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Energy demand per capita is expected to increase with smaller dwelling units in Europe, as less energy is shared
linked to the trend of fewer people per household. To meet the demand for more smaller units, a popular ret-
rofitting approach is to split existing large dwellings. As this type of dwelling conversion (DC) affects both
household size (HHS) and therefore the likely energy use behaviour of residents, building thermal performance
and anthropogenic heat emission (Qgp) to outdoor environment are impacted. Here, the UK time use survey
(TUS) provides activity information to allow comparison of the implications of DC to energy conservation
measures (ECM) for terraced houses in both past and future London climates. Our results show that ECM can
substantially reduce both heating energy demand and Qg g during cold seasons, whilst due to the absence of space
cooling in UK residential buildings the ECM ineffectively diminishes summer demands. Further to this, the
increased occupancy density resulting from DC increases summer peak Qgp by 53.8% at 17:00, which could
intensify canopy-layer urban heat island effects. Although climate projected for the 2050's should result in a
decreased wintertime Qgp, the potential increase in summertime space cooling energy demand will see an
associated increase in summertime Qpp. Occupancy patterns need to be considered as part of retrofitting as-
sessments and climate change impacts due to their influence on HVAC usage schedule. The role of occupancy
behaviour extends beyond retrofit strategies themselves, to larger urban extents (e.g. planning, policy making,
urban weather/climate feedbacks) to ensure both energy saving and urban heat mitigation.

1. Introduction

Global warming, mainly characterised by elevated air temperature
and its profound impact on both indoor and outdoor environment, de-
mands concerted efforts to mitigate climate change. The Intergovern-
mental Panel on Climate Change (IPCC) emphasizes that substantial
reductions in CO5 emissions are crucial to limit global warming to 1.5°C
above pre-industrial levels, a threshold that marks significantly
increased risks to human well-being and ecological stability [1]. In
response, countries worldwide are committing to more aggressive re-
ductions in carbon emissions, with the UK’s target of 100% reduction
(cf. 1990) or net-zero emission by 2050 [2].

Of the nearly 30 million residential buildings in the UK, around 75%
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are predicted to still be in use in 2050 [3,4]. In 2023, residential building
stocks account for 27% national energy use [5] and 16% carbon emis-
sion [6]. Of this around 60% of energy is attributed to space heating [7].
The old buildings associated with single-glazing windows, solid wall,
roof and floors without insulation, contribute to poor thermal perfor-
mance and remarkable heating energy waste [8]. Thus, retrofitting old
buildings to increase energy efficiency is emerging as primary strategy
to cut carbon emission [8-10], with around 1% of old buildings being
retrofitted each year [11].

However, at the same time other retrofitting is occurring, notably
dwelling conversion (DC) in response to more smaller households with a
different energy use impact (cf. energy retrofitting). From 1970 to 2000,
the number of UK households increased by 6.4 million, but with the

E-mail addresses: c.s.grimmond@reading.ac.uk (S. Grimmond), luozl8@cardiff.ac.uk (Z. Luo).

https://doi.org/10.1016/j.enbuild.2024.114668

Received 8 June 2024; Received in revised form 3 August 2024; Accepted 14 August 2024

Available online 14 August 2024

0378-7788/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:c.s.grimmond@reading.ac.uk
mailto:luoz18@cardiff.ac.uk
www.sciencedirect.com/science/journal/03787788
https://www.elsevier.com/locate/enb
https://doi.org/10.1016/j.enbuild.2024.114668
https://doi.org/10.1016/j.enbuild.2024.114668
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2024.114668&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Liu et al.

average household size shrinking from 2.9 to 2.3 individuals [12], and
expected to continue to decrease 1.2% per year [4]. People are
increasingly living alone, with this accounting for 13% of the population
and 30% of households in 2022 [13]. This trend toward smaller
household is driving housing reconfiguration, with retrofitting splitting
existing dwellings into multiple smaller units (i.e. dwelling conversion
DC). This is becoming increasingly popular [14], in addition to new
construction, but is recognised as influencing both spatial and temporal
patterns of domestic energy consumption.

For instance, increased domestic energy use per capita in smaller
household size (HHS) has been well documented (e.g. [15,16]). As en-
ergy demanding activities are shared (e.g., cooking) or have sublinear
scaling [17] with occupancy (e.g., refrigeration, lighting in shared
spaces), energy consumption per capita is expected to increase with DC
for smaller HHS [18-20]. Thus, there may be conflicting effects from
energy retrofit to reduce energy use. The smaller household size trend,
facilitated by DC, could impact internal heat gains and building thermal
conditions, not only modifying space heating and cooling energy to
satisfy the indoor thermal comfort, but also their interaction with
external environment.

One critical interaction is linked to the anthropogenic heat flux from
buildings (Qg,p), or the additional heat emissions from buildings to the
atmosphere due to human activities. This important heating source in
urban area, can elevate near-surface air temperatures and strengthen the
canopy-layer urban heat island, as shown in numerous urban climate
modelling studies (e.g. [21-23]). Previous studies explore the influence
of building thermal parameters on Qgp profiles, such as U-value and
thermal mass (e.g. [24]), energy conservation measures (ECM) for ret-
rofitting (e.g. [25]), cooling system efficiency along with external sur-
face reflectivity (e.g. [26]). These strategies, designed to reduce building
energy consumption, should theoretically diminish Qgp release to the
ambient environment.

However, the focus on building materials and system efficiencies
have overlooked socio-economic factors, such as changes in household
size assocated with dwelling conversion. It raises the question of how
does dwelling conversion, with its associated reduction in household
size, alters Qgp profiles in different seasons. Additionally, as smaller
household sizes could potentially increase appliance energy use, it is
essential to determine whether energy savings from ECM are offset by
dwelling conversions. These questions highlight the need for a more
comprehensive approach to studying Qgp modifications taking both
technological and socio-economic perspectives.

Apart from building itself, weather and climate also influence
building energy use and Qg, g [27]. For instance, warmer temperatures
reduce heating demand in winter but increases the likelihood of
considering use of cooling in summer [28]. Historically, cooling systems
have been uncommon in UK dwellings (only 3% of UK buildings are
equipped with a cooling systems [29]). Adoption of mechanical cooling
may increase as part of people adapting to hotter summers in the future.
Switching from natural ventilation to mechanical cooling not only
consumes more energy, but also alters the timing and magnitude of heat
release [24]. How climate change may impact the effectiveness of these
retrofitting activities needs to be addressed.

Within the context of rising demand for smaller residences but
potentially conflicting with energy retrofitting efforts, we compare and
demonstrate the impacts of different building retrofitting strategies (DC,
ECM and their combined effects, CE) on diurnal Qg p profiles for UK
dwellings under different climate projections. The key findings will
answer and explain: (1) how dwelling conversion (DC) associated with
decreased HHS and ECM impacts seasonal Qg g profiles in the UK climate
context; (2) when two measures are combined, does the energy-saving
from ECM get offset by DC; and (3) how will future weather impact
Qrp under different retrofitting approaches. The insights derived from
these analyses will provide guidance for urban planners, building
refurbishment practitioners and weather/climate modellers to consider
when working to mitigate urban heat stress.
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2. Methods
2.1. Base case and retrofitting scenarios

To address our research questions (Section 1) we use a variety of data
sources and methods (Fig. 1). First, we use the UK Time Use Survey (UK-
TUS) to estimate the representative internal heat gains profiles for
different HHS and patterns (Section 2.2.2), causing key differences with
dwelling conversion. Second, building properties (type, geometry,
thermal) are determined by construction age from literature values to
assess the energy retrofit. Third, the building energy modelling is un-
dertaken and the Qg g from individual dwelling units are aggregated for
the entire terraced house stock.

