form and energy consumption and whole‑life car‑
bon can be quantified, allowing for whole‑life carbon decision‑making for many buildings of different
shapes and sizes.

2.1. Modelling whole-life carbon as a function of building form
The following sections will use the previously discussed form factors, aspect ratio, r, and slenderness, k,
to analytically express both energy consumption [kWh], F, and whole‑life carbon emissions [KgCO2e], E,
in terms of building form.

First, we describe the developed model, which expresses thermal energy consumption as a function
of building form, in a cool‑temperate climate. To understand heating energy consumption, we define
the heat losses through the building fabric and ventilation in terms of form factors to define the building
base temperature [°C], 𝜃b. The base temperature is defined as the external temperaturewhere nomechan‑
ical heating is required and therefore can be compared to the actual external temperature to understand
heating requirements. This is a measure commonly calculated when adopting the degree days method‑
ology, an established method that has advantages over extremely simplified methods as it accounts for
fluctuation in outdoor temperature [20]. Owing to various simplifications it is seen as having limited
accuracy in comparison to more detailed dynamic thermal simulation [20]. However, degree days have
been deemed appropriate as a reference point and basis for this body of work, because despite the limita‑
tions its ease and speed of implementation make it an ideal choice for very early design decisions where
large amounts of detail and inputs, such as exact occupant behaviour, are not likely to be collected [21].

Therefore, by inputting form factors directly into the degree days model we can understand how
form influences energy consumption alongside key characteristics of a building, e.g. fabric losses using
the U‑value (Wm−2K), U and ventilation losses using the infiltration rate (hr−1), N.

Secondly, the parametric contribution of building form to total embodied carbon is demonstrated.
Assessing both operational and embodied contributions to carbon emissions allows for total whole‑life
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carbon to be expressed as a function of key building form factors and an understanding of the influence
of building form on the lowest whole‑life carbon intervention.

We assume this rectangular form throughout the rest of the paper. See the electronic supplemen‑
tary material, S3 for a quantification of the impact of this simplification for a wide range of real existing
building forms.

3. Thermal energy consumption
To understand the impact of retrofitmeasures, the energy consumption of a buildingmust first be under‑
stood. We can describe this by splitting total energy consumption (kWh m−2) into its component parts:

Ftotal = Fheating + FDHW + Fkitchen + Felec, (3.1)

where Fheating is the total energy consumption from heating the space, FDHW accounts for total hot water
usage by occupants, Fkitchen refers to any fossil fuel usage owing to cooking. Felec defines the total electric‑
ity consumption from occupant behaviour such as equipment and lighting as well as any electrically run
mechanical systems such as ventilation and cooling systems.

As this paper focuses on the reduction in fossil fuel usage in a cool‑temperate climate [22], the aim
is to reduce the total thermal energy consumption in the space. Natural ventilation, with no mechani‑
cal cooling, is shown to be a commonly adopted strategy within cool‑temperate countries [23,24]. This
building services strategy is prevalent in residential [25,26] and non‑residential [27] buildings, especially
for older buildings [28], which will require highest level of retrofit intervention. These older buildings
were built before mechanical ventilation and cooling were typically used in buildings.

Therefore, thermal energy consumption only refers to heating, hotwater and kitchen gas usagewithin
the space:

Fthermal = Fheating + FDHW + Fkitchen. (3.2)

We have made the assumption that FDHW and Fkitchen are independent from building shape and form. Hot
water usage has been shown to be dependent on the number of occupants [29] and kitchen gas usage on
the number of meals prepared [30]. These values are dependent on occupancy density, O, (people m−2)
which is independent of form as it is normalized by floor area.

Heating energy consumption, Fheating, is the most challenging model to parametrize. The model is re‑
liant on defining the heat loss through building fabric and ventilation, which have a complex relation to
building form.

3.1. Heating energy consumption
We consider heating energy consumption as a balance between heat lost through a building’s fabric and
ventilation and heat gained owing to internal occupant behaviour, solar gains and the additional heat
provided by heating systems to ensure a comfortable space.

The rate of heat lost through a building element is dependent on the thermal performance of that
element. This can be described using a U‑value (W m−2K), U, which is the rate of heat transmittance.

We can describe the total fabric conductance (W K−1) as the total area of each element multiplied by
their heat transmittance:

U′
fabric = 2L2(kr + k)(wUwall + gUwindow) + L2r(Uroof +Ufloor), (3.3)

where the area has been defined using the length of the building, L, and building form factors
slenderness, k and aspect ratio, r. The glazing ratio is g and w= (1 − g).

The heat lost through ventilation is dependent on the amount of cold air being exchanged with in‑
door air. This is owing to necessary ventilation to provide sufficient fresh air levels to occupants and
unwanted infiltration owing to leaks in the building fabric. The total ventilation conductance (W K−1) is
dependent on the total volume flow rate of this air (m3 hr−1), qv and its respective thermal properties:

U′
ventilation =

1
3600

qvcp𝜌, (3.4)
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where cp is the specific heat capacity K(−1): J(kg−1)(K−1) and 𝜌 is the density (kg m−3) of air at that tem‑
perature. As these properties do not change much between different typical air temperatures a constant
value can be assumed. This value is 1∕3 [21].

