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Highlights

e Using air source heat pumps (ASHPs) can alter the outdoor microclimate.

e ASHP cooling raises outdoor air temperature by 0.12 °C in London neighbourhoods.

e ASHP heating lowers outdoor air temperature by 0.16 °C in London neighbourhoods.

e SUEWS-EnergyPlus coupling is a cost-effective approach addressing building and
neighbourhood energy exchange.
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Abstract

The UK government promotes heat pumps to replace gas boilers in the residential sector as a
vital part of its strategy to achieve Net Zero by 2050. As climate change intensifies, heat
pumps, traditionally used for heating, will also play a role in cooling to address indoor heat
risks that threaten public health and increase energy demands. However, air-source heat
pumps (ASHPs) might unintentionally exacerbate summer overheating and winter
overcooling in residential neighbourhoods. This study uses a multi-scale modelling approach,
combining SUEWS and EnergyPlus, to assess the impact of ASHPs on outdoor temperature
in two idealised UK low-rise residential neighbourhoods under 2050s climate scenarios.
Results show that in summer, ASHPs increase median anthropogenic heat emission by up to
19.3 W m and raise local median 2 m air temperature by up to 0.12 °C in an idealised
London neighbourhood. In winter, replacing gas boilers with ASHPs for heating reduces
anthropogenic heat emissions by up to 11.1 W m and lowers local air temperatures by up to
0.16 °C in London. The research shows that conventional waste heat calculations from air-
conditioning can overestimate emissions by up to 86%, and cooling entire floors rather than
just occupied rooms can increase energy consumption by 68%. Although temperature
changes will vary across UK cities, the response of air temperature to anthropogenic heat is
generally consistent. The study enhances understanding of role of ASHPs in the UK's net
zero target for 2050, highlighting the importance of balancing outdoor and indoor thermal

comfort when considering the wide use of ASHPs.

Keywords: Urban Heat Island, Net Zero Emissions, Climate Resilience, EnergyPlus, SUEWS
Nomenclature

T, Outdoor 2 m air temperature (°C)
Tp Base temperature for cooling/heating degree days calculation (°C)
Q* Net all-wave radiation (W m2)
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Qe Latent heat flux (W m?)

Qec Energy consumption of heating/cooling system (W m)
Qr Anthropogenic heat flux (W m?)

QFp Building anthropogenic heat flux (W m)

Qn Sensible heat flux (W m2)

Qinernat~ Building internal heat gain (W m2)

Qs Storage heat flux (W m2)

Quaste  Waste heat emission (W m?)

Ppop Population per hectare (cap ha™)

1. Introduction

The energy sector is a major contributor to greenhouse gas emissions and climate change. It
is responsible for more than two-thirds of global emissions (World Resources Institute,
2022). The building sector, plays a notable role, consuming 30% of the world’s final energy
and producing 27% of the energy sector’s carbon emissions (IEA, 2022a). However, potential
exists to reduce this by adopting more efficient and cleaner heating solutions. Heat pumps are
an available technology that have received significant support globally. In simple terms, heat
pumps use electrical energy to transfer heat from a colder space (outdoors) to a warmer space

(indoors) when used for heating purposes (Chua et al., 2010).

The global heat pumps market is expanding, with marked increases in North America,
Europe, and Asia (IEA, 2022b). By 2021, 190 million units were in operation worldwide
(IEA, 2022b). The International Energy Agency (IEA) has an ambitious goal of fulfilling
50% of the global heating requirements with heat pumps by 2045 (IEA, 2021). Similarly, the
UK aims to achieve net-zero carbon emissions by 2050, requiring reforms across all energy-
consuming sectors (BEIS, 2021). Residential heating accounts for approximately 13% of the
UK's total greenhouse gas emissions (UKERC, 2020), primarily as gas boilers are used by
85% of households (UKERC, 2016). Thus, decarbonising this sector is critical, especially
given the increase in home working post-pandemic. The UK Climate Change Committee
(2020) estimates that achieving net zero will require domestic heat pumps to be installed in

50% to 80% of homes by 2050, raising from less than 1% currently (MHCLG, 2021). To
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support this, the UK government is promoting the adoption of residential heat pumps through
subsidies such as the Boiler Upgrade Scheme (Department for Energy Security and Net Zero,
2023), positioning heat pumps to be the dominant technology in the UK's residential heating
sector. Similarly, over 30 countries, which account for more than 70% of global heating
demand for buildings, have implemented incentive policies to subsidise heat pump

installations (IEA, 2024).

With ongoing global warming, UK's climate is likely to change from being heating-focused
to one needing both heating and cooling (Bastin et al., 2019). Projections for the 2050s
suggest a 200% increase in cooling demand compared to the 2020s (Chow et al., 2010).
Hence, heat pump use is expected to expand from heating only to also include cooling. This
shift requires an assessment of the cooling capabilities of heat pumps in the UK (BIES,
2021). As air source heat pumps (ASHP) cooling removes heat from indoors and release it
outside, this could intensify urban heat island effects, particularly in densely populated areas.
Conventional air-conditioning systems are known to have this issue (Table 1). While ASHPs
have the potential to enable decarbonisation, the impact of urban overheating during summer

cooling and overcooling in winter periods requires further investigation.

The role of air conditioners in raising 2 m air temperatures has been assessed in several cities
via anthropogenic heat emissions increase with (cf. without) air-conditioning (Table 1). For
instance, increases of up to 1.5 °C in Phoenix (Salamanca et al., 2014), 1.7 °C in New York
(Gutiérrez et al., 2015), and 2 °C in Hong Kong (Wang et al., 2018) have been reported, with
the latter linked to a 300 W m™ increase in anthropogenic heat emissions. The magnitude of
these heat emissions is influenced by factors such as the air conditioning systems efficiency
and cooling demand. These increases, in turn, are affected by buildings characteristics (e.g.

density, volume) and occupancy patterns (Salamanca et al., 2014), and atmospheric heat
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conductance/resistance feedbacks (Wang et al., 2023).

In addition to their summer cooling effects, ASHPs can also affect outdoor air temperatures
in winter. By extracting heat from the outdoor air for indoor heating, ASHPs may reduce
outdoor temperatures compared to the baseline scenario of gas boilers. This reduction in
anthropogenic heat emissions during winter can potentially increase the heating load, offering
a contrasting impact from their summer cooling effect. However, unlike the impact from

summer cooling, this winter impact remains largely unstudied.

Around 18% of households in the UK experience fuel poverty and cannot adequately heat
their homes (Roberts et al., 2015). Currently active cooling is rare in UK homes (2% air
conditioner use rate) due to the mild climate (MHCLG, 2021). However, it is crucial to
investigate the potential impact of government-promotied large-scale use of heat pumps for
residential cooling and heating in future climate conditions. Since residential areas cover the
largest portions of cities, the changes in urban air temperatures from air source heat pump
may raise the risk of urban overheating and/or overcooling, elevate energy use and costs for
households using active cooling and heating, and increase indoor overheating and/or
overcooling risks for disadvantaged households. This situation could be worse for those
unable to afford ASHPs or facing fuel poverty, thereby exacerbating social inequality and

injustice (Lee et al., 2024).

