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Abstract

Overheating in buildings is one of the increasing concerns related to climate change and can lead
to an increase in heat-related health issues and higher energy consumption due to the use of air
conditioning systems. Literature shows that internal conditions and demand on environmental
control systems can vary with height within buildings. However, an architectural trend towards
highly glazed fagades for tall buildings suggests the vertical gradient of performance is not
always considered in the design process. By simulating a high-rise residential building in
London, a comparative analysis of the overheating risks and daylighting at different levels in the
building was conducted. In this study the model was able to consider the influence of surrounding
built environment on solar gain and so influence of urban location on overheating risk was taken
into account. Simulations were conducted using typical reference years as well as meteorological
data for specific heat-wave periods experienced in London and that are expected to become more
intense and frequent due to climate change. Passive mitigation options (external shading) are
demonstrated to help reduce overheating occurrence by 74%, at the same time the impact of
decreased daylighting (30%) is less problematic at higher levels where daylight factor is greater.




Introduction

Overheating in buildings is a growing issue across many countries with differing climates in
Europe. According to Brotas and Nicol,! the drive towards improved thermal performance of
buildings during the heating season has led to overheating problems during summer. The
majority of European building regulations focus on winter heating and fuel efficiency, with
emphasis on airtightness and heat loss. However, an expected increase in frequency and
intensity of heat waves due to climate change?, and milder winters projected within the
lifetime of current building stocks, makes it increasingly important that buildings are
optimised for both heating and cooling efficiencies.

Europe experienced a heatwave during the summer of 2003 with temperatures 3 to 5°C
higher than the average for the season, the extremely high temperatures resulted in an excess
of 35,000 deaths for the period®. Of these excess deaths, 2,000 occurred in the UK#, making
evident the need to evaluate the risk of relatively high temperatures, even in regions with
temperate climates. Since Klepeis et al® first demonstrated the high proportion of time spent
indoors in US populations, concern over the implications of prolonged exposure to
potentially harmful indoor environments has grown®. Within this wider concern of poor
indoor environment exposure, indoor overheating represents one of the biggest heat-related
health risks in European countries as a combination of ageing demographic and people
spending over 70% of their time indoors* ”.

One of the most significant impacts of climate change will be the exposure to more frequent
heatwaves with higher temperatures. Since the 1960s, the yearly number of hot days in
Europe has been rising and it is expected that the temperatures experienced in heatwaves
such as of 2003 will be closer to typical summer temperatures by the 2040s®. Even in Sweden
- a cold climate’ -!° were able to demonstrate increased cooling demand and overheating risk
under climate change scenarios.

Whilst this study is presented with a UK case study, the Building Regulations in the UK do
not currently stipulate the criteria of overheating and no statutory maximum limit for internal
air temperature is given!!. The Chartered Institute of Building Service Engineers (CIBSE)!?
suggest overheating relates to proportion of building population discomfort, whilst Jenkins et
al'3 demonstrate the need for careful consideration of the consistency and clarity in any
calculation approach adopted by future overheating policy.

Despite the lack of overheating definition in the UK Building Regulation!!, recent studies
present evidence that some existing buildings are experiencing internal temperatures that can
be harmful to their occupants and that new buildings with similar designs and characteristics
(thus susceptible to the same high temperature conditions) are currently passing through
planning permission'!. Nicol et al'* affirm that overheating is one of the most dangerous
issues emerging with climate change due to the increasing lack of capacity that buildings
have to provide a proper response to high temperatures and heat waves. A proper response is
dependent on the building type and type of occupant, as highlighted in BS EN 15251:2007".
Different levels of vulnerability in populations, activity and appliance use in buildings, mode
of environmental control (passive, mixed, active), and outdoor temperatures all impact on
overheating. For passively controlled buildings, a temperature threshold for comfort can be
evaluated as a function of the exponentially weighted running mean for outdoor temperature
and the level of expectation associated with identified categories of building!.



Adaptation to these warmer conditions is likely, with a greater adoption of air-conditioning
systems expected in developed, affluent, regions. However, such adoption in current low
energy buildings (highly insulated with low ventilation rates), will offset the energy savings
made by heating season focused designs. Though not fully explored, the increased cooling
demand of building stocks could significantly hinder climate change mitigation strategies and
the ability to alleviate projected future energy system stresses. It is necessary, therefore, to
take additional measures to reduce the propensity of buildings to overheat!®.

Review of overheating assessment and competing factors

Building for the future is not simply a challenge of reducing energy consumption, but rather
achieving energy reduction targets without compromising environmental quality and well-
being. The many facets of environmental quality make it difficult to optimise designs for all
scenarios; airtightness can improve the thermal environment, but it can also create issues for
air quality. In some circumstances, these control problems can be transformed - as is the case
for airtightness under heatwave conditions in highly polluted cities. To simplify the problem,
focus can be given to the most energy demanding factors. Vanhoutteghem et al'” show that to
create an efficient built environment it is essential to balance energy consumption with
thermal comfort and daylighting.

Previous overheating assessment for buildings without cooling, such as the one presented in
the 2006 edition of CIBSE Guide A'8, assumed that a maximum internal temperature limit,
regardless of external conditions, would be enough to determine if a building is prone to
overheat. Using an overheating threshold of no more than 1% of occupied hours with an
indoor operative temperature higher than 28°C can become too prescriptive when considering
the variety of building types and occupants. Under projected climate change such rigid
criteria could see many building designs unnecessarily failing overheating criteria because
adaptive capacity in response to external conditions is not properly considered. To model
these effects, CIBSE TM52!® developed a new assessment method based on BS EN
15251:2007 that is related to the external thermal environment and is divided into three
criteria.

CIBSE Technical Memorandum 52 (i.e. TM52) presented three criteria to assess the risk of
overheating!8. The first criterion limits to 3% the number of occupied hours that the indoor
temperature exceeds the comfort temperature upper limit by 1 K. The analysis is made from
the beginning of May until the end of September. Criterion 2 analyses the daily intensity of
overheating as a function of temperature rise and its duration, in response to adaptive
capacity. Criterion 3 establishes an absolute maximum daily temperature for the indoor
environment at 4 K above the comfort temperature, recognising that there are still
temperatures above which adaptations and tolerances are meaningless. A building that fails in
two of the three listed criteria is categorised as overheating.