This study specifically focuses on mid-terraced houses built before
1919, as they are identified as prime candidates for retrofitting to
enhance energy conservation but with the space for unit conversions. In
the latest English Housing Survey [29], England’s dwelling types are
predominately terraced houses (29.1%), followed by semi-detached
(24.5%) and detached houses (17.4%). In urban areas new dwellings
arise from conversions (2.4% cases in 2021) at a rate nearly triple that of
rural areas [31]. This implies a high potential exists for terraced houses
conversion in British cities because of their high frequency [31]. This is
consistent with London’s Borough of Merton reporting terraced houses
are most commonly converted into smaller flats [14].

UK dwellings are assigned energy efficiency ratings (energy perfor-
mance certificate EPC) from A to G with band E to G poorest [32]. In
2022, 20.3% of the terrace houses had pre-1919 construction [29] and
of these 23.4% had E-G energy ratings. Newer terrace houses are less
likely to have a low energy rating, as the next largest (8.6%) is
1919-1944 construction and the least (2.2%) for post-1990 construction
[33]. Thus, a substantial opportunity exists in older buildings for energy
retrofitting to meet carbon emission reductions.

To undertake the building energy modelling (Section 2.2) existing
building models (e.g. [34,35], Fig S.1) represent the mid-terrace house
archetype. The initial, or base case (BC), is a two-storey building with
three rooms (living, dining and kitchen) on the ground floor, and three
bedrooms and bathroom on the second floor. Assuming the house faces
south has relatively small implications, as assessed in Fig. 6 of Liu et al.
[19]. To assess the household internal heat gains (Section 2.2.2) using
building energy modelling, the interior layout is simplified (Fig. 2a): the
upper floor has bedrooms (plus bathroom), with heat contributions from
human metabolism; and the ground floor is treated as a single living
space (living room, kitchen and dining room) with heat release from all
domestic appliances.

The impacts of different retrofit strategies are evaluated using six
scenario simulations (Table 1). The base case (BC) assumes the three-
bedroom dwelling unit (Fig. 2a) is inhabited by three individuals
(HHS=3). The building envelope thermal properties are derived from
the TABULA (Typology Approach for Building Stock Assessment)
building typologies database [36,37]. TABULA offers a harmonised
categorization of residential building by type and age band in Europe,
including thermal properties (e.g. building envelopes U-values, solar
heat gain coefficient of windows (SHGC) for three building states (as
built, usual and ambitious refurbishment). We use the English housing
survey [29] dominant age band of private dwellings (i.e., pre-1919) for
the envelope thermal construction, which is characterised as solid brick
wall without insulation, and single-glazed windows (Table 1).

To evaluate the effect of decreased household size (HHS) by dwelling
conversion, the base case (BC in Fig. 2a) is split into two independent
dwelling units consisting of a one-bedroom flat on each floor (Fig. 2b).
Each unit still has two thermal zones (living room and bedroom in
Fig. 2b) and retains the BC thermal envelope properties. To examine
whether DC effect vary with occupancy density, we further split it into
two scenarios: DC-1 has one occupant (HHS=1), whereas DC-2 has two
(HHS=2), representing two occupancy densities and internal heat pro-
files (Section 2.2.2).
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Varied internal heat
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Varied thermal

profiles by DC properties by ECM
Human activity Bulld.lng type Bulldmg thermal Past and future
rofiles from TUS selection from propertiss from weather forcing
p literature TABULA database
Energy estimation
by activities
)
Internal heat gain
profile per
household
Building ener:
K-mean clustering q g gy .
modelling and analysis

Representative Building energy
internal heat gain modelling by
profiles EnergyPlus

)

Match corresponding
heating schedules

Opp,; of terrace
house unit

Aggregation by
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O of overall
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Fig. 1. Household internal heat gain profiles (including appliance energy use and occupant’s metabolism heat) are estimated from UK time use survey (UK-TUS) and
human activity profiles [30]). These hourly diurnal profiles are categorised using K-means clustering (Section 2.2.2). Building properties are derived from literature
(Section 2.1) are used in EnergyPlus building energy simulations, for both current and future weather conditions (Section 2.2.1). The anthropogenic heat flux
calculated for individual terrace house units (Qgp,) are aggregated based on cluster proportions to estimate the overall Qg of terraced houses.

(a) 3-bedroom household (HHS=3)

Dwelling
conversion

(b) 1-bedroom household (HHS=1 or 2)

Bedroom Bedroom
Livingroom Bedroom
Livingroom Livingroom
Ground floor First floor Ground floor (unit1) First floor (unit2)

Fig. 2. Reconfiguration of a mid-terraced house unit by dwelling conversion (DC) retrofit from (a) a three bedroom dwelling unit to (b) two identical one-bedroom
household units. Two thermal zones are considered in each dwelling, (a) for the three-bedroom dwelling the living room (ground floor) contains the kitchen, dining
and living room plus hall in Fig. S.1, abn the bedroom (first floor) includes the bedrooms, hall and bathroom.

Energy conservation measures (ECM) are initially assessed relative to
the BC, with unchanged dwelling structure and occupancy. The building
fabric retrofit assumes installation of double-glazed windows, solid-wall
(external) insulation and roof insulation following the refurbishment
measures set out in TABULA (Table 1) [36]. To examine whether DC will
offset the energy-saving and heat mitigation from ECM, we assess the net
effects of these changes on building thermal performance (CM-1, CM-2,
Table 1).

2.2. Building energy modelling

To evaluate the different retrofit strategies (Table 1) on anthropo-
genic heat emissions from buildings (Qr, g) in London, EnergyPlus [38]
simulations are undertaken. This widely used model can simulate
building both energy use and heat emission to the ambient environment
[25,39].

Following Liu et al. [40], Qg, g is calculated by considering the dif-
ference in energy balance fluxes between the building in *occupied’ (o)
and unoccupied’ (uo) states (Fig. 3). The uo state refers to an idealised
empty building baseline (or pre-operational occupation). Thus, the
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Table 1

Thermal properties (from TABULA database in [36] and household size (HHS)
varied in simulated scenarios, with number (N) of dwellings per terraced house
unit (Fig. 2). The thermal transmittance (U-value) is a measure of the rate of heat
transfer through a material or assembly of materials. The solar heat gain coef-
ficient (SHGC) indicates the fraction of solar radiation transmitted through a
window.
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half opened when the indoor air temperature is warmer than both the
outdoor air temperature and the ventilation set-point (Table 2). Whereas
in the future weather scenario, we assume buildings have mixed-mode
ventilation maintaining thermal comfort as an adaptation under
elevated temperatures (Table 2).

2.2.2. Internal heat gain profiles

Building envelope U- Windows
Case HHS N  value SHGC
Wall Roof  Window
Base BC 3 1 2.1 2.3 4.8 0.85
Energy ECM 3 1 0.3 0.13 2.2 0.63
conservation
measure
Dwelling DC- 1 2 2.1 2.3 4.8 0.85
conversion 1
Combined CM- 1 2 0.3 0.13 2.2 0.63
measure 1
Dwelling DC- 2 2 2.1 2.3 4.8 0.85
conversion 2
Combined CM- 2 2 0.3 0.13 22 0.63
measure 2

difference tracks all heat flux changes from human activities, concluding
that the energy source of Qp, p is derived from energy consumption (Qgc)
and changes in storage heat flux (AS¢.yo0):

QF.B = QEC - Aso—uo (1)

2.2.1. Weather data and related assumptions

The building scenarios (Table 1) are simulated using test reference
year (TRY) data for both ‘baseline’ and future weather. Typically, a 30-
year Normal (here 1961-1990 for baseline climate) of observed weather
data are used, from which the most representative of the climatology for
each month is selected, with TRY being the synthetic year of ‘real’
monthly weather sequences. For the future weather, data [41] are used
to select each months weather from the PROMETHEUS project, which
has been used for evaluating climate change impacts on building energy
use (e.g. [42]) or thermal comfort (e.g. [43,44]) in the UK. The UKCP09
climate projections are used by PROMETHEUS to create the future
probabilistic reference years (five percentiles, 10th, 33rd, 50,th 66" and
90™ ordered by monthly mean air temperature) by generating 100 sets
of 30-year long hourly data for three decades (e.g. 2030s, 2050s, 2080s)
and two emission scenarios (medium or high emissions). We selected the
medium emission scenario for the 2050s to simulate the future weather.