Previous studies investigating the impact of air conditioning on local climate have employed
the BEP/BEM (building effect parameterization/building energy modelling) framework
within a meso-scale weather model (Kikegawa et al., 2003; Salamanca et al., 2010). Due to
the high computational demands, simplifying assumptions are made, such as using uniform
'shoebox’ structures that involve simple cubic geometries with only one single zone (Battini et

al., 2023). The BEP/BEM framework compares well to the more detailed EnergyPlus
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building energy model (U.S. Department of Energy, 2020a) for the same ‘shoebox’ case
(Pokhrel et al., 2019; Xu et al., 2018). However, it lacks detailed descriptions of building

data, particularly regarding human behaviour inside the building.

EnergyPlus allows dynamic modelling of heat transfer and energy consumption in buildings,
accounting for detailed building geometry (e.g. room and space configurations), occupancy
behaviour and system operation. Varied patterns of occupancy and air conditioning
operations at different times and in different spaces can be accounted for (Cuerda et al.,
2019). It has been widely used to model the building heat emissions to outdoors (Chen et al.,
2022; Ferrando et al., 2021; Hong et al., 2020; Liu et al., 2022). Conventionally and typically,
EnergyPlus is used to simulate isolated buildings. However, by integrating it with urban
climate models such as the Surface Urban Energy and Water Balance Scheme (SUEWS)
(Tang et al., 2021; Xie et al., 2023b), the interaction between urban climate and building

energy can be assessed.

Like BEP/BEM, SUEWS (Jarvi et al., 2011; Ward et al., 2016) is a neighbourhood or local
scale land surface model that simiulates surface energy balance fluxes. However, SUEWS
additionally includes vegetation, and has options for running more rapid empirical
parameterisations for several fluxes. Its meteorological forcing can be from a mesoscale
model like the Weather Research and Forecasting model (WRF) (Sun et al., 2024) or from

reanalysis data (e.g. ERAS (Hersbach et al., 2020; Kokkonen et al., 2018)).

Traditionally, SUEWS has been used for urban surface energy flux analysis for
neighbourhood climate related studies (Ao et al., 2018; Lindberg et al., 2018; Ward and
Grimmond, 2017). Recent SUEWS’s developments permits vertical profiles of local-scale
(i.e. horizontally averaged) climatic variables within the roughness sublayer (Tang et al.,

2021) to be used to assess building energy use with urban-to-building one-way coupling (Xie
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et al., 2023b). SUEWS is computationally cost-effective when coupled with EnergyPlus for
multi-scale modelling (Xie et al., 2023b). Even when running offline (e.g. not coupled to
WRF), SUEWS provides reasonable accuracy and has been widely used and evaluated in
numerous global climates (see Lindberg et al. (2018) for their Table 3; Sun and Grimmond
(2019) for their Table 1). Compared to WRF+BEP/BEM, the SUEWS-EnergyPlus modelling
approach is more suitable for quick analysis focused on the specific neighbourhoods,
requiring detailed building energy simulations over a longer period of time, which are crucial
for the accurate assessment of ASHPs in residential settings. However, the two-way feedback

between buildings and the local climate has not yet been considered in this context.

To address the gap in UK studies and to introduce a simpler but specific modelling approach
focused on local-scale effects, we propose a two-way coupling between SUEWS and
EnergyPlus to investigate the localised air temperature effects resulting from the widespread
implementation of air-source heat pumps (ASHPs) in UK residential neighbourhoods under
future climate scenarios. Our objectives are: (1) to quantify the potential changes in local-
scale air temperatures attributabie to ASHP adoption in two idealised UK residential
neighbourhoods; (2) to assess how different assumptions about anthropogenic heat emissions
from ASHPs affect these temperature projections; and (3) to explore the varying impacts of

ASHP implementation across different UK climate zones.

Table 1: Studies documenting an increase in 2 m air temperature (AT») associated with heat emissions from air
conditioners (AQg) compared to when no air conditioners are used, from which the AT, to AQgg ratio at the time
of the day when the maximum (peak) Qr occurs (i.e. AT2/AQF B peak) iS estimated. If time of AQF, peak and AT is
not given, ratio is estimated from the largest daytime AQr and AT values given. @ Extra heat adding into the
building making indoor temperature exceed the setpoint.

City Study Model Heat emission Spatial | AQF peak | AT2at | AT2/AQFpeak | Reference
period method resolution | (W m?) | AQr, | (°C/W m?3)
(m) peak (°C)

Paris, 8-13 TEB Waste heat 2 250 900 1 0.0011 | De Munck
France Aug/2003 et al. (2013)
Phoenix, 10-19 |WRF+BEP/BEM |Waste heat 1000 60 0.5 0.0083 | Salamanca
us Jul/2009 et al. (2014)
New York, 3-8 WRF+BEP/BEM | Waste heat 1000 160 1.7 0.0106 | Gutiérrez et
us Jul/2010 al. (2015)
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Osaka, Jul — 1-D mixing-layer |Observed By 172 0.72 0.0042 Ohashi et
Japan Sep/2013 | model energy substation: al. (2016)

consumption mean 2.2

km?

Hong 23-28 |WRF+BEP/BEM |Waste heat 500 300 2 0.0067 Wang et al.
Kong, Jun/2016 (2018)
China
Osaka, Jul — WRF+CM+BEM | Waste heat 1000 25 0.1 0.0040 Kikegawa
Japan Aug/2013 etal. (2022)
Los Jul/2018 | WRF- Total building 450 100 0.02 0.0002 | Xuetal.
Angeles UCM-+EnergyPlus | heat emission (2024)
2. Methods

In this study, we couple the local-scale land surface model Surface Urban Energy and Water
Balance Scheme (SUEWS) v2021a (SuPy v2023.7.3) (Jarvi et al., 2011; Sun and Grimmond,
2019; Ward and Grimmond, 2017) and the building energy simuiation tool EnergyPlus v9.4

(U.S. Department of Energy, 2020b).

2.1. Neighbourhood-scale climate modelling

The SUEWS surface energy balance iswritten as (Ward et al., 2016):
Q"+ Qr =Qu+ Qp +AQs 1)
where Q* is the net all-wave radiation, Qr is the total anthropogenic heat flux, Qw is the

turbulent sensible heat flux, Qe is the latent heat flux and AQs is the net storage heat flux.

Qr comprises heat emissions from metabolism, buildings, and transport (Grimmond, 1992).
Here, we focus on heat emissions from buildings (Qr,s), including that generated by
occupants metabolism and equipment within the buildings. Building energy use is the
greatest source of Qr, contributing to around 79% of the total in London (Ward and
Grimmond, 2017). Given our focus on the relative differences between different building
setups, we simplify the model by assuming the other non-building anthropogenic heat

components (e.g. from human metabolism and transportation) are 0 W m (i.e. Qr = Qrpg).