We define the ventilation rate,N, as the total number of complete exchanges of outdoor air within the
building per hour, (hr−1), which allows for the volumetric flow rate of air to be expressed as:

U′
ventilation =

NL2xrHfc

3 , (3.5)

where x is the number of floors in the building and Hfc is the internal floor to ceiling height (m), which
is assumed to be a constant typical value across floors.

The sum of U′
fabric and U

′
ventilation provides the total building heat loss coefficient (kW K−1):

U′ = L2
2(kr + k)(wUwall + gUwindow) + rUroof + rUfloor +

NxrHfc
3

1000
, (3.6)

where the values have been divided by 1000 to covert fromWatts to kiloWatts as typically heating energy
consumption is given in kWh m−2.

We can use this value to determine the rate of heat lost or gained (kW) from a building’s fabric and
ventilation at any given internal required, 𝜃sp, and external temperature, 𝜃o, (°C):

Qloss =U′(𝜃sp − 𝜃o). (3.7)

Occupants, electronic equipment and lighting as well as solar energy through glazing all produce heat
within a space. These internal gains allow for heating energy consumption to be lower than the total heat
lost through a building’s fabric and ventilation.

We calculate occupancy related internal gains (kWm−2), qo, by averaging typical occupant, equipment
and lighting gains over a 24 h period. See the electronic supplementary material for all occupant data
used within the study.

Solar gains through glazing, qs, must also be calculated and averaged over the 24 h period. Given our
focus on the relationship between building form and this impact on energy consumption, an average so‑
lar gain value, qsol, kWhm−2 has been adopted. qsol is calculated as the average solar gain on each wall for
a square‑plan, south facing building. The glazing ratio is assumed to be constant is acceptable. for each
wall. See the electronic supplementary material, S5.4 for sensitivity analysis on this assumption, which
shows on average only a very small impact on results. Therefore, we approximate qs as:

qs = qsolsgf, (3.8)

where sg is the solar gain factor, which dictates how much heat is transferred through the glazing and f
is the typical frame factor of a window.

The adoption of a gains utilization factor, 𝜂′, is outlined in BS EN ISO 34790 and is used to help ac‑
count for the temperature variations during the day within the building andmaterials. This is calculated
using the method outlined in CIBSE Guide TM41:2006 [20] and is dependent on the total internal gains
to the space as well the heat loss coefficient:

Qg = [2L2qsg(kr + k) + L2xrqo]𝜂′. (3.9)

We can calculate the total corrected internal gains, Qg, and use them to correct our internal temperature:

𝜃b = 𝜃sp −
qg
Z , (3.10)

where Z=U′∕L2 and qg =Qg∕L2 and shows that L2 is cancelled out of this equation. 𝜃b is the internal base
temperature, defined as the external temperature where no mechanical heating is required.

We substitute 𝜃b in equation (3.7) to estimate heat lost from the building at any given time of the year.
Taking the sum over the entire heating seasonwhen the building is occupied and heated and dividing by
the floor area, A= L2xr, we can estimate the total energy consumption intensity over the year (kWh m−2)
as:

Fheating =
∑

m

24NmZ
xr𝜂 (𝜃b − 𝜃om), (3.11)

where Nm is the total days in the month, 𝜂 is the overall efficiency of the heating system and 𝜃om is the
average monthly outdoor temperature.
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As a constant 𝜃om is used, we include a correction factor proposed by Hitchin [20] to estimate the

impact of varying temperatures throughout the month:

Fheating =
∑

m

24NmZ
xr𝜂

(𝜃b − 𝜃om)

1 − e
− 2.5
𝜎𝜃

(𝜃b−𝜃om)
, (3.12)

where 2.5∕𝜎𝜃 is a location specific constant to account for the standard deviation in temperature
throughout the month [20].

Equation (3.10) does not account for the impact of occupied and unoccupied hours throughout a 24
h period. Building heating systems are, however, switched off for a period when the building is not oc‑
cupied. A building will store some heat for a period after the heating system is switched off. Further,
building heating systems are typically switched on before required occupancy to allow for preheating
the space. Therefore, average internal temperature differs over 24 h from either the required internal
temperature, 𝜃sp, or the external temperature. To account for this and adjust 𝜃sp accordingly, we take
account of the thermal properties of the building to understand how much heat could be stored within
the fabric. 𝜏, the thermal time constant (hr) is used to understand the response time of the building to
temperature changes, where different thermal mass and thermal performance will impact this:

𝜏 =
2(kr + k)(wcwall + gcwindow) + xrcceiling + xrcfloor

3600Z
. (3.13)

The total thermal capacitance, c, (kJ K−1.m−2) of each exposed building element, is defined as density
multiplied by specific heat capacity multiplied by the exposed thickness of the material, which is then
multiplied by the exposed area of the element.

We also need to estimate the size of the plant within the building as this is used to understand the pre‑
heat time before occupancy begins. We simplify plant size calculations, by not accounting for the impact
of different types of operation, as the degree days model is shown to be relatively insensitive to plant
size [20]. Therefore, we can define plant size (kW), Qp, as a function of the heat lost in the space during
the coldest period of the year:

Qp =
𝛽(𝜃sp − 𝜃winter)

𝛿
L2Z, (3.14)

where 𝛿 accounts for heat losses owing to distribution within the space and 𝛽 is a multiplier to oversize
the building plant as is commonly undertaken in practice [27]. 𝜃winter is the minimum design temperature
for a cold temperate climate.