For ‘baseline’ conditions, we assume buildings only use natural
ventilation for passive cooling as most residential buildings are currently
unequipped with air conditioning. The window area is assumed to be

If no HVAC system is used, major building heat sources are: internal
heat gains from human metabolism, lighting, and appliance use. The
heat gains are considered to vary with household occupancy, therefore
impacting both timing and intensity of heat exchange between indoor
and outdoor environment.

The 2014/15 UK Time Use Survey (UK-TUS) has been used exten-
sively in energy demand studies to link activity and timing of those
activities to energy consumption [45]. TUS provide a high temporal
resolution (10 min) database of ’individual’ activities and locations,
across nationally representative population samples that (amongst other
population characteristics) capture ages and household sizes of re-
spondents (e.g. [46,471). With this information, probable appliance type
and, therefore, energy usage can be inferred, as well as time periods of
home occupancy [48-51]. This dataset enables the generation of
representative internal heat gain profiles which reflect the variability in
energy use induced by dwelling conversion across different household
sizes.

For this study, the weekday diaries when people are at home are
used. For each 10-min time block, metabolic rates, appliance power use,
and assumptions based on lighting usage are assigned ([52,30]). The
metabolic rates vary with age and activity energy expenditure ([30]). All
members of a household complete a diary, except for the youngest
children (under 8 years old). They are accounted for by assigning them
to an adult, so their residential occupancy is retained. The appliance
power usage values (W) are assigned based on manufacturer power
ratings of typical devices sold in the UK (December 2023), to give an
overall power value to each activity (Table. S.1) ([52,30]). The appli-
ance power is the total electrical energy consumption for up to four
activities co-occurring at each timestep.

To identify representative diurnal internal heat gain patterns by HHS
from 2903 weekday diurnal profiles for the simulations, we use K-mean
clustering to segregate the dataset into a pre-chosen number (K) of
clusters, each having internal homogeneity relative to other clusters.
This algorithm is selected for its stable performance (e.g. [53-55]).

The cluster analysis is an iterative process with the objective of
minimizing intra-cluster inertia [56]:

n
) =30 il @
where Py = (P1,Py, -+ Py) is the set of clusters, i = (uq, g, =+ M) is

Occupied building (o)

Unoccupied building (uo) \

Roof and Wal QWaste,o Roof and Wall
- K
AQS, uo
Floor

LT,uo - LL, 0

>

QH uo

QBAE,uo

Fig. 3. Schematic of principles used to derive anthropogenic heat emission from buildings (Qr, ) by considering the differences in heat fluxes between an ‘occupied’
(0) and ‘unoccupied’ building (uo0). At the building external envelope, shortwave (K) and longwave (L) radiation, and turbulent or convective sensible heat flux (Qy)
are considered. As is the heat transfer through building air exchange (e.g. natural ventilation through openings and exfiltration through cracks, Qpag) or the waste
heat (Qwaste) from heating, ventilation and air conditioning system (HVAC), the storage heat flux in the whole building volume (AQ;) and the building energy use in

the building (Qgc). Figure adapted from Liu et al. (2023).
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Table 2
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Assumed heating, cooling (future weather only) and natural ventilation set points temperatures used in the EnergyPlus building retrofitting simulations (Table 1)

undertaken for two weather conditions (baseline and 2050s).

Ventilation setpoint (°C)

Heating setpoint (°C)

Cooling setpoint (°C)

Weather

Bedroom Livingroom Bedroom Livingroom Bedroom Livingroom
Baseline 25 23 21 21 na na
2050s 25 23 21 21 26 26

the centroid of each cluster, x; is a genetic data point belonging to Py.
The main steps are to [54]: (a) initialize K number of centroids
randomly, (b) assign each dataset point to its nearest centroid by
minimizing C(P, u), (c) update the new centroids to the mean in each
cluster, and (d) repeat (b) and (c) until convergence occurs.

We normalize the diurnal profiles with the hourly peak value (xmqx)
to emphasize their shapes while mitigating the distorting effects of their
absolute magnitude to ease pattern recognition [55,57]:

X; = Xi/Xmax 3
where X; is the hourly internal heat with i € [0,23].

To determine an appropriate K value we use the ‘Clustergram’ al-
gorithm [58]. This assesses the weighted mean of the first component of
a principal component analysis (PCA) in each cluster. It shows the how
variances between cluster change with increasing K values. The optimal
K value determined in our analysis is 4 (Supplementary material
Fig. S.2), which offers clear separation between clusters.

The four clusters obtained from the diurnal patterns are sub-divided
by household size (HHS=1, HHS=2, HHS=3). We defined representa-
tive internal heat profiles for each HHS subgroup by averaging their
hourly profiles (Section 2.3, Fig. 4a), for use in the building energy
modelling.

Given the TUS provides activities rather than heating operations
(Supplementary material Section SM 3), we additionally only permit
typical heating schedules [59] within a period of assumed active occu-
pancy (i.e. home and awake): (1) clusterO-cluster2 on from 07:00 to 23:00

(non-workday schedule), and (2) cluster3 from 07:00 to 09:00 and 16:00
to 23:00 (workday schedule). We similarly limit the cooling schedule
arising from future weather, to the same active occupancy period
constraints.

2.3. Data aggregation

Building simulations (Section 2.2) are undertaken for individual
units with their distinct internal heat gain patterns due to variable oc-
cupancy between different households across the entire mid-terraced
structure. Each building scenario and climate creates a different Qgp;
profiles per dwelling unit linked to the four internal heat clusters iden-
tified (Fig. 4a). These are aggregated for the mid-terraced structure in
fraction (fy) of cluster types for each HHS group:
QF,Bave = Z?:OQF,BTifi (4)
In the aggregation, we assume: (1) all dwelling units in the mid-terraced
building have the same thermal properties and household size; and (2)
the fraction of cluster types (f;) in each HHS group (Fig. 4b) is used as the
actual frequency of varied household behaviours to aggregate Qg g from
dwelling unit to entire terraced unit. This fraction is calculated by
number of households for each cluster divided by the total household
number for each HHS group. The weighted-mean Qg are compared to
evaluate both retrofitting options and climate change impacts across the
building stock, rather than individual dwelling units. Hour to hour

(b)

ol
1500

Internal heat gain (W)

(@)

800 Cluster0 Clusterl Cluster2 Cluster3
(1) N=199 (f=17.5%) ||(2) N=287 (f=25.2%) |[(3) N=314 (f=27.5%) ||(4) N=340 (f=29.8%)

600 | HHS=1

400

2001

1200

0
1500

1200

(5) N=320 (f=25.1%)
rHHS=2

(6) N=254 (f=19.9%)

(7) N=358 (f=28.1%)

(9) N=151 (f=31.0%)
FHHS=3

(10) N=62 (f=12.7%)

(11) N=112 (f=23.0%)

03 6 912151821

03 6 912151821

03 6 912151821
Time (h)

03 6 912151821

Cluster0 B Clusterl B8 Cluster2 B Cluster3

HHS=1

HHS=2

HHS=3

0 20 40 60 80

100
(C) Fraction of clusters by HHS (%)
I all non-workday BB all workday lEEE mixed

Cluster3
(12) N=162 (f=33.3%)
F Cluster2

Clusterl

Cluster0

0 20 40 60 80 100

Fraction of occupancy working status by HHS (%)

Fig. 4. (a) Four (K=4, Section 2.2.2) internal heat profiles clusters (columns) and three household sizes (HHS; rows) with mean or centroid (dashed line) and
interquartile range (IQR, shading), with N indicating the number of profiles and their fraction in each HHS group (row); (b) relative number of each cluster type by
HHS (f; used in Eq. (4), and (c) relative number of people working in each cluster. Mixed households has both working and non-working occupants.
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differences in Qg p for the entire terraced house are calculated to eval-
uate the impacts of climate change.