In SUEWS, we use the Sailor and Vasireddy’s (2006) option to calculate daily mean Qr (Sun
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and Grimmond, 2019), as follows:

Qr = Ppoplaro + ap1CDD + ap, HDD] (2

where ppop IS the population density. The aro coefficient provides the base Qr value from all
sources at a comfort temperature (per ppop). The ar1 and ar» coefficients give the response to
cooling degree days (CDD) and heating degree days (HDD) respectively, enabling modelled
Qr to vary with temperature and changing cooling or heating demand. Two base temperatures
(To,cooling @nd Th heating) are required to calculate CDD and HDD. The hourly variations are
obtained using diurnal profiles obtained from EnergyPlus modelling (Section 2.2) as a model

input with the daily mean obtained from Eq. 2.

The Eq. 2 coefficients can be estimated by multiple ways. Conventional, energy consumption
data at city or sub-city scales are used to derive these coefficients (Ao et al., 2018). For
example, in different London boroughs weekdays values vary between aro = 0.1134 to
0.2281 W m2 (cap ha %)%, ar1 =0 W m ? (cap ha %)%, and ar2 = 0.0038 to 0.0076 W m 2
(cap ha®), and for weekends aro = 0.1073 to 0.2119 W m2 (cap ha*), arp1 = 0 W m™2 (cap
ha?)?, and ar, = 0.0034 to 0.0069 W m2 (cap ha 1) (Ward and Grimmond, 2017), based on
average Qr data modelled with GreaterQF for the years 2005 to 2008 (lamarino et al., 2012).
With UK air-conditioning use currently low (Abela et al., 2016), no increase in Qr is evident
with warmer temperatures, so ar: is set to zero (Kotthaus and Grimmond, 2014; Ward and
Grimmond, 2017). However, with installation of air source heat pumps, the ar; coefficient
related to building cooling will need to be modified for the different system types and
neighbourhood settings. Here we use EnergyPlus simulations of neighbourhood buildings to
determine these coefficients using outdoor 2 m above ground level air temperature (T2) for
HDD and CDD calculations, consistent with typical meteorological observations and building

simulations.
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In SUEWS, a modified Monin—-Obukhov similarity theory (MOST) approach-based
roughness-sublayer module (SUEWS-RSL) is used to model the vertical profiles of air
temperature, wind speed and specific humidity within the roughness sublayer (Tang et al.,
2021; Theeuwes et al., 2019). Air temperature at different heights within the canopy layer is

calculated as follows:

12 =T(@) ~ ez [1-exp (F22)] @)

where z is the height; zn is the urban canopy layer height assumed here to be the mean
building height; u* friction velocity, p density of air, ¢, the specific heat of air at constant
pressure, Py the Prandtl number, and Im the mixing length. £ and f are the Harman and
Finnigan (2008) parameters. In SUEWS, Qw is determined as the residual of the energy
balance equation (Eg. 1) (Ward et al., 2016). Since Qr is an independent input, any variation

in Qr will be directly reflected on Qn, and consequently, T(z).

In SUEWS, the neighbourhood-scale net heat storage flux AQs in Eg. 1 is determined using

the objective hysteresis model (OHM) (Grimmond and Oke, 1999):

AQs =i fi [auQ* + ay; %Qtj + a3i] (4)
where f is the surface cover fraction for each surface type, and t is time. The OHM
coefficients as, a», and asz are typically determined from model simulations (Arnfield and
Grimmond, 1998; Meyn and Oke, 2009) or directly from observations (Ward et al., 2016). In
this study we assume for simplicity the simulated neighbourhood only consists of buildings
and grass. The building related coefficients are derived from EnergyPlus simulation results

(Table S1) and the grass parameters are derived from observations (Omidvar et al., 2022).

The SUEWS-RSL performance for modelling local-scale climate variables has been
evaluated in multiple locations. Tang et al. (2021) assess the vertical temperature profile with

six months observations undertaken in central London site at two heights (12.5 m and 6.5 m
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above ground level). The simulated 30-min air temperatures have mean absolute errors
(MAES) of 0.59 °C (at 12.5 m) and 0.93 °C (at 6.5 m). The median diurnal cycles and
interquartile ranges are consistent with observed values. The mean biased errors (MBES) of -
0.57 °C at 12.5 m and -0.93 °C at 6.5 m indicate that the simulated air temperatures are
slightly underestimated at both heights. Theeuwes et al. (2019) evaluate the RSL model using
vertical profiles of wind speed observations in Basel and Gothenburg, and find the model
aligns well with observations, particularly when flow is over flat roofs, with MAESs ranging

from 0.15t0 0.5 m s2.

2.2. Anthropogenic heat from buildings

In this study, the detailed anthropogenic heat emission from buildings Qg is calculated with

EnergyPlus following the Liu et al.’s (2022) approach.

When the ASHP runs in cooling/heating mode, the relation between the cooling/heating load
(Qcooling/heating, W m?) and energy consumption (Qec, W m?) is captured by the coefficient of

performance (COP):

COP — Qcooling/heating (5)

QEc

The anthropogenic heat emissions from buildings (hereafter Qr g) represents the heat emitted
to the outdoors due to human activities inside the building (Fig. 1). It is calculated as the
difference in total building heat emissions between occupied (o in Fig. 1) and vacant (or
unoccupied, uo in Fig. 1) buildings, since even unoccupied buildings influence the local
climate. This is expressed as the sum of waste heat (Qwaste), difference in net longwave

radiation exchange between occupied and unoccupied conditions (AQLw,e-uo), difference in
convective heat exchange between occupied and unoccupied conditions (AQH,o-u0), and

difference in heat exchange through air exchange between occupied and unoccupied
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conditions (AQag,o-uo) (Liu et al., 2022):

QF,B = Qwaste + AQLW,o—uo + AQH,o—uo + AQAE,o—uo (6)

It can also be expressed as the sum of building internal heat gains (Qinternal) and energy
consumption of heating/cooling system (Qec) minus the net building heat storage difference

between occupied and unoccupied conditions (4Q0se-u0) (Liu et al., 2022):

Qr, = Qinternat + Qec — AQs,0-uo (7
Details on the derivation of the equations and explanations can be found in Liu et al. (2022).
To assess the impact of replacing gas boilers with heat pumps on outdoor local climate in line
with current UK policy, two systems are considered: a heat pump serving both cooling and
heating functions representing the future scenario, and the current prevalent gas boiler system
used for heating and no active cooling for summer, considering only infiltration. The
traditional gas boiler is assumed to operate with a consistent efficiency of 0.8 (Morales
Sandoval et al., 2023). ASHP’s COP for cooling depends on outdoor air temperature
(assumed here to be the air temperature at 2 m above ground level, T»), with a linear relation

typically derived from CIBSE AM16 (CIBSE, 2021) for the UK scenario:

COPooring = —0.14T, +7.31 (8)

Similarly for heating:
COPheating - 007T2 + 320 (9)

Qr,z modelled by EnergyPlus is then used in SUEWS for local climate modelling.

Occupied building (o)

M--"n_l-ﬂwﬂm
Q0
LIV N

e
sq;, U e,

Quneernat | Qec
(2.4]
Floar
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Fig. 1. Schematic of principles used to derive anthropogenic heat emission from buildings (Qrg) by considering
the differences in heat fluxes between an ‘occupied’ (0) and 'unoccupied' building (uo). Modified from Liu et al.
(2022).