We estimate the preheat period,𝛹, and the switch off period,𝛺, by inputting the equations (3.6), (3.13)
and (3.14) into the methodology outlined in degree days TM41:2006 [20] and rearranging to cancel out
all geometric parameters expect for 𝜏:

𝛹 =−ln [Y
2 − 2Y𝛿𝜃 + 𝛿𝜃2

Y2 − Y𝛿𝜃
+ (𝛿𝜃Y − 𝛿𝜃2

Y2 − Y𝛿𝜃
) e

−tu
𝜏 ] , (3.15)

𝛺 =
tu
𝜏 + ln [Y

2 − 2Y𝛿𝜃 + 𝛿𝜃2

Y2 − Y𝛿𝜃
+ (d𝜃Y − 𝛿𝜃2

Y2 − Y𝛿𝜃
) e

−tu
𝜏 ] , (3.16)

where 𝛿𝜃 = 𝜃sp − 𝜃o, Y=Qp∕L2 and tu is unoccupied hours in the space. These values allow us to adjust
our indoor temperature, to account for differences over the 24 h period [20]:

𝜃i =
𝜃otu
24 +

𝜏(𝜃sp − 𝜃o)
24 [e𝛹 − e−𝛺] + 𝜏Y

24 [1 + 𝛹 − e𝛹] +
𝜃spto
24 , (3.17)

where to is the occupied hours. This value shows that L2 is completely cancelled out leaving the only
geometric parameters within the equation—slenderness, k, aspect ratio, r, and number of floors, x.

This can be inputted into equation (3.12) to provide an estimate of heating energy consumption for a
building of rectangular form.

Within this model, there are key parameters, which will be simplified to constants, as their major‑
ity influence is from either building efficiency or the outdoor conditions rather than the geometry of
the building. These are the denominator (D= 1 − e2.5∕𝜎𝜃 (𝜃b−𝜃om)), 𝜂′, 𝛹 and 𝛺. The demonstration of this
for different possible performance levels of a building is demonstrated in the electronic supplementary
material, S4.

Constant values for D, 𝛹, 𝛺 and 𝜂′ have therefore been estimated, to still account for the impact of
these factors. Each value is calculated to be applicable to a wide range of building forms. These values
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are estimated depending on the building performance and typology but use typical geometry to create
a constant figure. This typical geometry is based on the typology of the building, using the average floor
area of that typology and assuming a simple square‑plan building. As the building energy efficiency
improves, e.g. reductions in the heat loss coefficient,the impacts of solar and internal gains as well as in‑
ternal mass become more important. This implies the impact of assuming constant values is more likely
to impact model accuracy.

Wemake an assumption that the denominator,D, is equal to one. This assumption ismost appropriate
in cold temperatures, however the value of D does decrease as temperatures increase (for corroborating
data, see the electronic supplementary material, S4). Warmer periods within the heating season have
lower energy consumption and it is likely that there will be a slight underestimation of the total annual
energy consumption.

3.2. Final analytical expression for thermal energy consumption
Having takenD, 𝜂′,𝛹 and𝛺 as constants, the only remaining variables in equations (3.12) and (3.17) that
are influenced by building form are the values of Z and 𝜏, which are both divided by aspect ratio and
number of floors as shown in equation (3.12).

We can separate these values into three respective parts. The first being all the heat losses, thermal
mass and heat gains which are influenced by the form of the building walls and glazing (k∕x + kr∕x):

C1 =
Nm

𝜂D [
(
𝜃otu + 𝜃spto − 24𝜃o

)
(
2wUwall + 2gUwindow

1000 )] −
48gNmqs𝜂′

𝜂D

+ [
Nm𝛿𝜃
3600𝜂D

(e𝛹 − e−𝛺) +
NmY

3600𝜂D
(1 + 𝛹 − e𝛹)]

(
2wcwall + 2gcwindow

)
. (3.18)

The second, aggregates the influence of the heat losses through the roof and ground floor (1∕x):

C2 =
Nm

𝜂D
[
(
𝜃otu + 𝜃spto − 24𝜃o

)
(
Uroof +Ufloor

1000
)] . (3.19)

Finally, the third provides an indication of the effects of internal gains and thermal mass of the roof and
floors, which are not influenced by building form so are therefore constant:

C3 =
Nm

𝜂D
[
(
𝜃otu + 𝜃spto − 24𝜃o

)
(
NHfc

3000
)] −

24Nm𝜂′qo
𝜂D

+ [
Nm𝛿𝜃
3600𝜂D (e𝛹 − e−𝛺) +

NmY
3600𝜂D (1 + 𝛹 − e𝛹)] (croof + cfloor). (3.20)

Together, these allow us to express heating energy consumption as:

Fheating =C1
k
x + C1

k
xr +

C2

x + C3. (3.21)

As previously stated, we can also bundle the total hot water usage and kitchen gas usage as a function
of the occupancy density (people m−2), O. These are by definition independent of form when energy
consumption is normalized per floor area. This allows us to express the values of FDHW and Fkitchen as a
constant:

C4 = 𝜇O𝜅Nt +
∑

m

4.18LNm𝛿𝜃DHW
3600𝜂

, (3.22)

whereNt is the total number of occupied days, 𝜇 is ameal to total occupancy ratio, 𝜅 is typical kitchen gas
usage (kWh meal−1). L is typical hot water usage (L m−2) and 𝛿𝜃DHW is the monthly typical temperature
difference of incoming cold water and the hot water system [31]: 4.18 refers to the specific heat capacity
of water and 3600 converts results from kJ to kWh.