3. Results and discussion
3.1. Clustering of internal heat gains

Following clustergram analysis (Supplementary material Fig. S.2) of
the UK households internal heat gains, four is selected as the optimal
number of clusters for energy consumption modelling (Fig. 4a).
Household size (HHS) does not affect the clustering patterns, although
more occupants increase the energy consumption magnitude.

Across clusters, clusterO has the lowest diurnal variability (Fig. 4a,
column 1). Cluster1 and cluster2 show distinct peaks, indicating different
lifestyles driving energy consumption at varying times (Fig. 4a, columns
2-3). Cluster3 is the most consistent with occupants being away at work
for a full-day (Fig. 4c) as energy is primarily used before and after 9-5
working schedule. This cluster has is the largest across all household size
groups (Fig. 4b, purple).

3.2. Effect of different building retrofitting on building anthropogenic heat

The internal heat gain profiles are used in EnergyPlus simulations to
calculate the annual mean hourly anthropogenic heat emission (Qg,) for
individual dwelling units and then aggregated to an entire terraced
house (Eq. (4) for the 12 scenarios: six buildings (Table 1) and two cli-
mates (Table 2).

3.2.1. Energy conservation measures (ECM)

The energy-conversation measures (ECM) impact the diurnal Qg in
all seasons relative to the base case (BC). Under the baseline weather,
the BC (poor insulation and windows properties, Table 1) requires
winter heating, resulting in a median peak Qg of 39.2 W m~2 (Fig. 5d).

Spring (MAM) Summer (JJA)

Energy & Buildings 322 (2024) 114668

This peak occurs early in the morning (07:00) when heating demand is
largest because the outdoor air temperature is coolest before sunrise.
This coincides with the building cooling down overnight as heating is
switched off when occupants are sleeping. Enhancing the building’s
thermal properties results in a substantial reduction in Qg magnitude,
including a 36.7% decrease in the winter median peak (Fig. 5d).

The smaller early morning peaks in spring and autumn can be
attributed to reduced heating requirements (e.g. median peak 19.4 W
m~2, Fig. 5a). However, additional evening peaks emerge correlating
with increased internal heat release from activities such as cooking
(cluster] and 3, Fig. 4a). ECM reduce Qg g between 07:00 and 15:00, with
the diurnal cycle flattening as heating demands diminish. Natural
ventilation becomes the primary mechanism driving internal heat
dissipation to outdoors when indoor temperature elevates and Qfp
reaches peak around 17:00. The reduced daily Qg p interquartile range
(IQR, shading in Fig. 5a, ¢) with ECM indicates the variability associated
with outdoor weather variations is decreased.

With mechanical cooling rare (assumed non-existent) in current UK
residential buildings, the primary anthropogenic energy sources in
summer are the internal heat from appliances. This is not influenced by
the change in envelope thermal properties, resulting in small Qgp dif-
ference between BC and ECM (Fig. 5b). Qr p remains high between 15:00
and 21:00 when natural ventilation is required to cool down the
building. However, the 2050s climate combined with the potential
introduction of mixed-mode ventilation, increases the BC Qgp, espe-
cially between 15:00 and 20:00 (grey, Fig. 5f). This is linked to cooling
demands in warmer weather. Using cooling extracts more stored heat to
outdoors, resulting in less heat being released after midnight (i.e.
negative change in Qgp, grey Fig. 5f). The 2050s weather (cf. baseline)
has consistent impacts across the seasons: warmer winters reduce
heating needs, with large changes in Qgp at 07:00 (Fig. Se, g, h).

These results support the current policies to promote energy con-
servation via enhanced thermal envelope properties to promote energy
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Fig. 6. As Fig. 5, but with BC compared to two dwelling conversion (DC) cases (DC-1: HHS=1; DC-2: HHS=2).

conservation. While these strategies may not reduce Qpp under
contemporary summer conditions, they present advantages for the
impending warmer climate. The external wall insulation not only re-
stricts the conductive heat gains, but also allow the thermal mass to
dampen indoor air temperature variations. Moreover, reductions in
heating energy demand during colder weather can help reduce peak
energy demand and with it curtail greenhouse gas emission, contrib-
uting to global warming mitigation.

3.2.2. Dwelling conversions (DC)

The two-dwelling conversion (DC) cases considered involve parti-
tioning a large household unit (3-bedrooms, HHS=3) into two separate
1-bedroom units for one (HHS=1, DC-1) or two people (HHS=2, DC-2).
As they retain the BC thermal properties (Table 1), they are primarily
impacted by changes in occupancy and activities (Section 3.1).

In winter (Fig. 6d), the Qg g profiles among the three cases (BC, DC-1,
and DC-2) are similar, suggesting that internal heat gains from DC allow
compensating heating energy. However, in summer (Fig. 6b) the two DC
cases differ (cf. BC). With more occupants (DC-2) there is larger Qfp
throughout the day, from greater appliance usage and human meta-
bolism (peak increases by 53.8% in Fig. 6b). Whilst DC-1 has a reduction
in Qg (cf. BC) with less internal heat generated from fewer occupants.
The three diurnal patterns are consistent in timing of minima, maxima
and trend across the day.

In the future summer scenario (Fig. 6f) with mixed-mode ventilation,
the DC-2 Qg g results in a larger median peak (cf. BC) of 34.5% (+2.5 W
m~2). This is attributed to the higher internal heat generation, which
requires prolonged cooling operations.

The spring and autumn patterns are more complex, as winter and
summer trends are combined (Fig. 6a, c). When temperatures are cooler
in the morning, Qr g differences are negligible, as heating energy is offset
by changed internal heat. But during warmer afternoons, the influence
of dwelling conversion becomes more evident, consistent with

summertime trends. Under the 2050s weather, the cooling systems are
seldom deployed (Fig. 6 e, g).

Unlike the ECM, which has a predominant wintertime Qg influence,
DC impacts are most evident in the other three seasons. Changes in both
building structure (i.e., split into two units) and occupancy patterns (i.e.,
from HHS) shift energy usage patterns and alter the internal heat gen-
eration magnitude.

3.2.3. Combined measures (CM)

Energy conservation measures (ECM) and dwelling conversion (DC),
when combined (CM-1, CM-2), result in an intricate interplay of indi-
vidual retrofitting effects with multiple seasonal variations. Under
baseline winter conditions and assuming heating profiles and set-point
temperatures remain unaltered, the change in thermal properties
(from ECM) are more important in modulating heating energy use than
DC. Both CM-1 and CM-2 show decreased Qr,g compared to the BC, with
the BC peak of 39.2 Wm 2 reduced to 26.8 and 25.0 W m ™2, respectively
(Fig. 7d). This is consistent with the ECM being less impacted by future
weather (Fig. 7h).

In the baseline summer conditions, when internal heat is the only
additional energy source, CM-1 and CM-2 (Fig. 7b) align closely with
DC-1 and DC-2 (Fig. 6b). However, in the 2050s summers several
changes occur: the Qg g increments for CM-1 (4.6 W m~2) and CM-2 (7.0
w mfz, Fig. 7b) are smaller than for the DC cases (DC-1: 6.8, DC-2: 9.6 W
m~2, Fig. 6f). This suggests the dual retrofitting strategy could enhance
resilience in countering urban heating, compared to only undertaking
dwelling conversion.