2.3. Feedback between T, and Qr

The feedback between building energy consumption and outdoor air temperature when
ASHPs are used is well known (Kikegawa et al., 2022). When providing cooling, ASHPs or
air conditioners transfer heat from indoor spaces to the outside, which subsequently raises the
outdoor air temperature. This temperature increase, in turn, elevates the building's cooling
demand, leading to additional heat emission. The opposite occurs when ASHPs are used for

heating. This feedback is accounted for in the SUEWS-EnergyPius modelling scheme.

Iterative modelling of both Qr g and local 2 m outdoor air temperature (T2) captures these
feedbacks (Fig. 2). An initial Qr g is obtained using HDD and CDD calculated using the
initial forcing air temperature Trorcing for SUEWS, to obtain a modified T». Thereafter, this T
is used to calculate a new Qr g via EnergyPlus simulations, which also have internal iterations

to ensure inter-building longwave radiation (Fig. 2) is accounted for (Xie et al., 2022).

The updated Qr g is used in SUEWS to update T». This whole procedure continues until the
difference in T2 between successive iterations is consistently less than a tolerance value of
0.01 °C. In this study, only three iterations are needed. Given small computational time
needed per iteration (< 2 minutes), two-way coupling remains time-efficient. By accounting
for the feedbacks, the Qr g difference predicted (gas boiler to ASHP) is improved by 14% in

median on a typical hot day (Fig. S1).

Although SUEWS-EnergyPlus is two-way coupled, it is an offline or sequential coupling
with an exchange of the annual time series data. Sequential coupling has the benefits of
numerical stability and less computational demands (cf. direct coupling at each timestep).

Some feedback will be missed but the benefits of fast, numerically stable, long-term
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simulations outweigh this drawback.

Dv
Initialisation y! '
QEB SUEWS _" Tz, RH,, Uy
ry
@&
. Sl
LWR

Fig. 2. Model workflow showing the feedback loop between building heat emissions Qg g and outdoor air
temperature T.. LWR: inter-building longwave radiation modelling (Xie et al., 2022).

2.4. Building energy simulation

Given the UK government's recent measures and policies that provide financial aid to replace
fossil fuel heating systems with heat pumps in UK homes (Department for Energy Security

and Net Zero, 2023), here we focus on residential buildings.

Two UK building archetypes are considered here: detached house archetype (Fig. 3a) with
length (L) of 8.8 m, width (W) of 8.5 m and height (H) of 7.5 m; and low-rise flat building
archetype (Fig. 3b) with 18.1 m x 9.5 m x 10 m (L x W x H). In England, these two
archetypes constitute the primary types of private owner-occupied (24%) and social (37%)
dwellings, respectively (Department for Communities and Local Government, 2013).
Additionally, they represent the main archetypes in rural (42%) and urban (28%) areas in
England respectively (Office for National Statistics, 2023). The buildings’ geometry and
construction parameters are characterised based on Porritt (2012) and Liu (2017), as of with

post-1996 well-insulated cavity brick walls (Table 2).

To maximise the use of ASHP, we assume the occupancy to be two elderly people whose
behaviour is to stay at home throughout the day but move between different rooms (for the

detailed schedule, see Porritt (2012), Table 3.6). The appliances include a TV (150 W) and a
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fridge (50 W) (see Porritt (2012), Table 3.7). The heating and cooling set points are 20 and
24 °C, respectively (Wang et al., 2009). In scenarios when heating or cooling systems are
operational, it is assumed windows remain closed, with an infiltration rate of 0.5 ACH

(Porritt, 2012).

An idealised neighbourhood typified by homogenous buildings that collectively occupy 50%
of the plan area is considered here, consistent with a fairly dense UK residential setting
(Ward and Grimmond, 2017), assuming expected trends in urban densification. This results
in 134 people per hectare for the neighbourhood with detached houses (2 people per building)
and 435 people per hectare for the neighbourhood with flats (16 people per building). For the
neighbourhood-building coupled simulation, an iterative approach is used to consider
longwave radiative components (Fig. 1) (Xie et al., 2022) and wind pressure coefficient of

the target building is modified (Xie et al., 2023a).

Fig. 3. Idealised neighbourhoods with a plan area fraction of 0.5 are modelled with building archetypes of: (a)
detached house and (b) flats. As buildings are assumed to be in a neighbourhood rather than isolated, the
impacts of these interactions are accounted for.

Table 2: Construction and thermal characteristics (Liu, 2017; Porritt, 2012) of detached houses and flats
modelled. SHGC: solar heat gain coefficient. The corresponding OHM coefficients (Eq. 4) for SUEWS heat
storage calculation are in Table S1.

Construction U-value (W m2K)
External wall (Insulated 105 mm brickwork outer leaf 0.5
cavity wall) 100 mm air layer (Air gap>25mm)

50 mm EPS Expanded Polystyrene (Standard)
105 mm brick, inner leaf

13 mm plaster (dense)

Internal partition 15 mm gypsum plasterboard 1.79
50 mm air layer

Page 16 of 47



Journal Pre-proof

15 mm gypsum plasterboard
Internal floor 10 mm plasterboard (ceiling) 1.33
200 mm air layer

20 mm timber flooring

5 mm carpet/textile flooring
Ground floor 50 mm EPS Expanded Polystyrene 0.5
150 mm concrete roof/floor slab
50 mm flooring screed

Roof 10 mm concrete roof tiles 0.16
250 mm min wool quilt

10 mm plasterboard (ceiling)

Doors 35 mm oak 2.25
Windows 6 mm generic clear glass 2.71,SHGC =0.7
13 mm air

6 mm generic clear glass

2.5. Weather data

To assess the extreme buildings anthropogenic heat emissions, the Design Summer Year
(DSY) is used, which is the year with the 3@ warmest nori-heatinig months (April to
September) in 20 years (CIBSE, 2014). Simulations using two periods are compared: (1) the
recent past 1980-1999 (hereafter 1990s) and (2) a future 20402059 period (hereafter 2050s)
(Section 3.4). These are derived by Eames et al. (2011) from the UK Climate Projections
(UKCP09) (DERFA, 2009). For the 2050s the medium emissions scenario is used, which
aligns with the IPCC A1B scenario assuming balanced use of fossil fuels and non-fossil fuels

(WMO, 2000).

Despite having a warm summer, the DSY weather data show similar winter air temperatures
(mean + standard deviation: 7.41 °C £ 3.38 °C) as the Test Reference Year (TRY) weather
data (mean + standard deviation: 7.36 °C £ 4.01 °C), which represents a typical year.

Therefore, winter conditions in the DSY are considered representative of typical conditions.

Modelling is undertaken for nine cities spread across the UK (Fig. 4c). The 2050s DSY mean
summer air temperatures are 2 °C (Aberdeen) to 3.7 °C (Plymouth) higher than the 1990s

(Fig. 4a cf. 2b). London is projected to have the warmest summer temperatures (20.3 °C).
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Fig. 4. UKCPO09 design summer year (DSY) monthly mean air temperature (Eames et al., 2011) for: (a) 1990s
and (b) 2050s, across (c) different UK cities.