Design choices can be made to mitigate the risk of overheating with well-established methods
such as control of solar gain through shading and glazing considerations, and exposure of a
building’s thermal mass. Though perhaps not core to all design practices, these passive
design choices are important to low energy building design and meeting CO> emission
reduction targets. In more extreme (i.e. heatwave) conditions, when passive measures are
exhausted, mixed-mode buildings are considered to be of great value in combating
overheating. A recent study shows that enabling user response in mixed-mode buildings leads
to a greater capacity to respond to overheating'®.



Modes of operation are dependent on design choices, and the high levels of glazing
incorporated in to the high-rise vernacular makes shading and glazing thermal properties key
passive measures for alleviating risk to overheating. The application of such measures,
however, is not straightforward®® 7. Whilst shading and solar control systems are effective at
reducing solar gain, they can contribute to an increase in heating and artificial lighting
demand?!.

Daylight has an important role in reducing the energy consumption of artificial lighting,
contributing to a healthier indoor environment and improving occupants’ visual comfort. It is
necessary, therefore, to consider beneficial daylighting aspects at the design stage of
buildings in order to achieve a satisfactory result??, whilst also avoiding excessive sunlight
that can lead to issues of glare and uncontrolled solar gains?3.

The architectural trend of using extensive unshaded glazed facades from bottom to top of a
building?* evidences that the difference of performance in different levels of a building is
usually not taken into consideration during the design stage. In addition to the trend in
unshaded glazed fagades, there is a growing tendency of designing high-rise buildings as a
solution to increasing value and demand of land in urban areas®’. The difference in thermal
and daylighting performance at different levels within high-rise buildings is, therefore, an
issue of increasing importance.

The adaptive capacity associated with mitigation measures to overheating can depend on
occupant use and acceptance of these measures such that the risk of overheating will be
dependent on occupants. The overheating in a high-rise block of flats*® was shown to vary
considerably between flats over the course of one summer in the UK - suggesting design
should account for the different needs of inhabitants in dealing with high temperatures.
Baborska-Narozny et al’’ has shown that the overheating risk between two flats in the same
building can be different due to orientation, but the effectiveness of different design measures
under a more comprehensive comparative analysis of overheating risk remains unanswered.
Pathanet al’® demonstrated a greater propensity to overheating in more recently built
dwellings as well as in multi-storey flats. Differentiation within a building is typically limited
in scope where studies focus on small example comparisons. For the case of multi-storey
buildings, the idea of top floors presenting a greater risk to overheating is often based on
looking at overheating factors in isolation, which is an approach that was presented”’ as too
simplistic. Although monitoring buildings is presented in many studies as the best approach
to representing actual overheating concerns, the approach does not enable overheating to be
easily separated from non-design issues such as occupant behaviour and environmental
system operation.

The performance of a building is impacted by its surroundings, not just the meteorological
conditions but also topography. Densely built-up areas create complicated radiative
environments with many radiative exchanges and shading effects impacting on energy gains
and losses as well as levels of natural lighting (i.e. daylight). Tightly packed buildings and
surrounding tall structures will reduce the levels of daylight and solar heat entering the indoor
environment, particularly on lower floors®®*!, Pisello et al’! demonstrated a 1 to 2.5 K
difference between indoor temperatures when considering solar shading effects in building
models. Lu et al*? also concluded that the daylight penetration varies between levels of the
building due to the influence of its surroundings, they found an increasing availability of
daylight from the bottom to the top of their case study. However, there are no studies (to the



knowledge of the authors of this paper) that have investigated the difference in performance
on distinct floors of a building and so how a higher or lower location within the same
building can affectoverheating and daylighting is unclear.

This paper presents a study on the comparative performance between flats of different
position within a high-rise building in the UK, London. The study focusses on performance
with regard to overheating risk and daylighting and considers the impact of different passive
design features on reducing overheating risks under different urban (shading) topography.
Keeping other influencing parameters and profiles consistent across the building allows for
direct analysis of the influence that design conditions have over a base level of overheating
risk.

Research Design

Building Simulation

A comparative analysis was conducted on the simulated thermal performance of a high-rise
building in London, using the Integrated Environmental Solution - Virtual Environment*? as a
recognisedand widely used building simulation tool in industry**. Mousavi and Khana??
demonstrated IES as a valid tool for daylight analysis with RADIANCE-IES and although
discrepancy between dynamic building simulationmodel output and that of real building
energy consumption is widely acknowledged. Literature®> 3¢ have shown that dynamic
simulation tools (including IES) demonstrate good internal consistency for modelling
temperature response to environmental conditions. This makes it a valid tool and approach
for the comparative analysis presented in this paper.

The tool provides hourly output of many physical properties, as well as comfort metrics that
were used in evaluating the difference in overheating risk on different levels of the building.

A planned twenty-five storey residential building, located in London, was used as a case
study. Each floor composed of seven apartments of different layouts, sizes and orientations
(Figure 1(a)). Each level of the building comprising the same seven apartments. Within each
apartment the bedrooms, kitchen and living room areas were considered occupied at all times,
these spaces accounted for 18 out of 41 rooms per floor and were those used in evaluating
overheating risk.

Computational constraints meant it was not possible to analyse all 25 levels of the building.
Therefore, the model consisted of three height zones (bottom, middle, top) with each zone
consisting of three adjoining levels. The bottom zone made of the 15to 3™ level; the middle
zone of the 12 to 14" level; and the top zone of the 23" to 25" level (Figure 1(b)). The levels
below the first simulated floor (i.e. 1% floor) have a different floor plan than the analysed
floors and therefore were not considered for this comparative study. To account for site
influences, the model was situated within three regions of London as well as an isolated case.

The building materials and construction remained constant for all simulated scenarios (as
given in Tables 1 and 2) of varying window-to-wall ratio (WWR), glazing U-value and G-
value. These were varied under the rationale of being relatively simple design elements to
adjust in the vertical plane of a fagade for influencing both solar gain and daylighting. Each
of these parameter values was varied within a range informed by the building regulations -
recognising regulatory limits that inform design®’. Building orientation was fixed as shown in



Figure 1(a) and four separate locations identified to represent impact of surrounding urban
form (see Figure 2).

Table 1. Table of thermal and physical properties of material types used by all construction elements in all considered
building model scenarios.