This allows us to express total building thermal energy usage as:

Fthermal =C1
k
x + C1

k
xr +

C2

x + C3 + C4. (3.23)
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Table 1. Comparisons between degree days modelling results, y and y0 . (y0 has been estimated by fitting the form of a k
x
+ a k

xr
+

b

x
+ c to degree days modelling results, y . Table shows the line of best fit between y and y0 as well as the correlation coefficient R2 ,

the average percentage error error and the standard deviation of that percentage error,±𝜎error . Two extremes of building performance
are modelled—historic which assumes a completely uninsulated building and EnerPHit which is a retrofit standard dictating extreme
fabric and ventilation standards.)

results to examine the extent to which the expression in the form of
a k
x
+ a k

xr
+ b

x
+ c, fits to the degree days energymodel

thermal performance equation of best fit betweeny andy0 R2 error (%) ±𝝈error (%)

historic— very poor thermal performance y0 = 0.99y + 1.0 0.99 0 0.88
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EnerPHit —very high thermal performance y0 = 0.99y + 0.4 0.99 0 0.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3. Fit of the analytical expression to degree days
Equation (3.23) shows the relationship between k, r and x and energy consumption. As wemake simplifi‑
cations in the calculation of C1, C2, C3 and C4, we therefore investigate the appropriateness of the form of
analytical expression itself e.g. F= a k

x
+ a k

xr
+ b

x
+ c . A comparison is now made between the developed

expression and the degree days model as discussed in §2.1.
This comparison is undertaken by fitting the formof a k

x
+ a k

xr
+ b

x
+ cdirectly to degree daysmodelling

results for a sample of buildings—all UK educational polygons modelled as rectangular forms. Degree
days modelling of thermal energy consumption is undertaken for all polygons for different levels of
thermal fabric efficiency using methods outlined in CIBSE TM41 [20].

Results of this process model energy consumption (kWh m−2), y, using an already established model
[20]. Slenderness and aspect ratio values are estimated for all buildings, and nonlinear least squares is
used to fit the form of a k

x
+ a k

xr
+ b

x
+ c to the data. Therefore, we now have values of a, b and c that best fit

degree days modelling results, y. This allows for energy consumption (kWh) to be calculated once more
from the analytical expression as y0.

By comparing the degree days model, y to the results of the analytical expression, y0 we can
understand how well the form of this expression fits established energy modelling results.

An extremely close correlation between the two results (y, y0) is found and shown in table 1. In fact,
the average percentage error is 0% with a very low standard deviation of less than 1% for both build‑
ing performance levels. This shows that the analytical expression works well for a variety of rectangular
building forms as well as different fabric and ventilation performance levels. For further data associated
with these results please see the electronic supplementary material, S4.1.

This section shows that the form of the analytical expression can be used to describe energy consump‑
tion of different performance levels to the same extent as the degree days model when rectangular form
is assumed. Previous work has used degree days modelling, to understand predicted energy consump‑
tion comparedwithmetered energy data for a non‑residential cool‑temperate case study [32]. In this case
study, it is shown that a degree days model, alongside simplified input data, e.g. occupancy profiles and
weather data, is sufficient to understand the energy consumption of the building [32]. The connection
between degree days and metered energy consumption for residential properties is also demonstrated,
though using measured rather than modelled average internal temperature [33].

3.4. The connection between thermal energy and building form
Equation (3.23) demonstrates that energy consumption increases as slenderness increases and aspect ra‑
tio decreases. This is logical as those buildings with a larger slenderness will have a larger wall area to
heat the same floor area and those with a smaller aspect ratio will have a larger exposed perimeter. The
form of this equation also demonstrates that differences in the ratio of wall and floor area will impact
energy consumption due to the differences in performance of these elements.

The analytical expression, equation (3.23), is demonstrated in figure 1, for two different building per‑
formance levels. UK weather patterns have been modelled as an example cool‑temperate climate and a
primary school typology is modelled as within the UK, these buildings are typically naturally ventilated
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(a) 1 storey (x = 1), historic (b) 2 storey (x = 2), historic (c) 3 storey (x = 3), historic

(d) 1 storey (x = 1), Part L2B (e) 2 storey (x = 2), Part L2B (f) 3 storey (x = 3), Part L2B

Figure 1. Contour plots to show the distribution of thermal energy consumption (kWhm−2) in relation to slenderness, k, and aspect ra-
tio, r as a function of the number of storeys, x. Fabric performance levels have beenmodelled as a typical historic building and at Part L2B
levels—Refer to the electronic supplementarymaterial for modelling data. For each value of x the typical realistic ranges in slenderness
were found from analysis of existing buildings.

with no mechanical cooling [34]. Figure 1a–c show the analytical expression for 1, 2 and 3 storey build‑
ings modelled as a typical pre 1919 (historical) building, with uninsulated walls, roof and floor, single
glazing and a gas boiler. Figures 1d–f model Part L2B performance level. This is a level of retrofit out‑
lined by UK building regulations for non‑residential buildings. Therefore, this standard is assumed to
be a typical and achievable level of improvement to fabric and ventilation efficiencies. Figures 1–f only
accounts for thermal energy consumption, and it is assumed the building remains naturally ventilated.