2.6. Comparison scenarios

Building anthropogenic heat emissions (Qr,g) associated with the use of ASHPs are

calculated assuming:

(1) Waste heat Qwaste Versus Qr g:

Conventionally the waste heat emission (Quwaste) from the air conditioner has been widely
used to approximate the anthropogenic heat emission from buildings (Sailor, 2011) (see
Table 1). Quaste is calculated by summing cooling load (Qcooling) @and cooling system

energy consumption accounting for the system COP:

Qwaste = Qcooling X (1 + COPcooling_l) (10)

However, Quaste ONly considers the heat emitted by the air conditioning system itself,
neglecting variations in storage heat flux resulting from human activities which impact
building’s heat emissions to the outdoor environment. This oversight could lead to biases
in building heat emissions in summer, as indicated by Liu et al. (2022). These biases are
analysed in Section 3.2.

(2) All rooms versus occupied rooms:

Assuming all areas are air-conditioned (Wang et al., 2018) differs from the more cost-

Page 18 of 47



Journal Pre-proof

effective practice of not using heating/cooling in unoccupied rooms (Abela et al., 2016;
Soebarto and Bennetts, 2014; Yan et al., 2015). It is assumed ASHP operation occurs: (a)
in occupied rooms only, representing an efficient use of energy and minimising Qr
while ensuring indoor temperature control for occupants; and (b) throughout the entire
building, which represents a less efficient, pessimistic case of energy use and maximises

Qr.s. The two scenarios are compared in Section 3.3.

3. Results
3.1. London base case for 2050s climate projection

The 2050s annual average building anthropogenic heat emissions (Qr,g) of detached houses
with gas boilers is 6.6 W m (Fig. 5a) whereas for flats it is 17.6 W m2. These values are
reasonable for the range of values across all domestic settings in Greater London of 1.1 to
36.5 W m for the 2005 to 2008 period (lamarino et al., 2012), with the largest values

associated with more densely built non-residential areas than simulated here.

During the heating season (October to April), the Qr g for gas boiler cases typically exceed
those of ASHPs (Fig. 5a, b, red cf. black) due to the gas boiler's lower efficiency (COP of
0.8) in contrast to that of the ASHP (COP of 3 to 4.5). The peak winter hourly Qr g for
detached house neighbourhoods with gas boilers reaches 16.2 W m and 45.2 W m for flats.
These are reduced in both neighbourhoods when replaced with ASHPs (8.6 W m?2 and 31.9
W m2, respectively). In the warmer months of May to September, the diurnal Qg range for
gas boiler neighbourhoods remains relatively constant, with values up to 6.1 W m for
detached houses and 25.3 W m for flats (Fig. 5a, b, red cf. black). The neighbourhoods with
ASHP have higher Qe values during these months as the AHSP can provide cooling, with

hourly peaks reaching 11.6 W m (detached) and 39.6 W m (flats).

When analysing the anthropogenic heat flux emission normalized by population density (Qr s
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Ippop) alongside the mean daily 2 m outdoor air temperature (Fig. 5¢, d), ASHP
neighbourhoods display the characteristic U-shaped curve similar to cities with notable
heating and cooling needs, like Shanghai (Ao et al., 2018). The left and right segments slopes
represent ar2 and ar: for Eq. 2, and the horizontal segment represents aro (Table 3). Although
the flats have overall larger Qr g, their ar1 and ar2 are lower compared to detached houses due
to higher population densities and smaller cooling/heating area per person. The heating
coefficients derived here are slightly smaller than current London boroughs estimates (0.0039
to 0.0076 W m2 (cap ha 1); (Ward and Grimmond, 2017)), possibly due to different
building types (residential and non-residential), population density and traffic, and diverse

heating system efficiencies.

The impact of ASHP-wide neighbourhood usage relative to the traditional gas boiler usage on
the outdoor summer 2 m air temperature (T>) is assessed using SUEWS with the updated heat
storage coefficients (Table S1) and diurnal Qr g profiles (Section 2.1), as shown in Fig. 6.
This impacts the diurnal patterns of Qr g, and T.. Adoption of ASHPs for cooling can
increase daytime Qr,g, while potentially reducing nighttime Qrg (Fig. 6a) due to decreased
heat storage in the building envelope as a result of lower indoor temperatures during the day.
Consequently, ASHP usage could mitigate nocturnal urban heat island effects, particularly
during periods when cooling is unnecessary. The median increase in daily peak Qrg is 2.5 W
m-2 for detached houses and 8.4 W m for flats (Fig. 6a), leading to T2 increases of
approximately 0.01 °C and 0.06 °C (Fig. 6b), respectively. These results suggest that the
contribution to overheating by ASHP adoption in the studied low-rise residential

neighbourhood is minimal.

On a typical hot day, with forcing air temperatures reaching 32 °C, the peak Qrg increase is
6.4 W m2 for detached houses and 19.3 W m for flats (Fig. 7a), leading to T peak increases

of 0.03 °C and 0.12 °C (Fig. 7b), respectively. With warmer outdoor T increasing cooling
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demand, the nighttime Qr g associated with ASHP use is larger than that with gas boiler use

(Fig. 7a).

In winter, ASHPs absorb heat from the outdoors while providing heating, resulting in lower
anthropogenic heat emissions compared to gas boilers. Replacing gas boilers with ASHPs can
reduce Qg by 4.4 W m for detached houses and 8.8 W m for flats when outdoor air
temperature Tz is the lowest (Fig. 6d), leading to daily minimum T2 reduction of 0.03 °C and
0.08 °C, respectively (Fig. 5e). On a typical cold day with a minimum air temperature of -

1.7 °C, Qr; can be reduced by 5.6 W m2 for detached houses and 11.1 W m2 for flats (Fig.
7d), resulting in a decrease in daily minimum T of up to 0.08 °C and 0.16 °C (Fig. 7e),
respectively. Such decreases in outdoor air temperature could potentially lead to a slight
increase in building heating loads, although the impact remains small in the studied

neighbourhoods.

The local scale feedback can be assessed by calculating the ratio of the temperature response
(AT>) to the change in anthropogenic heat flux (ASHP cf. gas boiler) (AQr,;g) (Wang et al.,
2023). The ratio tends to be higher at night and lower during the day (Fig. 6c, f), consistent

with others’ findings (Takane et al., 2019). Based on Eq. 3, this ratio mainly depends on

1
u*Bf

Bf(z=zp)

Im

[1 — exp( )]. As the diurnal variations of g, f and Iv are small, the diurnal pattern

mainly depends on friction velocity u* which is larger during unstable conditions and smaller
under stable conditions. Typically unstable conditions occur more during the day and stable
conditions occur more at night, so the AT2/AQF g ratio has the inverse pattern (Kotthaus and
Grimmond, 2014; Rigden et al., 2018). The summer median AT> response to AQF g varies
through the day from 0.004 to 0.007 °C (W m2)* for detached houses and 0.006 to 0.010 °C
(W m2)2 for flats (Fig. 6¢). On a typical hot day (Fig. 7c), these values are slightly less than

the median, varying between 0.004 and 0.007 °C (W m2) for detached houses and 0.005 to
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0.009 °C (W m2) for flats. In winter, due to generally more stable conditions, the median
AT2/AQE g ratios can increase to 0.005 to 0.009 °C (W m)* for detached houses and 0.007 to
0.011 °C (W m2)? for flats. On a typical cold day, these ratios can further rise to 0.006 to

0.015 °C (W m2)! and 0.008 to 0.017 °C (W m?)?, respectively.