Materials Thickness Conductivity Density Specific Heat Capacity Thermal Resistance

(mm) (Wm~'K™)  (kg.m~3) C, (J.kg '.K™) (m’K.W—1)
Rainscreen 3.0 50.00 7800 450 0.0001
Cavity 50.0 - - - 0.1300
Insulation (walls) 81.4 0.03 20 1030 3.2560
Insulation (winter garden walls) 110.0 0.03 20 1030 4.4000
Cement bonded particle board 12.0 0.23 1100 1000 0.0522
Cement bonded particle board 25.0 0.23 1100 1000 1.0870
Plasterboard 12.5 0.21 700 1000 0.0595
Chipboard flooring 20.0 0.13 500 1600 0.1538
Screed 50.0 1.15 1800 1000 0.0435
Reinforced Concrete 100.0 2.30 2300 1000 0.0435
Membrane (roof) 0.1 1.00 1100 1000 0.0001
Concrete Deck (roof) 100.0 2.0 2400 1000 0.0500
Insulation (roof) 154.0 0.03 40 1450 5.1467
Surface Properties (surrounding structures) Emissivity Solar Absorptance Thermal Resistance

(m’K.W—1)

External Wall 0.9 0.7 0.04

Table 2. Table of construction elements used in all building model scenarios, showing the layers of material construction
from outer layer to inner layer.

Construction Elements U-Value Material Thickness
(Wm2.K™1) (mm)
Rainscreen 3.0
Cavity 50.0
Insulation 81.4
External Wall 0.2599 Cement bonded particle board 12.0
Cavity 50.0
Plasterboard 12.5
Plasterboard 12.5
Internal Wall 1.7888 Cavity 50.0
Plasterboard 12.5
Rainscreen 3.0
Cavity 50.0
. Insulation 110.0
Internal Wall (Winter Garden) 0.1968 Cement bonded particle board 120
Cavity 50.0
Plasterboard 12.5
Plasterboard 12.5
Internal Wall (Hallway) 0.6303 Cavity 50.0
Cement bonded particle board 25.0
Chipboard Flooring 20.0
Cavity 50.0
. Screed 50.0
Internal Ceiling/Floor 1.0866 Reinforced Concrete 100.0
Cavity 50.0
Plasterboard 12.5
Insulation 154.0
Membrane 0.1
Roof 0.18 Reinforce Concrete 100.0
Cavity 50.0

Plasterboard 12.5
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Figure 1. Building layout and dimensions. (a) Floor plan of the building selected for this research. Divided in seven flats that
account for a total of 41 rooms per floor?®; (b) Building base model for 9 floors out of a 25-storey building using IES-VE. Building
divided in bottom, middle and top floors.

A balance between a building’s energy performance and glazing area is necessary; general
guidance suggested by the UK Building Regulation is that if the window-to-floor ratio
(WFR) is less than 20% some parts of the indoor environment can experience low levels of
daylight. However, the WFR in residential buildings is limited by the same UK Building
Regulation to 25%. Using these as limiting criteria for maximising availability of daylight
without compromising the energy performance of the building and ensuring a range that is
regulation compliant, the WFR was varied between 20% and 25% coinciding with reported
data’”-3?,

In total, 80 combinations of three variables were considered for each of the four locations,
repeated with the addition of external shading fins (Figure 3) and under two different weather
scenarios (Heathrow TRY and 2003 heat-wave conditions). The external shading was applied
here to single storey on South and West facing facades. The design applied was informed by
advice from respected industry bodies as a way of representing a realistic design option'!!2,
The base-case WWR of 55.33% was the maximum allowable and four alternatives were
given down to the minimum allowed under the building regulations of 25.20% (i.e. 20% of
floor area). U-value and G-value were increased from the base-case up to the limits imposed
by the Building Regulations Part L7 - see Table 3.

Four locations were used to represent the influence of different surroundings on solar shading
- considered to be the main influencing factor on overheating risk in the vertical plane for this



modelling study (i.e. otherwise no vertical gradient in meteorological conditions). The
premise of the study is that variation in overheating risk profiles in high-rise buildings will
be, in-part, a consequence of variation of surrounding topography in the vertical plane. To
capture the impact of surroundings, a base-case location scenario considered the building in
isolation. Three further building locations were at identified sites within central London,
representing real topography with a mix of high-rise and low-level buildings.

S
\N

(a) Bevis Marks (b) Melior St (c) Long Ln

Figure 2. The three considered location scenarios for London: a) Bevis Marks; b) Melior St; ¢) Long Ln.

Windows
Figure 3. External shading protection designed as a passive solution to overheating.

Table 3. Simulation variables: Window-to-wall ratios (WWR) used to create different simulation scenarios along with alternative
U-values and G-values - used in combination to provide 80 different design scenarios for each of the four considered building
locations (London). The 80 scenarios were also tested with and without shading and repeated under TRY and heatwave conditions.

Basecase Variation1 Variation2 Variation3 Variation 4

WWR (%) 55.33 44.26 42.01 33.19 25.20
U-value (W.am—2.K™1)  0.9677 1.0679 1.2744 1.3997 -
G-value 0.2948 0.3186 0.4310 0.5245 -
Location Isolated Bevis Marks  Melior St Long Ln -
Shading Shading  No shading - - -

Figure 2 shows the modelled locations with the model building identifiable by the glazed
levels used for simulation. An average radius of 150 m from the model building was
considered for each location. Buildings lower than the 1% analysed level were not included in
the analysis. If surrounding buildings taller than the modelled building were located outside
the 150 m, they were considered for inclusion in the model. The maximum distance
considered for surrounding influence was 200 m. The surface properties (such as reflectance)
of surrounding buildings in each location were not fully considered but assigned uniform
values (see Table 1).

The heights of the surrounding buildings for the three locations were obtained using QGIS*
and the UK Environment Agency’s digital surface model*'. Data from central London was



imported into QGIS and the heights for each surrounding building for each of the three
locations were obtained. These were combined with the in-built maps tool of IES-VE to
develop the three shading scenarios. In each location, the modelled building maintains its
orientation. Bevis Marks represents a region with a high density of high-rise buildings
surrounding the site in all directions. The analysed building was surrounded in different
orientations by buildings either taller or close to half the height of the modelled building.
Melior St was selected in a region next to the tallest building in London. The buildings that
are higher than the analysed building are all located to the West. To all other orientations, the
surrounding buildings are at the height (or lower) than the lowest simulated floors. Long Ln
provides a situation with only one taller building (to the East) and tightly packed buildings of
mid-level height to all other orientations.