These results demonstrate that energy saving potential changes for different building forms. Part L2B
buildings have a smaller range in relative energy consumption compared to historic. Therefore, the total
energy consumption of Part L2B buildings is less influenced by building form. This implies that retrofit
of those historic buildings with an inefficient formwill provide larger energy savings than those with ef‑
ficient forms. In this piece of work, the term efficient form refers to those buildings with a low slenderness
combinedwith a high aspect ratio, therefore having lower energy consumption compared to other forms
built to the same fabric standards. As evidence shows a need for immediate carbon emission reductions
[35], from an at scale perspective, prioritizing retrofitting the most inefficient forms first could be benefi‑
cial to meeting carbon targets. Analysis of the Irish residential sector shows that prioritization of retrofit
for the worst performance homes will be required to meet national reduction targets [18], showing that
an understanding of the influence of form could be highly useful in future decision‑making.

4. Whole-life carbon decision-making
We can now use the parametrized thermal energy consumption and combine this with predicted em‑
bodied emissions from different potential interventionmeasures to understand the influence of building
form on retrofit decision making.
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Two possible interventions are retrofit of the existing building to a higher standard or demolition and

replacement with a more efficient construction. These would both reduce the values of our surface con‑
stants, C1 − C4, compared to the base case. The embodied carbon input of demolition and construction
would clearly be high in comparison, but there are several factors, such as building form, within existing
buildings that can make it harder to achieve the same energy consumption as a new build [17]. There
are conflicting results within existing studies, some showing retrofit have lower environmental impacts
[36–46] and others having scenarios where new construction is preferable [47–54] inwhole life emissions.

As new construction is not confined by the existing form of the building, this provides an interest‑
ing whole‑life carbon comparison between different new construction standards and retrofit scenarios.
Therefore, we aim to quantify the parametric connection between operational carbon, embodied carbon
and building form and compare different intervention strategies from a whole‑life carbon perspective.

Equation (3.23) demonstrates the relationship between thermal energy consumption and slenderness,
aspect ratio and number of storeys. We can also use this form to describe total whole‑life carbon emis‑
sions as the operational emissions (kgCO2e m−2), Eoc, are a function of the total energy consumption.
Embodied carbon (kgCO2e m−2), Eec, is dependant of the form of building walls, roof and floor which we
have already described within equation (3.23).

We estimate yearly operational carbon as the yearly energy consumptionmultiplied by the respective
operational carbon factor, o, of the fuel, f, used:

Eoc = ofFthermal + ofFelectricity (4.1)

= of(C1
k
x + C1

k
xr +

C2

x + C3 + C4) + Cec, (4.2)

where Felectricity (kgCO2e m2) is a constant operational energy benchmark for electricity consumption from
occupant behaviour, such as lighting and equipment. As this paper focuses on the reduction of thermal
energy consumption, electricity consumption is assumed to be constant depending on the typology of
the building. Therefore, we assume that lighting consumption is not affected by building form. The elec‑
tronic supplementarymaterial, S5.2 describes howwe estimated this value using historicmetered energy
consumption.

Total Coc is then calculated by summing over the appropriate lifespan of the building.
We can now calculate embodied carbon of each retrofit scenario. Those which impact wall and glaz‑

ing area include the addition of wall insulation and glazing replacement. Also included in this is the
replacement of existing boilers. This is because the size of the replacement boiler can be estimated as a
function of the building heat loss coefficient (see equation (3.14)), which is dependant on the building
form [21]. The total influence of the form of wall area on total embodied carbon can be understood as:

Cec1 = (ewallw) + (ewindowg) +
(2eboilerY)(wUwall + gUwindow)

1000
, (4.3)

where ewall (KgCO2e m−2) is the embodied carbon of roof insulation, ewindow the embodied carbon of re‑
placing existing windows (kgCO2e m−2) and eboiler the embodied carbon of replacing the heating system
(kgCO2e KW−1).

Insulation of the floor and roof can quantified alongside the influence of heat losses through the roof
and floor on total replacement boiler size:

Cec2 = (efloor) + (eroof) +
(eboilerY)(Ufloor +Uroof)

1000
, (4.4)

where efloor and eroof are the embodied carbon of insulation measures for each element (kgCO2e m−2).
Embodied carbon values which are independent of building form such as hot water boiler installation

as well as the influence of ventilation losses on the replacement boiler size can now be quantified:

Cec3 =
(eboilerYNHfc)

3000 + (eboilerQDHW), (4.5)

where the size of the DHW system, QDHW, is estimated by calculating the size required to provide
sufficient hot water to the occupant based on occupancy patterns.

We can sum up the respective operational carbon and embodied carbon for each element of building
form the express total whole‑life carbon (KgCO2e m−2) as:

EWLC = (Coc1 + Cec1)
k
x + (Coc1 + Cec1)

k
xr

+
(Coc2 + Cec2)

x + (Coc3 + Cec3 + Coc4 + Cec). (4.6)
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The whole‑life carbon emissions of different carbon mitigation scenarios can then be superimposed over
each other where the lowest carbon option is given for different values of slenderness and aspect ratio.
This provides an early stage decision‑making for the demolition versus retrofit of existing buildings.