The spring and autumn CM-1 and CM-2 show no early morning peak
Qr,g (Fig. 7a, c), because of the reduced heating demand. Instead, an
evening peak emerges, predominantly driven by natural ventilation with
the magnitude closely tied to internal heat variations from occupancy
levels. The 2050s autumn has a distinctive shift in CM-2 (Fig. 7g)
compared to both DC-2 (Fig. 6g) and ECM (Fig. 5g). The evening
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Fig. 7. As Fig. 6, but BC compared to two combined measures (CM-1, CM-2).

increase indicates potential need for mechanical cooling interventions,
especially when internal heat generation coincides with enhanced
building insulation.

These results suggest it is advantageous to combine retrofitting
measures when buildings are converted. In winter and shoulder seasons,
heating energy use is reduced, and it help to mitigate heat emissions in
future summers. In addition, the inter-seasonal variability on diurnal Qz,
g is reduced for CM-2 as weighting of heating energy is smaller and in-
ternal heat becoming more important. Overall, the energy retrofitting
measures effectively reduce Qg g in the heating hours. Morning and night
have the more pronounced reductions, and as associated with shallower
atmospheric boundary layer depths (i.e. smaller volume of near-surface
air) cause larger temperature changes. Hence, neighbourhoods with
energy-retrofitting could experience colder winter nights and mornings
than pre-retrofitting. A similar study, which assessed replacing boilers
by heat pump, estimate a 2.5-3°C air temperature reduction in New York
winter [60]. Whereas, dwelling conversions with increased occupancy
density will emit more Qg in non-heating seasons, with peak emissions
in the evening. This can exacerbate the urban heat island, particularly in
the densely built area, like the city centre [61].

3.3. Inter-cluster variation impacts climate change and retrofitting

We extend our analysis beyond climate change and retrofitting
strategies for an average mid-terraced structure (Section 3.2), to the
impact arising from occupancy behaviour as characterised by the clus-
ters (Section 3.1). This allows explore variability between neighbour-
hoods with different social-cultural factors (e.g. age, income,
employment status and household size) to be explored. Given the sim-
ilarity between DC-1 and BC (Section 3.2.2) and CM-2 and ECM (Section
3.2.3) these cases have not been analysed further.

Most occupancy clusters have similar Qg g trends for the average mid-
terraced house (Fig. 8), with the 2050s weather decreasing winter-time
energy use for heating and hence Qgp, but increasing summertime
cooling energy. However, the magnitude of these shifts varies by cluster.

For BC and DC-2, cluster3 responds differently to other clusters in the
2050s climate, as the longer unoccupied periods (from 09:00 to 16:00)
without HVAC use lead to smaller wintertime Qgp reductions (25th
percentile in Fig. 8d, h, 1, p) and smaller summer Qfp increases (25th
percentile in Fig. 8 b, f, g, n) in the daytime. However, the summer
daytime heat absorbed by the building materials needs to be expelled by
the cooling system when residents return the household, resulting in a
massive increase in Qrp (above 75t percentile in Fig. 8 b, f, g, n),
potentially exacerbating the canopy-layer urban heat island effect dur-
ing summer evenings.

The similarity of cluster0-2 between present and 2050s weather in-
dicates these occupancy differences have limited impact on future Qg,
but the different schedule of HVAC usage is important and differs from
cluster3. Similar results occur for ECM and CM-2, but enhanced thermal
properties make the building less sensitive to outdoor weather changes,
reducing the impacts on Q.

The impact of occupancy clusters on internal heat gains and Qg g with
retrofitting changes under current weather conditions are also explored.
The ECM — BC difference for cluster3, with less home occupancy and
heating period (07:00-09:00 and 16:00-21:00), has smaller Qgp
reduction across the distribution (25%, 50% and 75%) than other
clusters with longer (07:00-23:00) winter heating (Fig. 9d). This sug-
gests heating schedules play an important role with the enhanced
thermal properties of the ECMs. Unlike the inter-cluster differences in
winter, summer is consistent across clusters, attributable to both an
absence of cooling and homogeneity in spring/autumn heating
demands.

The DC-2 — BC difference is impacted by greater occupancy, most
notably in summer (Fig. 9f), with cluster] and cluster2 having the largest
differences. The impact is reduced in other seasons as increased heating
energy compensates (Fig. 9e, g, h). Again cluster3 Qg g change is smaller
than others in summer, because of lower occupancy. Hence, occupancy
schedule and magnitude of internal energy usage influences need to be
considered as part of assessing dwelling modifications.

The CM-2 — BC difference has both the ECM and DC-2 summer and
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changes with column (season).

winter characteristics, but diverges in the spring/autumn responses.
Improved thermal properties reduces early morning heating demand
and elevated internal heat increases natural ventilation potential,
contributing to higher Qgp in the afternoons. Therefore, occupancy
dynamics critically modulate the viability of natural ventilation,
impacting Qrp during transitional seasons (Fig. 9i, k).

4. Conclusions

Increasing population and decreasing household size (HHS) is
enhancing demand for smaller dwellings in UK cities. Dwelling con-
versions (DC) occupied by fewer people share less appliance energy use,
potentially counteracting the energy-savings and heat mitigation from a
traditional energy retrofit. By incorporating occupancy information
from the UK time use survey (TUS), we have varying internal heat gains
profiles with different HHS. We evaluate impacts for three terraced
house retrofitting cases (energy conservation measures ECM, dwelling
conversions DC, and combined measures CM) on building anthropo-
genic heat emissions, with two London climates (baseline and 2050s).
The results vary between seasons because of building envelope thermal
properties and internal heat gains from human activities.

In the baseline climate, an ECM retrofit can effectively reduce the
heating energy required and therefore Qpp. The reduction is largest in
the early morning during winter (36.7% cf. the base case, BC), but
similar reductions at the same time are evident in the shoulder seasons.
However, summer Qg g changes are small because mechanical cooling is
currently not widely used in UK residential buildings and so was not
incorporated into BC simulations.

Converting a large house into multiple smaller units, modifies the

internal heat gains. These DC impacts are more pronounced than ECM in
summer, with household size being a critical determinant. Specifically,
DC-2 (HHS=2) causes a net increase in occupancy density and with it
more internal energy emissions and a summer evening Qg maximum
increase (53.8% cf. BC). The increased appliance energy use is offset by
reduced heating energy use in winter. While DC-1 (HHS=1) leads to a
net occupancy decrease, there are only slight difference across the whole
day. Occupancy associated with full time work (cluster3; units are empty
during the work period), leads to two heating operation periods. As
other clusters have smaller impacts, we can conclude different occu-
pancy behaviours are critically affecting the effectiveness of retrofitting
strategies at neighbourhood and city scale.

The combined measures (CM) merge the effect of DC and ECM across
different seasons. Winter is dominated by ECM effects because space
heating is the main energy consumer and changes in internal heat are
counterbalanced. Whereas, in seasons without space heating the CM-2
increased occupancy density consumes more energy and releases more
Qr,B. As regards the impact of future climates in 2050s, Qrp decreases
marginally in the heating season, if mechanical cooling is installed in
future summers, Qg would be greater in the mid-afternoon to evening
period with waste heat being emitted by air conditioning. The largest Qf,
prise is for DC-2 (53.7% for seasonal median peak) from cooling demand
and heat emission. Improving envelope thermal properties (ECM, CM-1,
CM-2) results in smaller changes. These findings support the current
policy of advocating enhancing envelope thermal properties as a key
strategy to reduce both building heating energy consumption and Qg in
future summers, and subsequently mitigate urban heating. Decision-
makers and science must not ignore the impacts of dwelling conver-
sion on Qg g, especially with increased occupancy density.
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In this study, energy use profiles are produced based on TUS activ-
ities with a fixed energy usage for an activity, that does not take into
account variability in sources (e.g. seasonal, or due to differences in the
energy efficiency of appliances). Thus, further dynamics, including
changes in behaviour will also impact the resulting Qg profiles. These
results demonstrate this would be worthwhile exploring in the future.