Monitoring of flats in London** demonstrated that vulnerability to overheating exists in warm
(non-extreme) summer periods. The typical reference year (TRY) for Heathrow provides
(without considering localised microclimatic effects) insight into the risk of overheating
under typical conditions and the expected typical vertical differences in overheating risk
under the model constraints. However, health and well-being concerns are recognised to be
more pertinent during extreme conditions, such as during heatwaves. Heatwaves are being
projected in regional climate models to be more intense and frequent for the mid to late parts
of this century across Europe. The heatwave of 2003 has been highlighted as representative in
this regard*}. Design Summer Year (DSY) weather files, by the nature of their calculation, do
not capture these strong heatwave events***, therefore the heatwave period of 2003 was
simulated to provide comparison of risk differences under typical and extreme conditions.
Hourly observation data from the MIDAS record, of the UK*®, were taken for London
Heathrow and converted into a TMY?2 format file. This file was subsequently converted into
an EnergyPlus weather file format (epw) and used in the simulation.

A comparison of temperature and solar radiation between the two files is shown in Figure 4.
The distributions highlight the shift to a higher median temperature for 2003 with occurrence
of higher temperatures in the extreme - a characteristic of the heatwave. The median and peak
global irradiance is much greater for the 2003 weather year that is indicative of the blocking
high (clear sky) conditions associated with heatwaves.

Ventilation was constant in all cases (0.25 ach), with no variation in ventilation control and
no opening windows. All kitchen/living spaces were set with the same modulated equipment
and lighting load profiles, and bedrooms set with a single modulated equipment and lighting
profile. Double bedrooms are modulated based on a maximum metabolic load of two people
occupying the space, single bedrooms on one person, and kitchen/living spaces modulated on
either a maximum of two people for larger flats (Flats 1, 2, 3, and 4) and one person for
smaller flats (5, 6, and 7). All load profiles remain the same for all levels of the building and
in all scenarios, enabling comparative analysis in overheating risk. Refer to Table 4.

Table 4. Table of modulating schedules for internal gains in all rooms of all flats simulated on a modulating scale of 0 to 1 applied
to the maximum possible value. All schedules follow a square-wave step at the transition times denoted by *.

Hourly lulation
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Kitchen/Living Occupancy 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 I 1 1 1 [l 1 1 1 *0 0 1 occ.
Kitchen/Living Occupancy 2 0 0 0 0 0 0 0 0 *1 1 1 1 1 1 1 1 1 1 1 1 1 *0 0 2 occ.
Kitchen/Living Equipment 02 02 02 02 02 02 02 02 02 02 *025 025 025 025 025 025 025 025 -1 1 *045 045 *025 025 025 450 W
Single Bedroom Occupancy 0.7 0.7 07 07 07 07 07 07 07 *1 1 1 1 1 1 1 1 1 1 1 1 1 1 *0.7 0.7 1 occ.
Double Bedroom Occupancy 0.7 0.7 07 07 07 07 07 07 07 *I *05 05 05 05 05 05 05 05 05 05 05 05 1 0.7 0.7 2 oce.
Bedroom Equipment 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 *1 1 1 1 1 1 1 1 1 1 1 1 1 *0.13 0.13 80W
Lighting (all) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8Wm?
Ventilation (all) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.25 ach

Value




Overheating and Daylighting Assessment

Internal air temperature, CIBSE TM52'® overheating compliance criteria, and daylight factor
were used in the analysis of overheating and visual comfort risks for all identified scenarios
at each of the four locations under typical (TRY) and extreme (2003 heatwave) conditions.
The simulations were run for an entire calendar year, but analysis was confined to the cooling
season identified in TM52'® - 15*May to 30" September, with analysis further confined to
occupied rooms.
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Figure 4. A comparison of the distribution of hourly values for the meteorological variables dry bulb temperature (°C) and solar
irradiance (W m2) over the period of the overheating assessment (May 1st to September 30th).

Three criteria are used in TM52!8 to assess the risk of overheating. The first criterion limits to
3% the number of occupied hours that the indoor temperature exceeds the comfort
temperature upper limit by 1 K. The TM52!® Adaptive Comfort tool of IES-VE was used for
this analysis. Criterion 2 analyses the daily intensity of overheating as a function of
temperature rise and duration by measure of weighted exceedance (We) according to
Equation (1)'3.

We:(Whe).Wf:Zhi*iSG (1)
=0
Weighting factor (Wr) is zero if AT is less than zero, otherwise Wr is equal to AT (equivalent
to 1), h is time at the given AT in time steps equivalent to the monitored or simulated time
step resolution. AT is the difference between the operative temperature and the limiting
maximum temperature established by EN15251.

Criterion 3 establishes an absolute maximum daily temperature for the indoor environment at
4 K above the comfort temperature, recognising the limitation of impact from adaptations and
tolerances. A building that fails in two of the three listed criteria is categorised as
overheating.

The indoor air temperature and frequency of failure against TM52!8 criteria across the
cooling season were recorded for all the occupied rooms in each flat. Hourly and monthly
average temperature differences between the top, middle and bottom levels were used to
assess whether relative vertical position of a flat could be used as a vector of relative warmth.
Considering that the room position/orientation would influence solar exposure, the



temperature comparison between floors was conducted on a room-by-room basis. With three
floors modelled at each of the three levels (top, middle, bottom), each room temperature was
compared against the three identical rooms at each of the two other levels. For example, each
of the three instances of room K/L in Flat 1 on the bottom level (see Figure 1(a)) would be
compared against each of the three instances of K/L Flat 1 on the middle and top floors. This
totals nine room temperature comparisons at each hourly time-step in the model. With 18
rooms considered per floor, each of the three height levels consisted of 162 indoor
temperature comparisons at each time-step.

The daylighting was analysed for the room with highest frequency of failure against CIBSE
TMS52 overheating criteria'®. The analysis was made for the scenarios with and without
external shading, a working plane was set at a height of 0.85 m from the floor and the

average daylight factor (DF) of the room was obtained from IES-VE Radiance, for the 21st of
September at 12:00 (set as a standard in IES-VE as is close to the equinox), using the CIE
Overcast Sky conditions. DF is the ratio of illuminance at a point on a given plane to light
received from a sky of known or assumed luminance distribution, to illuminance on a
horizontal plane due to an unobstructed hemisphere of the sky*’. The average DF of the
bottom, middle and top floors was calculated for each of the scenarios on the selected date
and time.

There are different compliance metrics for daylight factor (DF) levels in buildings, this study
made use of the British Standard BS 8206-2* that recommends minimum DF values in
dwellings of 1%, 1.5% and 2% for bedrooms, living rooms, and kitchens, respectively.
Electric lighting is usually not needed if the average daylight factor is 5% or higher and if the
daylight distribution is uniform into the indoor environment.