Detached houses Flats
(a) —— ASHP
40 1 —— Gas boiler
Y 304
1S
2
@ 20 .
'y
o

0 — T T T T T T T T T — T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2050 2050

0.12

Tb, heating Tb, cooling
T 1

Tb, heating (d)
0.10 A 1

0.08

0.06 1

0.04 1

Mean daily Qf, 8/0pop [W m~2 / (cap ha™1)]

0.02 - I c § 1
i1 g i i
[ 1 1 1
0.00 T T 1 . T T T - 1 T
5 10 15 20 25 5 10 15 20 25
Mean daily outdoor air temperature (°C) Mean daily outdoor air temperature (°C)

Fig. 5. London 2050s design summer year EnergyPlus simulated daily mean (lines) and hourly (shadings)
building anthropogenic heat flux (Qrg) with air-source heat pumps (ASHP) and gas boiler for (a) detached
houses and (b) flats; and (c, d) normalised by population density (ppop) and the relation mean neighbourhood
(columns, Fig. 3) daily 2 m outdoor air temperature for different with Eq. 2 coefficients (Table 3). Ty, are base
temperatures for cooling/heating degree days calculation.

Table 3: Coefficients for SUEWS Qr calculation (Eq. 2). See also Fig. 5.

e Detached house Flat

ASHP Gas boiler ASHP Gas boiler
aro (base) [W m2 (cap ha )] 0.0270 0.0281 0.0280 0.0282
ar; (cooling) [W m™2 (cap ha )] 0.0035 0 0.0026 0
ar (heating) [W m™ (cap ha )] 0.0009 0.0037 0.0004 0.0018
Tb, heating (OC) 17.4 16.0 16.6 15.2
Tb, cooling (OC) 20.4 - 20.1 -
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Fig. 6. London 2050s summer (JJA) and winter (DJF) building archetype neighbourhoods (colour) median (line)
and 5" and 95" percentiles (shading) difference between those with air-source heat pumps (ASHP) and gas
boiler installed impact on: (a, d) anthropogenic heat emission (AQrz), (b, €) 2 m air temperature (AT>), and (c, f)
AT, to AQr ratio. Note Y-scale differs between seasons (rows).
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Fig. 7. As Fig. 6, but on a typical hot day (20 July) and a cold day (8 February).

3.2. Waste heat Quwaste Versus Qrs

In many other related studies (see Table 1), waste heat (Qwaste, EQ. 10) from the air

conditioner is used to represent building anthropogenic heat emission in summer. To further
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distinguish the difference between the two, waste heat values are used to derive the aro, ar1
and ar2 coefficients (Table S2). As only heat discharged by the active heating/cooling
systems are considered here, there is no waste heat emission when the systems are inactive.

Therefore, the baseline load (aro) of waste heat is typically negligible (Fig. 8).

Here we focus on the waste heat from ASHPs in summer (Fig. 8). The peak hourly waste heat
emissions from detached houses with ASHPs can reach 10.9 W m2 and 28.8 W m for flats,
which are slightly smaller than Qrg. As ASHPs extract heat from external air for heating
purposes, negative waste heat emissions occur when outdoor air temperature is low in early

June.

Using waste heat values may overpredict actual building anthropogenic heat increase from
replacing gas boilers with ASHPs during summer for detached houses (median = 1.5 W m?)
by 60% and flats (7.2 W m2) by 86% (Fig. 9a). On a typical hot day (Fig. S2) this
overprediction may be even larger (4.0 and 14.0 W m™, respectively). This results in an
overpredicted median T increase of 0.01 °C for detached houses and 0.06 °C for flats (Fig.
9b), or larger on hot days (0.02 and 0.12 °C, respectively). However, the sensitivity of the
temperature increase (AT2) to the change in anthropogenic heat flux (AQr;g) is only slightly

overpredicted (Fig. 9c).

Detached houses Flats

—— ASHP
—— Gas boiler

2]
w
1

8]
o
1

Quaste (W m™2)
=
(9]
1

Fig. 8. As Fig. 5a, b, but for waste heat (Eq. 10) emissions in summer (JJA).
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Fig. 9. As Fig. 6, but overprediction due to using waste heat as building anthropogenic heat emissions in
summer (JJA).

3.3. Impact of floor area with heating and cooling

When compared to the scenario where only occupied rooms are air-conditioned in summer
(discussed in Sections 3.1 and 3.2), the scenario in which ASHPs are used to air-condition all
rooms results in a notable increase in the annual mean anthropogenic heat by 23% (to 5.4 W
m-2) for detached house neighbourhoods and 13% (16.1 W m?) for those with flats (Fig. 10

cf. Fig. 5).

When looking at the diurnal variation in summer (Fig. 11a), the median overprediction of
AQr increases to 1.7 W m for detached houses and 4.5 W m for flats, or 68% and 54%
greater than if only the main occupied rooms are considered. A typical hot day case could
have overpredictions of 5.9 W m (detached houses) and 15.2 W m™ (flats) (Fig. S3). These
overpredictions in AQr,g may increase T by a median of 0.01 °C and 0.03 °C, and by a

maximum of 0.03 °C and 0.12 °C for the two types of neighbourhoods (Fig. 11b).

In winter, with larger Qr g from gas boilers, the median overprediction of decreased AQFs
rises to 5.6 W m2 for detached houses and 10.0 W m for flats (Fig. 11d), or 224% and
400% greater than when considering only the main occupied rooms. This leads to a further
overprediction of AT> reduction by 0.04 °C and 0.08 °C (Fig. 11e). Nevertheless, the ratio of

AT to AQFr generally remains unchanged across both seasons, with some deviations due to
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atmospheric stability (Fig. 11c, f).
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Fig. 10. As Fig. 5a, b, but with heating and cooling for all zones.
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Fig. 11. As Fig. 6, but overprediction from assuming all areas are air conditioned.

3.4. Impact of different UK climates for neighbourhoods with flats

Variations in UK climate result in different changes in daily mean T, and anthropogenic heat
emissions Qr.g When ASHP are installed. The 2050s median daily mean T2 is projected to be
2.3 °C (in Aberdeen) to 4.1 °C (in London) warmer than 1990s climates in summer, and

1.6 °C (Birmingham) and 3.4 °C (Plymouth) in winter (Fig. 4, Fig. 12a, b). As noted in
Section 2.5, southern cities (e.g. Plymouth) are warmer than northern cites (e.g. Aberdeen)

because of latitude (or earth-sun geometry).
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When ASHPs are installed in flats and operate in occupied rooms only, there is clear
variability in Qr g between cities (Fig. 12c, d). However, this variation does not follow a
simple latitude-based pattern, as ASHPs maintain comfortable indoor temperatures (20 °C to
24 °C) for both heating and cooling provisions. The change in climates from 1990s to 2050s
results in summer Qr g median daily mean changes of only 0.1 W m in Aberdeen but as high
as 1.4 W m2 in Cardiff and London (Fig. 12c). The latter’s warmer climates have clearly
higher Qr g values. Despite Plymouth having the second warmest summer air temperatures
(Fig. 4, Fig. 12), the coastal location in the prevailing wind direction reduces the range of
temperature extremes and the median daily mean Qrg. Higher latitude cities (e.g. Aberdeen,
Edinburgh) typically have the lowest summer Qr g, linked to their consistently cooler

temperatures.