Additionally, using pre-1919 building thermal properties as the
baseline (BC) likely maximizes the ECM effect. Future analyses of ret-
rofitting buildings for other age bands (e.g. 1919-1944, 1945-1964) and
dwelling conversion will become more important, once the proportion
of older dwellings are completed, but ECM may less affect Qg unless
technology changes are possible. To take a consistent approach between
the baseline and 2050s weather forcing data, we do not account for
urban or neighbourhood effects (e.g. varying urban heat island intensity
with neighbourhood) despite their importance (e.g. [62,63]). Future
studies should consider impacts of neighbourhood context with a city on
the cases addressed here.

CRediT authorship contribution statement

Yiqing Liu: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Sue Grimmond: Writing — review &
editing, Supervision, Methodology, Investigation, Funding acquisition,
Conceptualization. Zhiwen Luo: Writing — review & editing, Supervi-
sion, Resources, Project administration, Funding acquisition, Concep-
tualization. Denise Hertwig: Writing - review & editing, Data curation.
Megan McGrory: Writing — review & editing, Data curation. Samuele
Lo Piano: Writing — review & editing, Data curation. Stefan T. Smith:
Writing — review & editing, Data curation.

10

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data are available at https://doi.org/10.5281/zenodo.13363396.
Acknowledgements

This work has been funded as part of NERC-COSMA project (NE/
S005889/1), ERC-urbisphere (grant no. 855005), NERC-ASSURE (NE/
W002965/1), NERC-APEx (NE/T001887/1) and PhD studentship award
by University of Reading (GS20-059).

Appendix A. Supplementary material

Supplementary material to this article can be found online at https://
doi.org/10.1016/j.enbuild.2024.114668.

References

[1] P. Arias, N. Bellouin, E. Coppola, R. Jones, G. Krinner, J. Marotzke, V. Naik,
M. Palmer, G.-K. Plattner, J. Rogelj. Climate Change 2021: the physical science
basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; technical summary, 2021.

[2] Gov.uk, UK becomes first major economy to pass net zero emissions law. https
://www.gov.uk/government/news/uk-becomes-first-major-economy-to-pass-net
-zero-emissions-law.


https://doi.org/10.5281/zenodo.13363396
https://doi.org/10.1016/j.enbuild.2024.114668
https://doi.org/10.1016/j.enbuild.2024.114668
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0005
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0005
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0005
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0005
https://www.gov.uk/government/news/uk-becomes-first-major-economy-to-pass-net-zero-emissions-law
https://www.gov.uk/government/news/uk-becomes-first-major-economy-to-pass-net-zero-emissions-law
https://www.gov.uk/government/news/uk-becomes-first-major-economy-to-pass-net-zero-emissions-law

Y. Liu et al.

[31

[4]

[5

=

[6

=

[7]

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

C. Panakaduwa, P. Coates, M. Munir, Evaluation of Government Actions
Discouraging Housing Energy Retrofit in the UK: A Critical Review. 20th
International Conference on the European Energy Market, 2024.

J. Ravetz, State of the stock-what do we know about existing buildings and their
future prospects? Energy Policy 36 (2008) 4462-4470, https://doi.org/10.1016/j.
enpol.2008.09.026.

DESNZ (Department for Energy Security and Net Zero), Energy Consumption in the
UK (ECUK) 1970 to 2022, 2023.

DESNZ (Department for Energy Security and Net Zero), UK energy in brief 2023,
2023.

J. Palmer, I. Cooper, United Kingdom housing energy fact file 2013. A Report
Prepared under Contract to DECC by Cambridge Architectural Research, Eclipse
Research Consultants and Cambridge Energy, Department of Energy & Climate
Change, London, UK, 2013.

M. Dowson, A. Poole, D. Harrison, G. Susman, A review on the energy retrofit
policies and improvements of the UK existing buildings, challenges and benefits,
Energy Policy 50 (2012) 294-305, https://doi.org/10.1016/j.enpol.2012.07.019.
J. Alabid, A. Bennadji, M. Seddiki, A review on the energy retrofit policies and
improvements of the UK existing buildings, challenges and benefits, Renew.
Sustain. Energy Rev. 159 (2022) 112161, https://doi.org/10.1016/j.
rser.2022.112161.

E. Marshall, J.K. Steinberger, V. Dupont, T.J. Foxon, Combining energy efficiency
measure approaches and occupancy patterns in building modelling in the UK
residential context, Energ. Buildings 111 (2016) 98-108, https://doi.org/10.1016/
j.enbuild.2015.11.039.

S. Roberts, Altering existing buildings in the UK, Energy Policy 36 (2008)
4482-4486, https://doi.org/10.1016/j.enpol.2008.09.023.

K.J. Baker, R.M. Rylatt, Improving the prediction of UK domestic energy-demand
using annual consumption-data, Appl. Energy 85 (2008) 475-482, https://doi.org/
10.1016/j.apenergy.2007.09.004.

Office for National Statistics, Family and household in UK: 2022. https://www.ons.
gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/families/bu
lletins/familiesandhouseholds/2022, 2023 (accessed 13 Jan 2024).

Merton Council, Local Development Framework: Dwelling conversion background
paper. https://www.merton.gov.uk/system/files?file=0332_dwelling_conversions_
2010.pdf, 2011 (accessed 13 Jan 2024).

A. Druckman, T. Jackson, Household energy consumption in the UK: a highly
geographically and socio-economically disaggregated model, Energy Policy 36
(2008) 3177-3192, https://doi.org/10.1016/j.enpol.2008.03.021.

Y.G. Yohanis, J.D. Mondol, A. Wright, B. Norton, Real-life energy use in the UK:
How occupancy and dwelling characteristics affect domestic electricity use, Energ.
Buildings 40 (2008) 1053-1059, https://doi.org/10.1016/j.enbuild.2007.09.001.
L.M.A. Bettencourt, J. Lobo, D. Helbing, C. Kiihnert, G.B. West, Growth,
innovation, scaling, and the pace of life in cities, PNAS 104 (2007) 7301-7306,
https://doi.org/10.1073/pnas.0610172104.

V. Aragon, S. Gauthier, P. Warren, P.A.B. James, B. Anderson, Developing English
domestic occupancy profiles, Build. Res. Inf. 47 (4) (2019) 375-393, https://doi.
org/10.1080/09613218.2017.1399719.

X. Liu, S. Hu, D. Yan, A statistical quantitative analysis of the correlations between
socio-demographic characteristics and household occupancy patterns in residential
buildings in China, Energ. Buildings 284 (2023) 112842, https://doi.org/10.1016/
j.enbuild.2023.112842.

1. Richardson, M. Thomson, D. Infield, A high-resolution domestic building
occupancy model for energy demand simulations, Energ. Buildings 40 (2008)
1560-1566, https://doi.org/10.1016/j.enbuild.2008.02.006.

Y. Chen, W.M. Jiang, N. Zhang, X.F. He, R.W. Zhou, Numerical simulation of the
anthropogenic heat effect on urban boundary layer structure, Theor. Appl.
Climatol. 97 (2009) 123-134, https://doi.org/10.1007/500704-008-0054-0.

Y. Ohashi, Y. Genchi, H. Kondo, Y. Kikegawa, H. Yoshikado, Y. Hirano, Influence of
air-conditioning waste heat on air temperature in Tokyo during summer:
Numerical experiments using an urban canopy model coupled with a building
energy model, J. Appl. Meteorol. Climatol. 46 (2007) 66-81, https://doi.org/
10.1175/JAM2441.1.