Results Analysis

Overheating risk under typical meteorological conditions

When analysing the 80 scenarios, with and without external shading, 41 out of 160
simulations had at least one room that failed to comply with Criterion 2 of the CIBSE TM52
overheating criteria'®, 27 were without external shading and 15 models with. No room failed
Criterion 1 and 3 when using the TRY weather file, therefore all the rooms complied with the
overheating criteria. Out of the total 738 instances of failure of Criterion 2, 204 were located
in rooms on the bottom floors, 248 were located on the middle floors, and 286 were located
on the top floors of the modelled building.

Flats 2 and 3 demonstrated least overheating risk, with no failed criterion, whilst Flat 1 was
the flat with the highest number of instances of non-compliance with criterion 2 (183
rooms/instances without external shading and 87 instances with external shading considered).
Flat 6 had the second highest number of failures of criterion 2 with a 162:29 split between
no-shading and use of shading fins.

Figure 5 presents a spatial distribution of failures in each of the three levels when using and
not using external shading. Where the first value is the number of failures against Criterion 2
without using an external shading and the second value is the number of failures against
Criterion 2 when the external shading is used. The variation of WWR, glazing type and
location are combined to ensure the evaluation of risk considers the full range of uncertainties



imposed on this building case.The double room in Flat 1 (F1-DR1) was the room with the
worst result, a total of 269 failures against Criterion 2.

The instances of overheating were shown to be dependent on the design options under
consideration, as presented in Table 5. Table 5 shows the overheating risk to vary by
location. The exposed site has more instances of failure than the other sites considered (i.e.
greater irradiance). The level of risk for location 1 (Table 5) consistently has fewest instances
of meeting overheating criterion and has greatest density of high-rise buildings (i.e. greater
shading). The risk of overheating is more pronounced in location 2 and 3 (Table 5) though
the relative level of risk varies according to considered criterion and weather conditions. The
relative proportion of failures between location 2 and 3 is further affected by use of targeted
external shading.
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Figure 5. Spatial distribution of failures given by room and level under TRY conditions.

Table 5. Failures against TM52 when using different weather files and simulation variables. WWR Basic: 55.33%; WWR 1:
44.26%; WWR 2: 42.01%; WWR 3: 33.19%; WWR 4: 25.20%. Glazing Basic: U-value = 0.97 (W/m?.K) and G-value = 0.29;
Glazing 1: U-value = 1.07 (W/m2.K) and G-value = 0.32; Glazing 2: U-value = 1.27 (W/m2.K) and G-value = 0.43; Glazing 3: U-
value = 1.40 (W/m2.K) and G-value = 0.52. Location Basic: no surroundings; Location 1: Bevis Marks; Location 2: Melior St;
Location 3: Long Ln.

Weather Failures External WWR Glazing Location
Files Shading | Basic 1 2 3 4 | Basic 1 2 3 | Basic 1 2 3
TRY Criterion 2 Without | 214 121 119 54 38 0 12 111 423 | 230 4 146 166
With 109 32 36 15 0 0 0 16 176 | 92 1 29 170
Criterion 2 Without | 303 337 298 571 1178 | 362 440 603 1282 | 860 448 750 629
2003 Heatwave  Criterion 1 &2 Without 15 26 27 8 33 0 1 5 103 | 54 6 4 45
Criterion 1,2, & 3 Without 15 4 3 10 13 0 0 0 45 36 0 0 9

Overheating risk in heatwaves

Using the 2003 heatwave weather file resulted in a total of 2,841 instances of failure in at
least one of the CIBSE TM52 criterion!8. A total of 67 out of 80 scenarios presented failures
to one or more criteria. The majority of instances (2,687) recorded failure in a single criterion
(criteria 2) for an occupied room, with 154 instances of failure in two or three criteria and
therefore deemed to fail to comply with this chosen overheating metric. These instances were
distributed in rooms for 14 out of the 80 scenarios. Figure 6 shows a trend in greater
overheating risk in the top floors, but higher occurrence of failure in all three criteria for
middle and bottom floors.



Figure 7 presents a spatial map of instances that failed Criterion 2 (7(a) to 7(c)); both Criteria
1 and 2 (7(d) to 7(f)); and maps the instances that failed all (3) criteria (7(g) to 7(i)). The
maps show greater risk of overheating in flats 1 and 7 (South to West facing), but with risk
across all flats for Criterion 2 is high. Table 5 summarises the results according to the
variables used.

Internal air temperature Hourly internal air temperature differences between all the floors of
the building were calculated across the cooling season when using the TRY weather file. The
analysis removed instances where room temperatures were below 15°C as lower temperatures
are likely to motivate use of heating, and the focus of this analysisis on the propensity to
overheating. For each room on each of the top and bottom floors, the distribution of
temperature difference between bottomand top (Tvottom - Ttop) floors is shown in Figure 8(a).
For all flats, the 98% confidence interval is skewed such that there is a slight bias towards
warmer top floor flats (negative temperature), yet the interquartile range demonstrates greater
occurrence of slightly warmer bottom floor flats. This is evident for all flats considered in
isolation, with median values ranging from 0.13 to 0.21°C, and for all flats combined the
median being 0.15°C. The outliers in these distributions, however, show that flats 3, 4,5, and
7 have instances of much warmer conditions in top floor flats thanbottom floor flats.
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Figure 6. Number of rooms that failed CIBSE TM52 criterions split according to each considered level within the building. The
variation of WWR, glazing type, and location are combined to ensure the evaluation of risk considers the full range of uncertainties
imposed on this building case.

The density plot of Figure 8(b) shows the majority temperature difference between top and
bottom floor flats is within 1°C, with greater tendency for the bottom floor flats to be
warmer. Using a logarithmic scale to the density plot shows an order of magnitude of 10°
between the number of instances of temperature differences less than 1°C and those of more
than 5°C at temperatures below 21°C. However, at higher temperatures (21°C), there is a
shift towards greater instances of much warmer flats on the top floors of the building and the
difference in frequency between small temperature differences (AT € [-1,1]) and larger
differences (AT € [-1,1]) is less pronounced.

Height, design and DF

The double room in Flat 1 (F1-DR1) was the room with the worst performance, a total of 269
failures against Criterion 2 when using the TRY weather file, and for this reason it was



selected for the daylighting analysis. Table 6 presents the daylight factors results. Figure 9
presents the percentage of rooms with a given level of daylight factor (DF) obtained under
different scenarios of WWR. WWR Basic was the design that resulted in the largest number
of rooms with a DF greater than 3%, and the simulation results showed decreasing DF with
decreasing WWR. At less than 34% WWR, scenario 3 and 4 resulted in DFs of less than 1%
for 4.2% and 12.5% of rooms, respectively.
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Figure 7. Spatial distributions of instances of failed Criterion of TM52 under 2003 observed weather conditions. Figures 7(a) to
7(c) show number of instances of failure in Criterion 2 alone; 7(d) to 7(f) show instances of failure in Criteria 1 and 2; and 7(g) to
7(i) show instances of failure in all three Criterion. The variation of WWR, glazing type, and location are combined to ensure the
evaluation of risk considers the full range of uncertainties imposed on this building case.



