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Abstract: The building and transportation sectors are responsible for the greatest proportion of energy
consumption in cities. While they are intrinsically interlinked with urban built form and density,
climate change and technological innovation are having an effect on their relative contributions.
This paper aims to develop an optimisation framework to facilitate the identification of the most
energy-efficient urban built forms and urban geometry for the future built environment that can
be adapted to the changing climate and ongoing technological development. It examines future
scenarios for the city of London as a temperate climate zone (as a case study), in 2050, and contrasts
it with the present situation. Specifically, the impact of climate change along with the penetration
of electric vehicles into the transportation system that can be charged via rooftop photovoltaics is
investigated. This study initially develops the geometrical models of four selected urban built forms
and, secondly, analyzes their energy performance using an urban energy simulation software. The
results, showing the impact of future scenarios on building energy performance, urban built form
and density, demonstrate that court and tunnel-court built forms show better energy performance for
future development. It is therefore recommended that for future urban developments in London,
deep plan court and tunnel-court buildings with a lower number of storeys and a large cut-off
angle are more advantageous in terms of building energy to accommodate the expected climate
change. Finally, results of simulation trials indicate that the total building energy demand in 2050
is considerably higher than in the present climate as a result of additional cooling load and electric
vehicle charging load.

Keywords: climate change; urban built form and density; building energy demand; PV energy
generation; electric vehicles; future transportation

1. Introduction

The average temperature of the earth has been increasing since the mid-20th century
due to greenhouse gas emissions into the atmosphere. This anthropogenic climate change
has been caused by human activities, particularly the burning of fossil fuels. Cities are
recognised as among the main contributors to this phenomenon by producing high amounts
of carbon emissions from the building [1,2] and transportation sectors [3]. This obliges
humans to urgently take serious action, and an important aspect of this is the planning
of future cities. Although climate change is a result of energy consumption on earth,
specifically in cities, the fact that it has a reciprocal impact on the energy performance
of cities should not be neglected. For instance, unpredictable and severe weather events
will cause excessive heating/cooling demands in buildings [4,5], which together with
changes in mean weather patterns have both direct and indirect impact on the performance
of energy systems [6]. Therefore, adaptation and mitigation strategies to tackle climate
change must be taken into consideration [7,8] to design resilient urban areas. Sustainable
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energy use in urban areas is feasible through the integration of improved building energy
performance, urban geometry [9] and climate change at the planning and design stages [10].
Although there are many studies on the impact of climate change on building energy
performance [11–13], there is a lack of thorough investigations on the impact of climate
change on the relationship of building energy performance with urban built form and
density. This consideration is important because identifying the most energy-efficient urban
built forms and optimum densities helps cities to adapt to climate change.

A further factor that can influence the optimal form and shape of future cities is tech-
nological development, such as renewable energy technologies, electric vehicles (EVs) and
blockchain (a technology that facilitates digital transactions between generators and con-
sumers of energy in a decentralised energy generation system). Studies on transportation
energy consumption have traditionally focused on internal combustion engine vehicles
(ICEVs) and many researchers conclude that denser urban areas reduce transportation
energy consumption [14,15]. The first justification for the increase in transportation energy
consumption in the case of urban sprawl [16] is that people should commute longer dis-
tances in a sprawling neighbourhood. However, EVs and Plug-in Hybrid Electric Vehicles
(PHEVs), which are significantly more energy efficient, are replacing ICEVs. More recent
research on the relationship between transport energy and urban density shows that there
is the possibility of charging EVs by decentralised energy supplies such as urban roof-
mounted photovoltaics (PVs) [17], with peer-to-peer or microgrids used for distributing the
harvested renewable energy in cities [18]. This system promotes the ‘prosumer’ concept,
where residents are both buyers and sellers [19]. The presence of decentralised energy
systems can have an essential impact on building and urban design aspects, emphasising
that the design of energy systems should be an integral part in the decision-making pro-
cess [20]. Hence, the advent of these disruptive technologies, which are innovations that
significantly alter the way that consumers and industries operate, should be contemplated
when designing the new urban areas.