P. Vahmani, X. Luo, A. Jones, T. Hong, Anthropogenic heating of the urban
environment: an investigation of feedback dynamics between urban micro-climate
and decomposed anthropogenic heating from buildings, Build. Environ. 213 (2022)
108841, https://doi.org/10.1016/j.buildenv.2022.108841.

Y. Liu, Z. Luo, S. Grimmond, Impact of building envelope design parameters on
diurnal building anthropogenic heat emission, Build. Environ. 234 (2023) 110134,
https://doi.org/10.1016/j.buildenv.2023.110134.

Martina Ferrando, Tianzhen Hong, Francesco Causone, A simulation-based
assessment of technologies to reduce heat emissions from buildings, Build. Environ.
195 (2021) 107772, https://doi.org/10.1016/j.buildenv.2021.107772.

J. Anand, M. Alhazmi, D.J. Sailor, Achieving net negative sensible heat release
from buildings, Energ. Buildings 311 (2024) 114121, https://doi.org/10.1016/j.
enbuild.2024.114121.

P. de Wilde, D. Coley, The implications of a changing climate for buildings, Build.
Environ. 55 (2012) 1-7, https://doi.org/10.1016/j.buildenv.2012.03.014.

L. Collins, S. Natarajan, G. Levermore, Climate change and future energy
consumption in UK housing stock, Build. Serv. Eng. Res. Technol. 31 (1) (2010)
75-90, https://doi.org/10.1177/0143624409354972.

DLUHC (Department of Levelling Up Housing and Communities), English Housing
Survey Headline Report, 2023.

D. Hertwig, M. McGrory, M. Paskin, Y. Liu, S. Lo Piano, H. Llanwarne, S.T. Smith,
S. Grimmond, Connecting physical and socio-economic spaces for multi-scale
urban modelling: a dataset for London, Geosci. Data J., in review (2024).

11

[31]
[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Energy & Buildings 322 (2024) 114668

DEFRA (Department for Environment Food and Rural Affairs), Statistical Digest of
Rural England: 2-House, 2023.

P. Watson, An introduction to UK Energy Performance Certificates (EPCs), J. Build.
Apprais. 5 (2010) 241-250, https://doi.org/10.1057/jba.2009.22.

DLUHC (Department of Levelling Up Housing and Communities), English Housing
Survey 2022 to 2023: energy report, 2023.

C. Liu, Creation of Hot Summer Years and Evaluation of Overheating Risk at a High
Spatial Resolution under a Changing Climate, University of Bath, 2017.

S.M. Porritt, P.C. Cropper, L. Shao, C.I. Goodier, Ranking of interventions to reduce
dwelling overheating during heat waves, Energ. Buildings 55 (2012) 16-27,
https://doi.org/10.1016/j.enbuild.2012.01.043.

T. Loga, B. Stein, N. Diefenbach, TABULA building typologies in 20 European
countries—making energy-related features of residential building stocks
comparable, Energ. Buildings 132 (2016) 4-12, https://doi.org/10.1016/j.
enbuild.2016.06.094.

1. Ballarini, S.P. Corgnati, V. Corrado, Use of reference buildings to assess the
energy saving potentials of the residential building stock: the experience of
TABULA project, Energy Policy 68 (2014) 273-284, https://doi.org/10.1016/j.
enpol.2014.01.027.

DOE (Department of Energy), EnergyPlus™ version 9.4.0, 2020, https://energyplus.
net/.

T. Hong, M. Ferrando, X. Luo, F. Causone, Modeling and analysis of heat emissions
from buildings to ambient air, Appl. Energy 277 (2020) 115566, https://doi.org/
10.1016/j.apenergy.2020.115566.

Y. Liu, Z. Luo, S. Grimmond, Revising the definition of anthropogenic heat flux
from buildings: role of human activities and building storage heat flux, Atmos.
Chem. Phys. 22 (2022) 4721-4735, https://doi.org/10.5194/acp-2021-914.

M. Eames, T. Kershaw, D. Coley, On the creation of future probabilistic design
weather years from UKCP09, Build. Serv. Eng. Res. Technol. 32 (2) (2011)
127-142, https://doi.org/10.1177/0143624410379934.

M. Herrera, S. Natarajan, D.A. Coley, T. Kershaw, A.P. Ramallo-Gonzalez,

M. Eames, D. Fosas, M. Wood, A review of current and future weather data for
building simulation, Build. Serv. Eng. Res. Technol. 38 (5) (2017) 602-627,
https://doi.org/10.1177,/0143624417705937.

C. Cui, R. Raslan, I. Korolija, Z. Chalabi, On the robustness of thermal comfort
against uncertain future climate: a Bayesian bootstrap method, Build. Environ. 226
(2022) 109665, https://doi.org/10.1016/j.buildenv.2022.109665.

K.J. Lomas, R. Giridharan, Thermal comfort standards, measured internal
temperatures and thermal resilience to climate change of free-running buildings: a
case-study of hospital wards, Build. Environ. 55 (2012) 57-72, https://doi.org/
10.1016/j.buildenv.2011.12.006.

J. Torriti, Temporal aggregation: Time use methodologies applied to residential
electricity demand, Util. Policy 64 (2020) 101039, https://doi.org/10.1016/j.

jup.2020.101039.

K. Fisher, J. Gershuny, Coming full circle-Introducing the multinational time use
study simple file, Electronic International Journal of Time Use Research 10 (1)
(2013) 91-96.

J. Gershuny, O. Sullivan, United Kingdom time use survey, 2014-2015. [data
collection]. UK Data Service. http://doi.org/10.5255/UKDA-SN-8128-1.

R. Baetens, D. Saelens, Modelling uncertainty in district energy simulations by
stochastic residential occupant behaviour, J. Build. Perform. Simul. 9 (4) (2016)
431-447, https://doi.org/10.1080/19401493.2015.1070203.

1. Capel-Timms, S.T. Smith, T. Sun, S. Grimmond, Dynamic Anthropogenic
activitieS impacting Heat emissions (DASH v1.0): development and evaluation,
Geosci. Model Dev. 13 (10) (2020) 4891-4924, https://doi.org/10.5194/gmd-13-
4891-2020.

M. Iamarino, S. Beevers, C.S.B. Grimmond, High-resolution (space, time)
anthropogenic heat emissions: London 1970-2025, Int. J. Climatol. 32 (11) (2012)
1754-1767, https://doi.org/10.1002/joc.2390.

E. McKenna, M. Krawczynski, M. Thomson, Four-state domestic building
occupancy model for energy demand simulations, Energ. Buildings 96 (2015)
30-39, https://doi.org/10.1016/j.enbuild.2015.03.013.

M. McGrory, D. Hertwig, S. Lo Piano, Y. Liu, M. Paskin, S.T. Smith, S. Grimmond,
urbisphere\_gb-london\_UR-2: Activities profiles derived from UK Time Use Survey
data for modelling, Zenodo (2024), https://doi.org/10.5281/zenodo.10889766.
X. Luo, T. Hong, Y. Chen, M.A. Piette, Electric load shape benchmarking for small-
and medium-sized commercial buildings, Appl. Energy 204 (2017) 715-725,
https://doi.org/10.1016/j.apenergy.2017.07.108.

J.Y. Park, X. Yang, C. Miller, P. Arjunan, Z. Nagy, Apples or oranges? Identification
of fundamental load shape profiles for benchmarking buildings using a large and
diverse dataset, Appl. Energy 236 (2019) 1280-1295, https://doi.org/10.1016/j.
apenergy.2018.12.025.

J.D. Rhodes, W.J. Cole, C.R. Upshaw, T.F. Edgar, M.E. Webber, Clustering analysis
of residential electricity demand profiles, Appl. Energy 135 (2014) 461-471,
https://doi.org/10.1016/j.apenergy.2014.08.111.