Figure 10 shows the percentage of rooms and the DF obtained when using different glazing
materials. The proportion of rooms within the given bands of DF are fairly consistent for all
glazing options. However, there is a shift of 1-2% towards rooms with a greater DF that
coincides with increasing G-value.

Figure 11 shows DF is most sensitive to location for the considered variables. The isolated
building case (location Basic) has the greatest proportion of rooms with DF greater than 3%,
whilst the high density of high-rise buildings in location 1 (Bevis Marks) significantly change
the proportional make-up of the room DF. The level of building shading resulted in instances
of DF less than 1%.
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Table 6. Average daylight factor on different levels with and without external shading considered.

Without External Shading With External Shading
Bottom 2.4% 1.8%
Middle 2.9% 2.3%
Top 3.1% 2.4%
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Figure 9. Percentage of rooms and respective daylight factor results according to the window-to-wall ratio used in the simulations
(combined with and without shading). WWR Basic: 55.33%; WWR 1: 44.26%; WWR 2: 42.01%; WWR 3: 33.19%; WWR 4:
25.20%.
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Figure 10. Percentage of rooms and respective daylight factor results according to the glazing material used in the simulations
(combined with and without shading). Glazing Basic: U-value = 0.97 W/m2.K and G-value = 0.29; Glazing 1: U-value = 1.07
W/m?2K and G-value = 0.32; Glazing 2: U-value = 1.27 W/m2.K and G-value = 0.43; Glazing 3: U-value = 1.40 W/m2.K and G-
value = 0.52.
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DF and overheating

Focussing on room DR1 in Flat 1 (Figure 1(a)) as representing the greatest tendency for
overheating under TRY conditions, Figure 12 shows the instances of failed overheating
criteria for different bands of DF. This shows a greater number of failure of criteria for DF
greater than 1%. There is no clear trend above DF of 1%, however, as a greater proportion of
failures is evident for a DF between 1% and 2% than for between 2% and 3%.
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Figure 12. Number of instances of failure to comply with CIBSE TM52 overheating criteria when at different levels of Daylight
factor. The variation of WWR, glazing type, and location are combined to ensure the evaluation of risk considers the full range of
uncertainties imposed on this building case.

Discussion

Uniform (homogeneous) facade design of tall buildings in cities presents a question of
whether better informed, less uniform design is needed for overheating risk in such buildings
to be reduced. By comparative modelling of a real building design, there are certainly
differences to be seen in overheating risk, not only in relation to orientation of internal rooms
(horizontal plane), but also in the vertical plane. The picture, however, is nuanced by factors
of facade design, city locale, summer conditions and metrics used to assess overheating.

The probability distributions of temperature difference between bottom and top floor flats
(Toot - Trop), at all times of the day, show the median of temperature difference distributions to
be positive; indicating that lower floors are more frequently warmer than those on the top
floor. Of course, the model set up means buoyancy driven effects within the building are not
taken into account. The extended tails of the distributions, however, show instances of
significantly higher temperatures in top floor flats. For the implication to overheating risk it is
important to understand when these positive and negative temperature differences occur and
whether there are sufficient differences at sufficiently high temperatures to show a vertical
component to overheating risk. The density plot of Figure 8 shows that at higher temperatures
the trend in temperature difference starts to reverse, with less pronounced difference in
frequency of small and larger AT, but a clear skew towards warmer conditions in top floor
flats.

Under TRY conditions the case study building only demonstrated instances of failure in one
of the three TM52 criteria'®. Strictly adhering to the definition of overheating would suggest
there was, therefore, no risk of overheating under current typical meteorological conditions



on any floor of the building. However, considering the failure in any one criterion as an
indicator of vulnerability demonstrated that a greater risk presides in rooms on the higher
floors of the homogeneous building design. The top floors presented 40.19% more rooms that
failed criterion 2 than the bottom floors and 15.32% more than the middle floors. Failure was
specifically in criterion 2 a function of temperature rise and duration - indicating that on the
higher floors the rooms become more responsive to heat gains.

Simulations under the 2003 heatwave period not only showed an increase in failed criterion,
but also provided instances of two or more failed criteria to constitute overheating. The
number of rooms that failed criterion 2 increased almost five times (from 546 to 2,687) and
the number of rooms that failed to comply with CIBSE TM52!8 increased from 0 to 154.
Whilst the higher floors experienced a greater number of instances of failed criterion, the
lower floors had a greater number of failures in all (3) TM52 overheating criteria. Due to the
modelling framework, the general tendency of a lower occurrence of overheating on the
bottom of the building can only be explained by lower levels of solar heat gain.

Overheating risk was shown to vary between flats and rooms in flats. Within the range of
variation of density of internal gains observed across the rooms in all seven flats, there is no
observed influence of occupant density. Greater frequency of overheating instances was
noted in South to South-West facing rooms, where shading from surrounding buildings was
not significant to these orientations. All flats demonstrated some element of overheating risk
under a cooling season with heatwave, but with failure in two or more criterion limited to
flats 1 and 7. The issue of orientation is already established as an important design
consideration to comfort conditions, however, when combined with building height,
influence of surrounding buildings, and climate change their combined influence on
overheating risk is not so clear. The higher floors (middle and top) showed greater
vulnerability in criterion one and two, suggesting that frequency, intensity and duration of
high temperatures exceeds the adaptive capacity of occupants to cope with such conditions,
whilst the lower floors under criterion three are more susceptible to peak daily temperatures
reaching significantly (4°C) above the comfort threshold.

The modelled temperatures for indoor environment would likely contain some level of
difference to actual temperatures experienced in the built building. However, the work of
others® indicate that differences between modelled and actual building temperatures can be
less than 1°C and that relative temperature and temperature response are typically strongly
correlated to observed temperature behaviour in dynamic building simulation models. With
this acknowledgement, the actual risk presented by the model should be treated as uncertain,
whilst the relative levels of overheating risk across the building can be concluded on with a
greater confidence.