The winter pattern of Qr g changes from the 1990s to the 2050s shows a clearer correlation
with latitude (Fig. 12d). The use of ASHPs for heating decreases median daily mean Qr g by
1.3 W m2 in Plymouth, but only 0.3 W m2in Aberdeen. This suggests the impact of climate

change on heating energy use is greater in warmer, lower-latitude cities in the UK.

The projected warmer climate of the 2050s is expected to cause greater variability in summer
Qr,z compared o 1990s for each city (Fig. 12c). This is partly from new cooling demands
being met by ASHPs, leading to emissions from both heating and cooling operations.
However, with outdoor temperatures more frequently within the comfort range, particularly
in cool seasons, this reduces the periods when ASHPs need to operate for heating. For
example, Cardiff 5™ percentile Qs (10.4 W m) in the 2050s occurs when the mean air
temperature is 15.5 °C, whereas the equivalent 1990s’s day was cooler (14.9 °C) but with a

larger Qe (11.1 W m?).

As climate changes (1990s to 2050s) Qrg from ASHP cooling will increase (Fig. 12c), but
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Qr,g from heating will decrease (Fig. 12d, f). Replacing gas boilers with ASHPs across these
cities will cause changes in Qr,g and outdoor temperature (Fig. 13). The largest AQr,g occurs
at around 16:00 in summer (Fig. 14a) and 8:00 in winter (Fig. 14d). These variations (Fig. 13)
are impacted by the temperature changes (Fig. 12a), with larger summer differences in lower
latitude cities and larger winter differences in higher latitude cities. For example, the largest
among all locations analysed is in London, where the summer median/maximum daily
maximum AQeg is 8.4/19.7 W m (Fig. 13a), while in Aberdeen it is only 2.8/5.6 W m™.
Conversely in winter, London's median/minimum daily minimum AQgg is -8.8/13.3 W m?,

and Aberdeen’s is -14.4/20.6 W m (Fig. 13b).

The across climates variability in AT is consistent with the AQr g pattern (Fig. 12c, d). In
summer, in the warmest city (London) the median daily peak AT> is 0.06 °C (maximum of
0.13 °C), whilst Aberdeen has a more modest increase (0.02 °C median, 0.05 °C maximum).
In winter, the median daily minimumi AT in LLondon is -0.10 °C, with the largest decrease

being -0.16 °C, while Aberdeen has a median of -0.14 °C and a largest of -0.23 °C.

Although some variations in ATz to AQF g ratio at the time of the AQF g pea (i.€.
AT2/AQF B peak) OCCUT, it remains relatively consistent across different cities, especially in
summer when the atmosphere is more unstable (Fig. 13e, f). The hourly AT2/AQrg ratio
typically decreases during daylight hours and increases at night for all locations (Fig. 14c, f).
The intra-day and day-to-day variabilities of the ATo/AQFrg ratio are larger than the variability
between different locations. During the day, median values fluctuate around 0.002 to

0.004 °C (W m)?, with day-to-day variations reaching approximately 0.008 °C (W m?)? in
summer and 0.010 °C (W m2)* in winter. The largest differences among locations occur
under more stable atmospheric conditions (more common at night and winter), with values

around 0.002 °C (W m). These findings indicate that the influence of heat emissions on air
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temperature is governed by a complex set of factors, rather than climate alone.
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Fig. 12. For flats in UK cities (with increasing latitude, Fig. 4c) under 1990s and 2050s (colour) for (a,c,e)
summer (JJA) and (b,d,f) winter (DJF) climate, the variability of the daily mean (a, b) 2 m DSY air
temperature (T2) (monthly values shown in Fig. 4a, b), (¢, d) anthropogenic heat emissions (Qrg) from
ASHP, and (e, f) Qe from gas boilers. Median (horizontal line), interquartile range (box), and 5 and
95™ percentiles (whiskers) shown. London 2050s Qg results given in Fig. 5b.
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4. Discussion

Previous studies have highlighted the significant role of anthropogenic heat emissions in
exacerbating urban heat island effects, specifically focusing on the influence of air-
conditioning systems (Table 1) using meso-scale models with BEP/BEM that regard
buildings as uniform ‘shoebox” structures. Although computationally efficient and reasonably
accurate compared to detailed building energy models when both use the 'shoebox’ building
model, BEP/BEM cannot capture the complexities of indoor-outdoor heat transfer processes

in real-world building operations.

Addressing this gap, our study integrates a local-scale land surface model, SUEWS, with a
detailed building energy simulation tool, EnergyPlus (Xie et al., 2023b). This novel two-way
coupling between SUEWS and EnergyPlus allows for detailed simulations of representative
building archetypes (detached houses and flats) and considers factors such as detailed
building geometry, space types and operational patterns. This approach enables a quick and

specific analysis of the interplay between urban climate dynamics and building behaviour,
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thereby offering a detailed understanding of the thermal implications of ASHP adoption.

Our results show that for low-rise residential neighbourhoods across the UK, the increase in 2
m outdoor air temperatures from ASHP cooling is < 0.12 °C with an increase in
anthropogenic heat emission of < 19.3 W m™. Similar air temperature increases are also
reported by Brousse et al. (2024) when using WRF-BEP/BEM. They estimate the widespread
(100% of buildings) use of air conditioners during a 2018 heatwave would have increased
London's average 2 m air temperature by up to 0.15 °C, but they do not indicate what the
associated increase in peak anthropogenic heat emissions would be. Our results also align
with similar findings for low-rise residential areas elsewhere. For example, air conditioner
use in the different climate of Osaka, Japan is predicted to increase both anthropogenic heat
emissions of 25 W m and outdoor air temperature of 0.1 °C (Kikegawa et al., 2022), despite
the different types of climate. Such difference is relatively small but non-negligible, relative
to global surface warming (IPCC, 2022). It is crucial to understand all contributors to urban
heat, especially as global cities aim to enhance their resilience against climate change and be
aware of potentially complex dynamic feedbacks. Therefore, these findings have implications
for policymaking in cities globally, particularly where strategies aim at deploying new
decarbonisation technologies, mitigating heat island effects, and improving urban living

conditions.

Compared to the well-studied increase in outdoor temperature caused by cooling in summer,
the impact of ASHPs for heating on urban microclimate is less understood. We find that
replacing gas boilers with ASHPs can decrease the 2 m outdoor air temperature by up to
0.16 °C in the UK due to reduction in anthropogenic heat emissions by up to 11.1 W m™.
This magnitude is similar to the temperature and anthropogenic heat increases observed in

summer, although slightly larger air temperature changes occur in winter due to more stable
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conditions. These findings address a gap in the current understanding of ASHPs' effects on

urban microclimate.