In this study, consideration is given to the impact of global warming and the penetra-
tion of EVs, and how they will influence decision making for future urban developments.
This includes an investigation of their impact on the relationship of city energy performance
with urban form, since the form of the city has an impact on its energy usage [21,22]. How-
ever, urban form has a variety of attributes such as density, compactness, diversity, green
areas, connectivity, orientation, shading and passivity that influence energy utilisation [23].
In identifying the relationship between energy and urban form, the primary parameter
analyzed by researchers is density [24–26]. There has been a debate among researchers
regarding the advantages of high density or sprawl urban developments. Some studies
emphasised that a compact built form with higher urban density results in less energy
usage [27,28] compared to urban sprawl [14,29] while others indicate that a dispersed urban
form may provide improved energy efficiency [30,31] due to the increase in utilisation of
renewable sources in urban areas [32]. For instance, roof-mounted PVs and ground source
heat pumps require a large area that cannot be achieved by compact buildings [33,34].
Meanwhile, the definition of density is also debated due to a variety of density indicators
being used in different studies that are not equivalent, making it challenging to directly
compare results across studies. Rafiee, Dias [35] used ‘numbers of housing units per build-
ing’ as the density indicator for analysing heating demand. Leng, Ma [36] adopted some
density indicators (such as site coverage and floor area ratio) to illustrate the relationships of
urban morphology with building heating demand. Perera, Coccolo [37] used ‘volume–area
ratio’ to identify the impact of urban climate on urban energy performance. In addition
to density, another urban parameter, built form, reflects the shape of buildings [38], and
affects the environmental performance of buildings [39]. Therefore, it is crucial to consider
the urban built form and its impact on microclimatic conditions [40] that consequently
affect building energy consumption [41]. There has historically been a lack of a unified set
of guidelines to communicate urban density indicators and their relationships with urban
built forms [42] to investigate their simultaneous correlation with energy.
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Whilst previous studies have tried to establish this relationship, most are not com-
prehensive enough to include urban built form, suitable density indicators and the key
urban geometric parameters. Ahmadian, Sodagar [43] established this relationship by
proposing an innovative urban planning tool called the Form Signature. This graphical tool
simultaneously considers different urban built forms, two important density indicators
and three main geometric parameters of the built environment. In a later study, they used
this framework to identify the relationship of building energy performance with all the
aforementioned urban parameters [44]. This paper further develops this framework by
adding the impact of climate change and future transportation methods to predict the
optimum urban built forms and geometries for the future. It enhances the framework to
an advanced stage to be used in practice and provides a predictive nature. Previously
reported models have been based on the prevalence of existing technologies and currently
available energy sources. There are very few studies that consider the effect of urban built
form and density on both building and transportation energy of cities simultaneously, and
if so, they have considered ICEVs [25,45]. However, as disruptive technologies such as EVs
are penetrating normal city life, it is argued that policy on urban form should be based on
the technologies of the future rather than those of the present and past.

The city of London, representing a temperate climate, is selected as a case study, and
CitySim software [46] (an urban energy simulation tool) is adopted to perform simulation
trials using the predicted climatic conditions of London in 2050. The penetration of private
EVs and scenarios of charging from roof-mounted PV panels is considered. The results
are compared with present conditions in London to inform necessary future changes. The
novelty of this paper is developing an optimisation framework able to identify the most
energy-efficient urban built forms and urban geometry of future cities that can be adapted
to changing climate and ongoing technological development. Although the analysis is
focused on a London temperate climate, the framework can be adopted for any other
climatic conditions. It determines the combined effect of climate change, technological
developments and government policies on the future of cities, and relates them to urban
built form and density indicators simultaneously.