Those scenarios withmore efficient building fabric and systems often require larger input of materials
to achieve this. Therefore, though operational carbon, Coc, may be decreasing, embodied carbon would
be increasing, Cec making the balance between this and the building form important to finding the lowest
carbon intervention measures for our stock.

4.1. The connection between retrofit decisions and building form
Four typical intervention scenarios are modelled, assuming the existing building is of a historic stan‑
dard. These will be modelled for one‑storey buildings as this is typical of primary schools [55], which is
the focus of this study. The retrofit scenario has been designed to try and reflect what may be typically
undertaken, using existing standards in industry. PartL2B refers to UK building regulations [56], and
provides limiting U‑values for standard of refurbishment:

(i) baseline: no intervention and embodied carbon is zero;
(ii) Part L2B retrofit: upgrading of thermal fabric to Part L2B standards as well as the replacement

of the old existing boiler with an air‑to‑water heat pump. Building emitters are also replaced
owing to evidence that lower supply temperatures require larger surface area [57];

(iii) current aspirational new construction target: a new building modelled to meet the (Royal In‑
stitution of British Architects (RIBA) 2030) climate challenge [58], 2030 standards. This will be
modelled as running on only electricity; and

(iv) predicted future new construction target: a new building modelled to the most efficient avail‑
able embodied carbon target. This was developed by the low energy transformation initiative
(LETI) and is referred to as LETI A+whole‑life carbon target [59]. This target has an extremely
low embodied carbon value, not likely achievable at scale, at this time. This will be modelled as
running on only electricity.

Both new construction scenarios will be assumed to be independent of form, using typical existing
benchmarks (kgCO2e m−2) taken from industry [58,59].

In the case of mechanical, electrical, and plumbing replacement, Part L2B only requires the upgrade
of systems to the same level as they were before. For this reason these scenarios remain a naturally ven‑
tilated space. As historical buildings are being modelled the retrofit scenarios are chosen to be sensitive
to this, including internal rather than external insulation and the roof assumed to be pitched [60], which
makes loft insulation the retrofit measure for this element.

Embodied carbon data has been collected using cradle‑to‑grave boundary conditions, which include
production, transportation, wasted materials, maintenance and repair as well as the demolition and dis‑
posal emissions. This includes the replacement of any elements whose lifespan falls below the building
lifespan. An additional benchmark value of 35 kgCO2e m−2 will also be included to account for the
demolition of the existing building at the end of its lifespan or when it is modelled to be replaced [61].

The results have been quantified over a chosen 30 year lifespan, as this is the period where current
net zero targets are meant to be met, by 2050. Three different glazing ratios have been modelled—15% to
give a minimal value, 25%which is typical of educational stock [62] and 45% to give an upper boundary.

The decarbonization of the electric grid was modelled using the UK national grids ‘Future energy
scenario’ called ‘falling short’ [63], with carbon capture excluded.

Figure 2 demonstrates the impact of building form on the lowest whole‑life carbon intervention when
comparing retention, retrofit and demolition with new construction. Assessing all figure 2a–c shows that
the baseline gasmodel is never considered optimal which is owing to its inability to decarbonize over the
30 year period. This finding occurs in spite of lower embodied carbon emissions for the baseline scenario.

Figure 2b provides results for a typical primary school [62], with a glazing ratio of 25%. Figure 2b
shows thatmore efficient formswith a low slenderness and high aspect ratio, require less severe interven‑
tion to still achieve low carbon emissions. The importance of embodied carbonmodelling is shown as the
currently aspirational new construction scenario only has lower carbon emissions in a small proportion
of highly inefficient building forms, despite achieving very high operational efficiency. The importance
of material emissions is further emphasized when you consider that the current aspirational target mod‑
elled achieves far better efficiency, with an embodied carbon of 540 KgCO2e m−2, than standard practice
as the RIBA states the current business as usual embodied carbon benchmark to be 1000 KgCO2e m−2

[58].
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Figure 2. Lowest carbon intervention measure comparing Part L2B (UK building regulation) retrofit, and two new build scenarios for
different values of slenderness, k, and aspect ratio, r, and three different glazing ratios, g. Electricity decarbonization has beenmodelled
using the UK national grid ‘falling short’ scenario excluding carbon capture and storage. Different colours describe where each interven-
tion option provides the lowest carbon scenario over the 30-year study period for different values of slenderness and aspect ratio. (a) one
storey (x = 1), 15% glazed. (b) one storey (x = 1), 25% glazed. (c) one storey (x = 1), 45% glazed.

The predicted future new construction standard, with a total embodied carbon of just 260 KgCO2e
m−2 [59], takes up a considerably larger area of the heat map. This implies that where very low embodied
carbon is achieved, building form becomes more pivotal in the decision‑making process.

Figure 2c shows that as the glazing ratio is increased there is a larger range of building forms where
new construction is preferable. This is because higher glazing ratios have larger heating energy con‑
sumption, owing to the less efficient U‑values of glass, and so more intrusive intervention achieves the
lowest carbon emissions over a wider range of building forms. Similarly, as in figure 2a, reducing the
glazing ratio reduces the range of building forms where new construction is preferable. The impact of
reducing the glazing ratio to 15% is considerable with an additional 10% of the total graph area where
Part L2B is now the lowest carbon intervention compared to the 25% glazed model.