P. Gianniou, X. Liu, A. Heller, P.S. Nielsen, C. Rode, Clustering-based analysis for
residential district heating data, Energ. Conver. Manage. 165 (2018) 840-850,
https://doi.org/10.1016/j.enconman.2018.03.015.

S. Yilmaz, J. Chambers, M.K. Patel, Comparison of clustering approaches for
domestic electricity load profile characterisation - Implications for demand side
management, Energy 180 (2019) 665-677, https://doi.org/10.1016/j.
energy.2019.05.124.

M. Schonlau, The clustergram: a graph for visualizing hierarchical and
nonhierarchical cluster analyses, Stata J. 2 (4) (2002) 391-402.


http://refhub.elsevier.com/S0378-7788(24)00784-9/h0015
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0015
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0015
https://doi.org/10.1016/j.enpol.2008.09.026
https://doi.org/10.1016/j.enpol.2008.09.026
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0030
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0030
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0030
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0030
https://doi.org/10.1016/j.enpol.2012.07.019
https://doi.org/10.1016/j.rser.2022.112161
https://doi.org/10.1016/j.rser.2022.112161
https://doi.org/10.1016/j.enbuild.2015.11.039
https://doi.org/10.1016/j.enbuild.2015.11.039
https://doi.org/10.1016/j.enpol.2008.09.023
https://doi.org/10.1016/j.apenergy.2007.09.004
https://doi.org/10.1016/j.apenergy.2007.09.004
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/families/bulletins/familiesandhouseholds/2022
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/families/bulletins/familiesandhouseholds/2022
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/families/bulletins/familiesandhouseholds/2022
https://www.merton.gov.uk/system/files?file=0332_dwelling_conversions_2010.pdf
https://www.merton.gov.uk/system/files?file=0332_dwelling_conversions_2010.pdf
https://doi.org/10.1016/j.enpol.2008.03.021
https://doi.org/10.1016/j.enbuild.2007.09.001
https://doi.org/10.1073/pnas.0610172104
https://doi.org/10.1080/09613218.2017.1399719
https://doi.org/10.1080/09613218.2017.1399719
https://doi.org/10.1016/j.enbuild.2023.112842
https://doi.org/10.1016/j.enbuild.2023.112842
https://doi.org/10.1016/j.enbuild.2008.02.006
https://doi.org/10.1007/s00704-008-0054-0
https://doi.org/10.1175/JAM2441.1
https://doi.org/10.1175/JAM2441.1
https://doi.org/10.1016/j.buildenv.2022.108841
https://doi.org/10.1016/j.buildenv.2023.110134
https://doi.org/10.1016/j.buildenv.2021.107772
https://doi.org/10.1016/j.enbuild.2024.114121
https://doi.org/10.1016/j.enbuild.2024.114121
https://doi.org/10.1016/j.buildenv.2012.03.014
https://doi.org/10.1177/0143624409354972
http://refhub.elsevier.com/S0378-7788(24)00784-9/optXfT3N9SGsN
http://refhub.elsevier.com/S0378-7788(24)00784-9/optXfT3N9SGsN
http://refhub.elsevier.com/S0378-7788(24)00784-9/optXfT3N9SGsN
https://doi.org/10.1057/jba.2009.22
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0160
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0160
https://doi.org/10.1016/j.enbuild.2012.01.043
https://doi.org/10.1016/j.enbuild.2016.06.094
https://doi.org/10.1016/j.enbuild.2016.06.094
https://doi.org/10.1016/j.enpol.2014.01.027
https://doi.org/10.1016/j.enpol.2014.01.027
https://energyplus.net/
https://energyplus.net/
https://doi.org/10.1016/j.apenergy.2020.115566
https://doi.org/10.1016/j.apenergy.2020.115566
https://doi.org/10.5194/acp-2021-914
https://doi.org/10.1177/0143624410379934
https://doi.org/10.1177/0143624417705937
https://doi.org/10.1016/j.buildenv.2022.109665
https://doi.org/10.1016/j.buildenv.2011.12.006
https://doi.org/10.1016/j.buildenv.2011.12.006
https://doi.org/10.1016/j.jup.2020.101039
https://doi.org/10.1016/j.jup.2020.101039
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0220
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0220
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0220
http://doi.org/10.5255/UKDA-SN-8128-1
https://doi.org/10.1080/19401493.2015.1070203
https://doi.org/10.5194/gmd-13-4891-2020
https://doi.org/10.5194/gmd-13-4891-2020
https://doi.org/10.1002/joc.2390
https://doi.org/10.1016/j.enbuild.2015.03.013
https://doi.org/10.5281/zenodo.10889766
https://doi.org/10.1016/j.apenergy.2017.07.108
https://doi.org/10.1016/j.apenergy.2018.12.025
https://doi.org/10.1016/j.apenergy.2018.12.025
https://doi.org/10.1016/j.apenergy.2014.08.111
https://doi.org/10.1016/j.enconman.2018.03.015
https://doi.org/10.1016/j.energy.2019.05.124
https://doi.org/10.1016/j.energy.2019.05.124
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0280
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0280

Y. Liu et al.

[59]

[60]

[61]

B.R. Anderson, P.F. Chapman, N.G. Cutland, C.M. Dickson, S.M. Doran,

G. Henderson, BREDEM-8 Model Description, 2001 update, BRE Press, Watford,
UK, 2008.

H. Gamarro, J. Gonzalez-Cruz, On the electrification of winter season in cold
climate megacities-the case of New York City, ASME J. Eng. Sustain. Build. Cities 4
(3) (2023) 1-11, https://doi.org/10.1115/1.4063377.

S.I. Bohnenstengel, I. Hamilton, M. Davies, S.E. Belcher, Impact of anthropogenic
heat emissions on London’s temperatures, Q. J. R. Meteorolog. Soc. 140 (679)
(2014) 687-698, https://doi.org/10.1002/qj.2144.

12

[62]

[63]

Energy & Buildings 322 (2024) 114668

M. Santamouris, N. Papanikolaou, I. Livada, I. Koronakis, C. Georgakis, A. Argiriou,
D.N. Assimakopoulos, On the impact of urban climate on the energy consuption of
building, Sol. Energy 70 (3) (2001) 201-216, https://doi.org/10.1016/S0038-
092X(00)00095-5.

X. Xie, Z. Luo, S. Grimmond, T. Sun, Impact of building density on natural
ventilation potential and cooling energy saving across Chinese climate zones,
Build. Environ. 244 (2023) 110621, https://doi.org/10.1016/].
buildenv.2023.110621.


http://refhub.elsevier.com/S0378-7788(24)00784-9/h0285
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0285
http://refhub.elsevier.com/S0378-7788(24)00784-9/h0285
https://doi.org/10.1115/1.4063377
https://doi.org/10.1002/qj.2144
https://doi.org/10.1016/S0038-092X(00)00095-5
https://doi.org/10.1016/S0038-092X(00)00095-5
https://doi.org/10.1016/j.buildenv.2023.110621
https://doi.org/10.1016/j.buildenv.2023.110621

	Dwelling conversion and energy retrofit modify building anthropogenic heat emission under past and future climates: A case  ...
	1 Introduction
	2 Methods
	2.1 Base case and retrofitting scenarios
	2.2 Building energy modelling
	2.2.1 Weather data and related assumptions
	2.2.2 Internal heat gain profiles

	2.3 Data aggregation

	3 Results and discussion
	3.1 Clustering of internal heat gains
	3.2 Effect of different building retrofitting on building anthropogenic heat
	3.2.1 Energy conservation measures (ECM)
	3.2.2 Dwelling conversions (DC)
	3.2.3 Combined measures (CM)

	3.3 Inter-cluster variation impacts climate change and retrofitting

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