2. Research Methodology

The research methodology is composed of the geometrical characterisation of different
built forms along with energy modelling and simulation analysis. Initially, geometric
models of four urban built forms, namely pavilion, terrace, court and tunnel-court forms
(Figure 1, top), are developed using three influential geometric parameters, namely plan
depth (x), number of floors (n) and the cut-off angle (θ). The cut-off angle is the angle
between the ground and the line joining the base of one façade to the roofline of another
façade (Figure 1, down) that represents the distance between buildings (L). These three
variables are chosen because the whole geometry of a built environment (in three dimen-
sions) can be explained using them, and translated to urban density. Meanwhile, altering
these variables affects the energy demand of buildings by changing parameters such as the
shadowing effect, building size and the urban heat island (UHI) effect. Ahmadian, Soda-
gar [43] previously used these parameters to establish the relationship of urban built forms
with two crucial density indicators (i.e., site coverage and plot ratio) to introduce the Form
Signature indicator. Site coverage is the ‘total area covered by buildings’ over the ‘total site
area’, and the plot ratio is the ‘total floor area’ over the ‘total site area’, which have been
widely used in the literature and are used in this study within the Form Signature graphs
(see Section 3. The Form Signature indicator was subsequently adapted by Ahmadian,
Sodagar [44] to analyse the building energy performance of London, and finally, propose
an urban energy planning tool. This paper builds on the original tool, by adding two more
layers relating to the impact of climate change along with an additional transportation
model that considers technological advancement by 2050. Hence, the city of London is
taken as the case study to facilitate comparison of the results of this study with the present
condition of London provided by Ahmadian, Sodagar [44], though it is acknowledged
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that the impact of climate change on a building energy consumption is different from one
region to another [47].
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Figure 1. Geometrical models of the built forms, developed in AutoCAD: (a) pavilion, (b) terrace,
(c) court, (d) tunnel-court built forms (top), and section showing the cut-off angle (down) (adopted
from [43]).

Subsequently, CitySim software is used to perform an energy analysis on the geo-
metrical models of the chosen built forms. CitySim is an urban energy simulation pack-
age that considers parameters such as inter-reflection between external surfaces through
short/longwave radiation, the shadowing effect of adjacent buildings and the UHI ef-
fect [48]. These features are advantageous compared with other building simulation tools,
which are very important for the urban-level comparative energy analysis in this study as
it investigates the urban microclimatic condition and its Impact on building energy perfor-
mance. CitySim has already been validated in several studies by comparing its performance
with both monitored data [49] and data obtained from other simulation software [49,50].
Furthermore, the simulation model of the urban blocks used in this study is specifically
validated against real energy data of a pilot study comprising of four terraced houses, sited
in Gainsborough (UK) [44]. The future climate data of London, predicted by the Intergov-
ernmental Panel on Climate Change (IPCC), are obtained from the Meteonorm software
database [51]. Meteonorm is selected for this study because it integrates well with CitySim
and provides 10 years of average temperature data and 20 years of average irradiation
data for the present scenario along with the predicted climate data for future scenarios
(e.g., the predicted data of 2050 for this study). The data include air temperature, surface
temperature, beam radiation, horizontal diffuse radiation, wind speed, wind direction,
relative humidity, precipitation and cloud cover fraction on an hourly basis plus horizon
data containing information about natural obstacles around the location. In addition, a
transportation model is formulated in this study based on the future penetration of EVs.
Excel spreadsheet tools are developed to initially calculate and process the required data
before and after simulation trials (see Appendix A) and, secondly, estimate the total energy
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demand of EVs for each of the cases. An assumption is that EV energy charging require-
ments are provided by rooftop PV panels. The required energy is therefore considered as
an additional building load.