Where past work typically focuses on singular case studies [11], the model developed here allows for
a graphical presentation and a broad understanding of the patterns and trends in energy consumption
as well as the implications for whole‑life carbon decision‑making for existing buildings.

5. Application to existing buildings
To demonstrate the potential for retrofit decisions to be influenced by form in the existing building stock,
a set of real buildings has been modelled.

The focus of this case study is on existing non‑residential buildings, as non‑residential buildings are
more likely to vary with respect to their geometry. Past publications show a higher variation in build‑
ing size [64] and building depth [65] compared to residential buildings. Non‑residential buildings are
also shown to have higher replacement rates [66], making the use of whole‑life carbon modelling more
pressing in early design stages to reduce potentially excessive carbon emissions from demolition and
rebuild.

The entirety of UK educational building polygon data was collected from Verisk UKBuildings [67]
providing a wide range of building ages, heights and forms. Educational stock was chosen as these
polygons provide a wide range of stand‑alone buildings, which can be explored with a reduced risk
of different construction typologies and building uses being merged together; see the electronic supple‑
mentary material for the data collection process. The number of floors (x) was estimated as the value
where the floor‑to‑ceiling heights fit within or was as close as possible to the typical range of 2.4 m to
4.5 m [27]. This shows that the building models used within this section are a theoretical estimate of
the actual building. By using realistic polygons this should allow for a more practical assessment of the
model. Post‑processing leaves a total of 76 231 polygons.

Assuming rectangular form for all these buildings, slenderness, k, and aspect ratio, r, can be calcu‑
lated by finding thewidth, length and height of each polygon, where k=H∕L and r=W∕L. The following
section will undertake modelling assuming that all buildings are very old and inefficient, built to histori‑
cal UK standards. However, themodel can be applied to naturally ventilated buildings of many different
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Figure 3. (a) Bar charts to show the distribution of lowest carbon scenarios for different electricity decarbonization rates and glazing
ratios when applied to one storey UK educational polygons. Hatching is used to identify leading the way grid decarbonization. No poly-
gonwould have the currently aspirational new build target as the lowest carbon solution. (b) Kernel density estimate plot demonstrates
the distribution of slenderness and aspect ratio values for one storey UK educational polygons within the sample. This distribution is
plotted in its entirety for different glazing ratios and future electric grid scenarios.

types as long as the thermal fabric and occupancy patterns of the building are understood, in order to be
able to calculate values of C using equations (3.18)−(4.5).

5.1. Intervention decisions
To understand the lowest carbon retrofit decisions for our actual stock, the developed model was run
for existing buildings using the scenarios outlined in §4. From the wider educational building stock, pre‑
dicted one‑storey buildings were isolated as is typical of primary schools [55] leading to a total of 15 193
building forms. These are all modelled as a worst‑case historical building.

Alongside ‘falling short’ grid predictions, another grid scenario was modelled—‘leading the way’
which assumes the UK national grid’s best‑case scenario for grid decarbonization.

Figure 3b shows the distribution of slenderness and aspect ratio for the existing building polygons.
This shows that the majority of realistic building forms fit within the right‑hand, lower corner of the
graph where the differences between energy consumption are less extreme than those with a very high
slenderness and low aspect ratio. Figure 3a shows, even with a glazing ratio of 45%, no existing building
forms within the sample (where x = 1) currently have aspirational new construction as the lowest carbon
option.

However, there are differences in the modelled results when comparing future new build standards
and Part L2B retrofit. Figure 3a shows that at higher glazing ratios, a proportion of forms would achieve
lower carbon emissions if future new build targets were achieved. In fact, a whole‑life carbon of 450 ‑
500 kgCO2e m−2 (stages A1–A5,B1–B5 and C1–C4) for new construction, depending on the operational
efficiency, would result in lower carbon emissions for the most inefficient building form within the sam‑
ple. For context, existing whole‑life carbon guidance developed by LETI [59] stipulates a design target in
2030 of less than 400 kgCO2e m−2. Therefore, if lower embodied carbon construction becomes feasible in
the future, the comparison between new construction and building retention will be more significantly
influenced by building form.

The results for one‑storey buildings are reflected in the rest of the stock when it comes to the prospect
of demolition and replacement. No existing building within the sample has new construction as the low‑
est carbon scenario, showing that this combination of form factors, with a high slenderness and a low
aspect ratio, are potentially unrealistic within the stock. Figure 3a also shows that if the electric grid is
able to be decarbonizedmore successfully, the high embodied carbon of new construction becomesmore
significant.

It should be noted that these results use specific values for embodied carbon and retrofit performance,
of which there is a range of data available. Also, the form of equation (4.6) implies that if we were to find
a retrofit scenario that minimizes all values of the constants within the analytical expression, (C1, C2 and
C3), we could find the optimal retrofit scenario independent of building form. This is, therefore, a limita‑
tion that is constrained to future work, as this may impact the demolition versus refurbishment results.
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(a) Historic building standard (b) Part L2B building

standard

(c) Enerphit building

standard

Figure 4. Scatter graph showing the correlation between the degree daysmodel and the developed analytical expression for total ther-
mal energy consumption for the UK educational stocks existing building forms. Different standards of building efficiency, ranging from
historic to EnerPHit, are demonstrated.