The results show that passive design measures to control for overheating should be
considered differently at all points in the horizontal and vertical plane of high-rise building
fagades. Whilst this would lead design away from uniformity, it would create more targeted
overheating mitigation measures. The importance of targeted design is demonstrated by the
competing issue of natural lighting. As a higher level of daylighting is experienced for the
majority of TM52 criterion failures, there is an associated increased capacity in natural
lighting comfort for adoption of fagade shading devices, different WWR, and glazing design
options. An increase of 44.6% in the U-value and of 77.9% in the G-value when comparing
the Glazing Basic to Glazing 4 design option resulted in 81.2% more failures in criterion 2.
Whilst reducing WWR from 55.3% to 25.2% resulted in an 82.2% reduction in failures (from



214 to 38). Combining the lower WWR with external shading fins removed all failures of
TMS52 criterion.

Height, proximity and orientation of surrounding buildings, however, can be a dominant
determinant of daylighting factor and associated solar gains that impact overheating. The
modelling results have shown that the high-rise nature of the buildings in Location 1
dramatically reduce the overheating risks (from 322 down to 5 failures in one or more of the
TMS2 criterion). However, the surface properties of surrounding buildings and their impact
on radiosity in the built environment have not been considered in this study. Further to this,
vertical temperature gradients and turbulent wind profiles in the urban boundary layer, and
excess temperatures associated with urban heat island have not been imposed.

Conclusion

By comparative analysis it has been possible to demonstrate the influence of high-rise
homogeneous building design on overheating risk. Empirical study has deliberately been
omitted as the focus has been to demonstrate the impact of design alone. The adaptive
capacity from occupant behaviour, particularly by internal passive and active controls on
indoor environment, is not evidenced in this study.

Under the assumption of uniform infiltration and external meteorological conditions
surrounding a building, indoor spaces at different heights of high-rise buildings do not
demonstrate a clear trend in temperature difference over the course of a cooling season.
Whilst distributions of temperature difference showed a bias towards warmer spaces at lower
levels, the overheating criteria and temperature differences at higher temperatures pointed
towards elevated risk on higher floors. Though failure in overheating criteria were noted
under current typical conditions, the consideration of heatwave conditions showed more
clearly a differentiation in overheating risk between building floors at different heights within
the building. The sensitivity to surrounding buildings and orientation highlighted how
mitigation measures for overheating need to be case specific; not only considering floors
separately, but also room orientation and associated shading from external structures at all
heights of the building. The temporality of urban topography would suggest that design
measures for mitigating overheating should be adaptive. This not only requires a knowledge
of current urban morphology, but also a long-term view of development plans. As an
increasing global concern to many major cities, heat stress resilience requires a more
considered (less homogeneous) approach to high-rise building design.

Acknowledgements
We thank Buro Happold for the supply of the building design details. This research did not receive any specific
grant from funding agencies in the public, commercial, or not-for-profit sectors.

Author Contribution and Conflict of Interest
All authors contributed equally in the preparation of this manuscript.

There are no known conflicts of interests associated with the work conducted in the preparation of this
manuscript.



References

[1] Brotas L and Nicol JF. Estimating overheating in European dwellings. Architectural
Science Review 2017; 60(3): 180—191.

[2] Meehl G and Tebaldi C. More Intense, More Frequent, and Longer Lasting Heat Waves
in the 21st Century. Science 2004; 305(5686): 994-997.

[3] Revi A, Satterthwaite D.E, Aragon-Durand F, Corfee-Morlot J, Kiunsi RBR, Pelling M,
Roberts DC and Solecki W. Urban areas. In: Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field CB,
Barros VR , Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL,
Estrada YO, Genova RC, Girma B, Kissel ES, Levy AN, MacCracken S,

Mastrandrea PR and White LL (eds.)]. 2014, Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, pp. 535-612.

[4] Taylor J, Davies M, Mavrogianni A, Shrubsole C, Hamilton I, Das P, Jones B,
Oikonomou E and Biddulph P. Mapping indoor overheating and air pollution risk

modification across Great Britain: A modelling study. Building and Environment 2016; 99:
1-12.

[5] Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, Behar JV and
Hern SC. The National Human Activity Pattern Survey (NHAPS): A resource for assessing

exposure to environmental pollutants. Journal of Exposure Analysis and Environmental
Epidemiology 2001; 11(3): 231-252. DOI:10.1038/sj.jea.7500165.

[6] Schweizer C, Edwards RD, Bayer-Oglesby L, Gauderman W], Ilacqua V, Juhani
Jantunen M, Lai HK, Nieuwenhuijsen M and Kiinzli N. Indoor time-microenvironment-

activity patterns in seven regions of Europe.Journal of Exposure Science and Environmental
Epidemiology 2007; 17(2): 170-181. DOI:10.1038/sj.jes.7500490.

[7] Brasche S and Bischof W. Daily time spent indoors in German homes - Baseline data for
the assessment of indoor exposure of German occupants. International Journal of Hygiene
and Environmental Health 2005; 208(4): 247-253. DOI:10.1016/;.ijheh.2005.03.003.

[8] Committee on Climate Change. UK Climate Change Risk Assessment 2017 - Synthesis

report: priorities for the next five years, London. Technical report, Committee on Climate
Change, London, 2016.

[9] Kottek M, Grieser J, Beck C, Rudolf B and Rubel F. World map of the Képpen-Geiger
climate classification updated. Meteorologische Zeitschrift 2006; 15(3): 259-263.
DOI:10.1127/0941-2948/2006/0130.

[10] Dodoo A and Gustavsson L. Energy use and overheating risk of Swedish multi-storey
residential buildings under different climate scenarios. Energy 2016; 97: 534-548.

[11] Dengel A and Swainson M. NHBC Foundation - Overheating in new homes - A review
of the evidence. Technical report, New Housing Building Council, Milton Keynes, 2012.



[12] CIBSE. KS16 - How to manage overheating in buildings: A practical guide to improving
summertime comfort in buildings. Technical report, Chartered Institute of Building Service
Engineers, London, 2010.

[13] Jenkins DP, Ingram V, Simpson SA and Patidar S. Methods for assessing domestic
overheating for future building regulation compliance. Energy Policy 2013; 56: 684—692.

[14] Nicol F, Humphreys M and Roaf S. Adaptive thermal comfort: principles and practice.
London: Routledge, 2012.

[15] BS EN 15251:2007. Indoor environmental input parameters for design and assessment
of energy performance of buildings addressing indoor air quality, thermal environment,
lighting and acoustics. Technical report, British Standard Institution, London, 2007.