2.1. Formulating the Future Scenario

In the Paris Agreement of 2015, a durable framework was provided to avoid the
threatening consequences of climate change by limiting global warming to below 2 ◦C (and
preferably 1.5 ◦C) above pre-industrial levels. This is possible only through rapid transitions
in energy, land, urban infrastructure and industrial systems [52]. To this end, the UK set
a legally binding target of net zero emissions by 2050 making it the first major economy
to pass net-zero emissions laws [53]. The main areas for carbon emission reduction are
power, buildings and transport, by using renewable and clean energy sources, increasing
the EPC standard of all homes, and ending the sale of petrol and diesel cars by 2030 [54].
Future climatic conditions of London in 2050 and transportation strategies are therefore
investigated to identify their impact on building energy performance and its relationship
with urban built form and density.

2.1.1. Global Warming and Climate Change

The IPCC issued a special report proposing six different emission scenarios for future
climate change [55], which was later updated in AR5 report of the IPCC [56]. The scenarios
are alternative visions of how demographic and socio-economic development as well as
technological changes might affect the trend of carbon emissions in the future. These are
classified into four storyline families. Figure 2 shows the predicted trend of changing
carbon dioxide emissions by 2100.
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Figure 2. Prediction of carbon dioxide emissions in different IPCC scenarios (adopted from Nakicen-
ovic and Swart [55]).

From Figure 2, it is observed that scenarios A1F1 and A2 have the highest emissions.
To emphasise the possible consequences of underestimating climate change, this study
considers one of the two worst-case scenarios. Meanwhile, since the IPCC’s most likely
carbon emission scenario is A2 [57], and Meteonorm software can generate predicted future
climate data of this scenario for CitySim software, A2 is specifically chosen for this study.
Notably, Jylhä et al. (2015) also show that A2 causes more significant changes in future
building energy demand compared with B1 and A1B scenarios. The underlying trends in
scenario A2 is self-reliance and preservation of local identities, continuously increasing
global population, regionally oriented economic development and per capita economic
growth, where technological changes are more fragmented than in other storylines.
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2.1.2. Transportation Model and Future Technologies

To achieve the 2050 zero-carbon target in the UK, the transportation system, as a major
pollution contributor (accounting for 26% of the UK’s greenhouse gas emissions [58]), needs
to be urgently decarbonised. This will be done by replacing ICEVs with EVs. Adoption is
now accelerating following several services and financial incentives such as tax reductions,
offering free parking spaces to EVs and allowing them to use the bus lanes, and Plug-In
Grants towards the cost of installing charge points in domestic dwellings [59]. The latter
aspect provides a key foundation for the analysis presented in what follows.

Carbon emissions from the use of EVs are very dependent on the manner in which
they are charged. If EVs are charged from PVs mounted on residential buildings, then
the energy is comparatively emission and cost-free (regardless of their embodied energy).
Furthermore, energy generated from any building can be used by any vehicle thanks to the
development of smart- and micro-grids [60]. According to Nikonowicz and Milewski [61],
energy stored throughout an urban area can be directed towards electrically powered
public transport by utilisation of the future virtual power plants (VPPs). For example, with
new disruptive technologies, households will not only consume electricity but are also
likely to generate it. With the use of VPPs, the urban population will become ‘prosumers’
and will have a stake in power plants that could be controlled by the local communities or
councils. Legislation has been proposed by the UK government to guarantee small-scale
renewable energy generators will be paid for exporting electricity to the national grid [62].
This, combined with smart grids and blockchain energy supply [63,64], may suggest that
dispersed cities of lower density will be more energy efficient for both buildings and
transport. This will challenge the current structure of the grid network providers and their
business models, and that is why in London electric vehicle infrastructure delivery plan,
these issues are clearly being investigated and actions are being taken accordingly [65].
Utilising the above-mentioned technologies can mitigate the issue of intermittency of PV
generation and the need for installing a costly energy storage system at the individual
building level [66]. Therefore, since this study investigates the ‘potential’ of PV generation
and electricity demand in urban areas, no energy storage system is considered. Moreover,
the relative values of PV generation are important for comparative analyses of different
built forms and densities (see Section 3.2) rather than the absolute values.