As new construction is not determined by the existing building’s form, the comparison between demo‑
lition and refurbishment will always be influenced by form. Therefore, the developed parametric model
provides a highly useful tool for comparison.

6. Limitations and scope for future work
Although we have shown in §3.3 that the form of the expression equation (3.23) does remain in line with
the full implementation of the CIBSE degree days model, we should note limitations to our assumptions
when expressing D, 𝜂′, 𝛹 and 𝛺 as constants.

We compare our analytical expression and calculations of C1 − C4 for thermal energy consumption to
using full degree days energy modelling. Figure 4a–c shows both degree days modelling and the ana‑
lytical expression have been run for the entire sample of polygons using historic, Part L2B and EnerPHit
performance levels, respectively. In comparison to Part L2B, which has been previously investigated, En‑
erPHit is a level of retrofit equivalent to Passivhaus, that requires amore efficient fabric, strict airtightness
levels and specific building systems including mechanical ventilation and heat recovery [68].

Figure 4a, showing the comparison between models for historical buildings, demonstrates a close
correlation between the degree days model and the analytical expression. Compared to the degree days
model, the developed analytical expression is shown in figure 4a to underestimate energy consumption
which, as previouslymentioned, is owing to assumption thatD≈ 1. Figure 4b shows that results are very
similar for Part L2B performance standards.

The comparison between all figure 4a–c demonstrates that as building performance improves to
higher energy efficiency standards the gradient of the graph moves away from y= x. As a building’s
performance improves, the relative impacts of the internal gains factor (𝜂′), and thermal time constant,
which inform𝛹 and𝛺, should increase, while being kept as constants here. Therefore, as thermal energy
consumption increases, i.e. an increase in slenderness and decrease in aspect ratio, the analytical expres‑
sion overestimates energy consumption in comparison to full degree days modelling. Figure 4c shows
that at extremely high building efficiency levels such as EnerPHit, the gradient of the graph worsens
considerably to 1.4 and highlights a limitation of currently developed methods, which is constrained to
future work.

For the real set of UK educational buildings this overall error is low with an average percentage error
between the analytical expression of±10%,±11% and±3% for historic, Part L2B and EnerPHit buildings,
respectively. The assumption of rectangular form has also been further investigated in the electronic
supplementary material and shown to cause a 1–3% increase in average error, while not impacting the
majority of results which already have rectangular form.

Futureworkmay expand the study boundaries beyond the four scenarios assessed in this publication.
Exploring the whole life impacts of a wider set of materials, retrofit measures and grid decarbonization
scenarios would allow for a broader understanding of the influence on form when making key future
intervention decisions. The system boundaries of this model are also limited to only naturally ventilated
buildings, and therefore specific climates where this building system type is commonly found [25–28].
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Further, the demolition versus refurbishment comparisons are currently fixed at a lifespan of 30 years.

There is evidence that an existing building may not be as structurally durable as an equivalent new con‑
struction [51], which demonstrates the limitation of assuming a fixed lifespan. Therefore, future work
which accounts for these potential differences, alongside whole‑life carbon comparisons would provide
a more comprehensive comparison between the options of replacement or retrofit.

7. Conclusions
We have shown the relationship between the external surface area and internal volume impacts the en‑
ergy efficiency of our existing buildings, even if they have the same fabric and ventilation performance.
This, in turn, impacts intervention decisions for our existing buildings, specifically the comparison be‑
tween retrofit and demolition and replacement with new construction. Higher levels of intervention are
required for more energy inefficient building forms, with higher slenderness and lower aspect ratio val‑
ues. The energy saved from retrofit is also larger for more inefficient forms, which when retrofit needs
to be applied at scale [7], is an important factor for prioritization of certain forms to ensure maximum,
immediate carbon reductions.

New construction is unlikely to provide the lowest carbon option from a carbon perspective for exist‑
ing buildings using current [58] embodied performance targets of 540 kgCO2em−2. It should also be noted
that this is still an aspirational, low embodied carbon, target with current a business as usual benchmark
stated to be 1000 KgCO2e m−2 [58].

Though there are many different reasons for demolition such as structural and component lifespans,
aesthetics and high land value, these results highlight the importance of consideration of whole‑life
carbon emissions within this decision. Also, this demonstrates a need for reduced embodied carbon
emissions in the construction sector if demolition and replacement is indeed required at scale owing
to our existing buildings reaching the end of their structural lifespan. As new construction is not con‑
strained by the existing form of the building this work provides a highly useful tool for comparison of
typical retrofit scenarios against new construction. Further work could use the method developed here
to understand whether retention of buildings with shorter lifespans than new constructions would still
be worth retention when considering these emissions.

By adopting shape factors that can define the ratio between wall, roof and floor area this model will
allow for quick assessment of whole‑life carbon emissions without the requirement for detailed mod‑
elling. If building standards improve and the embodied carbon of new construction reduces, building
form will become more pivotal within this decision. Therefore, this work provides an extremely time‑
efficient graphical tool for early stage decision‑making and the identification of solutions at scale for
planning purposes.
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