The change in air temperature to anthropogenic heat emission ratio (AT2/AQF ) is critical, as
it captures the local-scale climate response or sensitivity to anthropogenic heat input, and
allows inter-study comparisons (Wang et al., 2023). Despite different models, our AT2/AQF
ratios (range: 0.004 to 0.014 °C (W m)1) in summer agree with previous research (Table 1),
such as Bohnenstengel et al.’s (2014) London value (~0.008 °C (W m)1), Wang et al.
(2018) for Hong Kong (~0.007 °C (W m%)1) and Salamanca et al. (2014) for Phoenix
(~0.008 °C (W m2)7). Here, we observe the diurnal pattern of ATo/AQE g typically has a U-
shape, with lower daytime and higher nocturnal values: This pattern is primarily influenced
by friction velocity and atmospheric stability. With more unstable conditions during the
daytime, the friction velocity is greater, resulting.in a smaller AT2/AQrg. Whilst at night, the
atmospheric stability may be neutral or stable reducing the friction velocity, consequently
increasing AT2/AQFg. Similarly, stable conditions are more common in winter than in
summer, leading to larger overall AT2/AQr g in winter. This atmospheric stability canopy

aerodynamic resistance feedback has been noted by others (e.g. Wang et al. (2023)).

We focus on low-rise residential neighbourhoods, with their distinct thermal characteristics
and energy consumption patterns are central to recent government sustainable urban
development policies. However, these areas are expected to exhibit different thermal
behaviours compared to high-rise commercial districts. Despite their relatively smaller
surface area, high-rise districts can generate significantly higher magnitudes of heat emission
and local warming effects. This is exemplified in Hong Kong, where the Qrg can reach up to
300 W m with an area of 500 m x 500 m, and the T2 may increase by up to 2 °C,

maintaining a similar AT2/AQF g ratio as observed in our studies (Wang et al., 2018).
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Furthermore, high-rise neighbourhoods are expected to have a larger boundary layer depth,
increasing the volume heat and pollutants are mixed into and therefore potentially mitigating
some local warming effects yet impacting broader atmospheric conditions. In cities, such
spatial variability patterns—where a small, densely built commercial area generates much
larger anthropogenic heat than the majority residential area—can exacerbate inequalities.
Temperature increases caused by regions producing large amounts of anthropogenic heat may
affect nearby regions producing less (Xu et al., 2024). This could be further studied in future

works.

There are uncertainties associated with the data and models used in this study. We consider
idealised neighbourhoods with identical residential building archetypes. Although the
archetypes are based on the most common building types in recent housing surveys, they may
not represent future reality. Our future scenario assumes post-1996 buildings, with better
insulation, higher air tightness, and hence smaller cooling and heating demand, resulting in
less anthropogenic heat emissions than clder buildings (Liu et al., 2023; Xu et al., 2024).
Therefore, neighbourhoods with fewer retrofitted old buildings, the anthropogenic heat

emission and resulting outdoor air temperature changes could be underpredicted.

Additionally, our assumptions neglect other types of anthropogenic heat. While outdoor
metabolism may be minimal, anthropogenic heat from road traffic can be relatively large
especially during peak hours on weekdays if busy roads are in the vicinity. (lamarino et al.,
2012) found that in London from 2005 to 2008, the anthropogenic heat generated by road
transportation was about one-third of that generated by residential buildings. Therefore, it
may contribute to the increase in outdoor air temperature, subsequently increasing/decreasing
the building cooling/heating load and the feedback effect on outdoor air temperature,

although the magnitude can be still small in the UK context. However, this is the not the
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focus of the current study.

This study demonstrates a method that could be expanded to broader applications in the
future. As SUEWS only requires commonly available input data, this method is adaptable to
other locations globally. It is particularly relevant for countries expecting an increase in
building cooling demand. For example, northern European countries with high adoption rates
of air source heat pumps and rising indoor overheating risks due to climate change (Taylor et
al., 2023), as well as countries with hot climates with low air conditioners usage but

increasing adoption rates, like Sri Lanka (Blunn et al., 2024).

Due to the low computational demands, the SUEWS-EnergyPlus approach can be applied to
cover large areas with higher spatial resolution (order 100 m) compared to existing studies
(Table 1). This will provide a better understanding of the temporal and spatial variability of
building energy use, anthropogenic heat emissions, and the resultant warming effects across

the city.

5. Conclusions

The UK is rolling out ASHPs for residential buildings to drive decarbonisation and achieve
net zero by 2050. With global warming, ASHPs are expected to be increasingly relied upon
for both cooling and heating in the UK. The impact of anthropogenic heat emissions from
ASHPs on urban thermal environments can be significant, but their effects in future UK
scenarios remain underexplored. Additionally, previous studies often use meso-scale climate
models with BEP/BEM, which has limitations in capturing detailed building characteristics

such as geometry, space types and occupancy behaviours.

To address these gaps, this study introduces a novel approach by combining the local-scale

land surface model SUEWS with the detailed building energy simulation tool EnergyPlus
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with two-way coupling. This SUEWS-EnergyPlus modelling scheme comprehensively
assesses ASHPs' impact on urban temperatures in various UK residential neighbourhoods
under the 2050s future climate. By including detailed building-scale simulations alongside
analyses of two-way feedback between the urban climate and buildings, this approach
balances computational cost and accuracy, allowing for quick and specific assessments of

neighbourhood buildings.

Our results show that the influence of ASHP on outdoor temperatures in the UK low-rise
residential neighbourhoods is relatively minor. In summer, the maximum increase in building
anthropogenic heat emission AQr is up to 6.4 W m for detached houses and 19.3 W m for
flats. The corresponding outdoor 2 m air temperature T» rises are up to around 0.03 °C and
0.12 °C, respectively. In winter, replacing gas boilers with ASHPs reduces Qrg by up to 5.6
W m2 for detached houses and 11.1 W m for flats, leading to decreases in decrease in T, of
up to 0.08 °C and 0.16 °C. Typically the AT2/AQF g diurnal pattern has smaller values during
the daytime and higher values at night. Seasonally, AT2/AQF g is higher in winter than in
summer. These patterns are mainly influenced by friction velocity and therefore the

atmospheric stability.

We find that the variability in AQr g from replacing gas boilers with ASHPs and resultant AT»
aligns with regional differences in outdoor air temperature in the UK. London, with its
warmer climate, has the highest increases in Qrg and T2 in summer, while for cooler
Aberdeen, the decreases in Qrg and T are the largest in winter. The local climate sensitivity
to anthropogenic heat change, represented by the ratio AT2/AQF g, is largely consistent across

various UK climates.

While this study focuses on the UK, it addresses a common challenge faced by countries and

cities globally: balancing the adoption of emerging technologies with their potential negative
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impacts on the urban environment. Understanding all contributors to urban heat is crucial as
cities aim to enhance their resilience against climate change and foresee the various complex

effects associated with it.

Future work could involve applying the SUEWS-EnergyPlus modelling scheme to broader
scenarios, for example creating high-resolution maps of building anthropogenic heat
emissions that covers various neighbourhood types like high-rise commercial areas. Our
modelling method and findings should be valuable for policymakers and urban planners in
the UK and globally. These insights are crucial for planning buiiding electrification and

decarbonisation, which are essential pathways to achieving net zero emissions.
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