[16] Chvatal KMS and Corvacho H. The impact of increasing the building envelope
insulation upon the risk of overheating in summer and an increased energy consumption.
Journal of Building Performance Simulation 2009; 2(4): 267-282.

[17] Vanhoutteghem L, Skarning GGJ, Hviid CA and Svendsen S. Impact of fagade window
design on energy, daylighting and thermal comfort in nearly zero-energy houses. Energy and
Buildings 2015; 102: 149-156.

[18] CIBSE. TM52 - The limits of thermal comfort: Avoiding overheating in European
buildings. Technical report, Chartered Institute of Building Service Engineers, London, 2013.

[19] Thomas LE. Combating overheating: mixed-mode conditioning for workplace comfort.
Building Research & Information 2017; 45:176—194.

[20] Fasiuddin M and Budaiwi I. Energy performance of windows in office buildings
considering daylight integration and visual comfort in hot climates. Energy and Buildings
2015; 108: 307-316.

[21] Moretti E and Belloni E. Evaluation of energy, thermal, and daylighting performance of
solar control films for a case study in moderate climate. Building and Environment 2015; 94:
183-195.

[22] Mousavi MS and Khana HT. Empirical validation of Radiance-IES daylight simulation
for furnished and unfurnished rooms under a tropical sky. International Journal of
Sustainable Building Technology and Urban Development 2016; 7(1): 61-69.

[23] CIBSE. TM37 - Design for improved solar shading control. Technical report, Chartered
Institute of Building Service Engineers, London, 2006.

[24] Simson R, Kurnitski J and Kuus K. Experimental validation of simulation and
measurement-based overheating assessment approaches for residential buildings.
Architectural Science Review 2017; 60(3): 192-204.

[25] Strelitz Z. Tall building design and sustainable urbanism: London as a crucible.
Intelligent Building International 2011; 3(4): 250-268.



[26] Baborska-Narozny M, Stevenson F and Grudzinska M. Overheating in retrofitted flats:
occupant practices, learning and interventions. Building Research and Information 2017,
45(1-2): 40-59. DOI:10.1080/09613218.2016.1226671.

[27] Baborska-Narozny M and Grudzinska M. Overheating in a UK High-rise Retrofit
Apartment Block -Ranking of Measures Available to Case Study Occupants Based on
Modelling. Energy Procedia 2017; 111(September 2016): 568-577.
DOI:10.1016/j.egypro.2017.03.219.

[28] Pathan A, Mavrogianni A, Summerfield A, Oreszczyn T and Davies M. Monitoring
summer indoor overheating in the London housing stock. Energy and Buildings 2017; 141:
361-378. DOI:10.1016/j.enbuild.2017.02.049.

[29] Lomas KJ and Porritt SM. Overheating in buildings: lessons from research. Building
Research and Information 2017; 45(1-2): 1-18. DOI:10.1080/09613218.2017.1256136.

[30] Li DH and Wong SL. Daylighting and energy implications due to shading effects from
nearby buildings. Applied Energy 2007; 84(12):1199-1209.

[31] Pisello AL, Castaldo VL, Poli T and Cotana F. Simulating the Thermal energy
performance of buildings at the urban scale: Evaluation of inter-building effects in different
urban configurations. Journal of Urban Technology 2014; 21(1): 3-20.

[32] Lu M and Du J. Assessing the daylight and sunlight availability in high-density
residential areas: a case in North-east China. Architectural Science Review 2012; 56(2): 168—
182.

[33] IES-VE. Integrated Environmental Solutions (IES-VE), Glasgow, 2017. URL
https://www.iesve.com/software/virtual-environment [accessed 16/05/2019].

[34] Chen X and Yang H. Combined thermal and daylighting analysis of a typical public
rental housing development to fulfil green building guidance in Hong Kong. Energy and
Buildings 2015; 108: 420-432.

[35] Strachan P, Svehla K, Heusler I and Kersken M. Whole model empirical validation on a
full-scale building. Journal of Building Performance Simulation 2016; 9(4): 331-350.
DOI:10.1080/19401493.2015.1064480.

[36] Al-janabi A, Kavgic M, Mohammadzadeh A and Azzouz A. Comparison of EnergyPlus
and IES to model a complex university building using three scenarios: Free-floating, ideal air
loadsystem, and detailed. Journal of Building Engineering 2019;22(December 2018): 262—
280. DOI:10.1016/j.jobe.2018.12.022.

[37] HM Government. Approved Document Part L1A - Conservation of fuel and power in
new dwellings 2013 Edition with 2016 Amendments. London, HMSO, 2016.

[38] Planning Portal. Planning Portal, 2017. URL http://planningportal.co.uk [accessed
16/05/2019].




[39] NARM Secretariat. NARM Technical Document NTD12 — An introduction to natural
daylight design in domestic properties. Technical report, NARM, Milton Keynes, 2015.

[40] QGIS Team. QGIS, 2018. URL http://www.qgis.org/ [accessed 16/05/2019].

[41] Agency E. LIDAR Composite DSM, 2017. URL
https://data.gov.uk/publisher/environment-agency [accessed 16/05/2019].

[42] Mavrogianni A, Taylor J, Davies M, Thoua C and Kolm-Murray J. Urban social housing
resilience to excess summer heat. Building Research and Information 2015; 43(3): 316-333.
DOI:10.1080/09613218.2015.991515.

[43] Beniston M. The 2003 heat wave in Europe: A shape of things to come? An analysis
based on Swiss climatological data and model simulations. Geophysical Research Letters
2004; 31(2), L02202. DOI:10.1029/2003GL018857.

[44] Smith ST and Hanby VI. Methodologies for the generation of design summer years for
building energy simulation using UKCP09 probabilistic climate projections. Building
Services Engineering Research & Technology 2012; 33(1): 9—-17.

[45] Jentsch MF, Levermore GJ, Parkinson JB and Eames ME. Limitations of the CIBSE
design summer year approach for delivering representative near-extreme summer weather
conditions. Building Services Engineering Research and Technology 2014; 35(2): 155-169.

[46] Office M. Met Office Integrated Data Archive System (MIDAS) Land and Marine
Surface Stations Data (1853-current). NCAS British Atmospheric Data Centre, 2018. URL:
http://catalogue.ceda.ac.uk/uuid/220a65615218d5¢9cc9e4785a3234bd0 [accessed
16/05/2019].

[47] BS 8206-2:2008. Lighting for buildings - Part 2: Code of practice for daylighting.
British Standard Institution, London, 2008.

[48] BS 6100-7:2008. Building and civil engineering vocabulary - Part 7: Services. British
Standard Institution, London, 2008.