In the scenario considered for this analysis, it is assumed that all household EVs will be
charged by domestic plug-in, and supplied by roof-mounted PVs. Therefore, the electricity
consumed by EVs is added to the total energy demand of the buildings. To this end, the
analysis procedure shown in Figure 3 is adopted. It initially predicts the percentage of EVs
in UK private transportation by 2050, then calculates the number of EVs used in the built
environment models by using the number of occupants. This is multiplied by the annual
travel distance by cars, which subsequently gives the annual electricity consumption of
cars for each building that will be added to the building demand from the EVs.
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In the geometric building models developed for this study, the number of occupants
is based on the constant occupant density of 35 (m2/person) [67,68]. Therefore, when
calculating the total number of electric cars used in the building models, it is essential to
calculate the number of cars per person (occupant).

The first step is to find the percentage contribution of EVs in the market in 2050.
According to the forecast published by The Faraday Institution [69], the uptake of EVs in
the UK will increase to 95% by 2040—see Figure 4.
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Figure 4. Trend of uptake of EVs into the UK market from 2020 to 2040.

From Figure 4, it can be concluded that this value can reach 100% by 2050. This is
supported by the Department for Transport [70] writing that they plan for almost every car
and van to be zero-emission by 2050. The next step is to identify the average number of
cars per person to be able to estimate the number of cars possessed by the occupants in
the building models. According to data provided by the Department for Transport, 39% of
London households own a car, 16% own more than one car and 45% have no car [71]. The
percentages are very similar to the report published by Transport for London [72] and is
equivalent to an average of 0.3 cars per adult. However, to provide an updated estimate, a
brief analysis is now undertaken. Statistica [73] showed that the average number of persons
per household is 2.36 for the UK. Although this is for the whole of the UK, it is very close to
the number announced on the Mayor of London [74] website, which is 2.47 for 2011. This
study therefore chooses 2.4 as a value between the two, considering that there has been a
decreasing trend since 2011. Since this study requires an estimate of the number of cars per
person for simulation trials, the following method of calculation is used.

Considering 16% of the households own two cars [71], this value is accounted twice
(i.e., 32%) as the households with one car. By adding this to the percentage of the households
with one car (39%, as mentioned in the previous paragraph), the value of 71% is obtained.
Therefore, the proportion of people who own cars is obtained through the following
(Equation (1)):

0.71
( car

household

)
∗ 1

2.4

(
household

person

)
= 0.3

(
car

person

)
(1)

As a result, the value of 0.3 cars per person is used for energy modelling. Multiplying
by the number of occupants in each building model allows the total number of EVs for
each building plan to be obtained.

Next, the average distance travelled by each car in London is estimated. According
to the data published by the UK Government [75], the annual mileage of private cars is
7200 including business mileage, commuting mileage and other private mileage. By
multiplying this by the electricity consumption of an EV per mile, its annual electricity
consumption is obtained. The average consumption of all the available EV models listed in
the Electric Vehicle Database [76] is 0.307 kWh/mi, with the lowest consumption belonging
to the Tesla Model 3 Standard Range Plus with 0.235 kWh/mi. In this study, the most energy-
efficient car is considered since we are considering future technological advancement.
Finally, assuming a power transfer efficiency of 90% for battery charging with the associated
power electronic converters, the electricity demand from EVs is multiplied by 1.1 to obtain
the yearly electricity consumption of EVs from PVs (see Equation (2)).

EV consumption = 0.3 ∗ Number o f occupants ∗ 7200 ∗ 0.235 ∗ 1.1 (2)
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It should be noted that most of the above-mentioned values may differ in future due to
changes in government policy, technology development, and occupant lifestyle (e.g., more
online shopping, cycling and teleworking), which is affected by family economic conditions
and the demography of London: for instance, the number of persons per household, the
willingness of people for having their own car (e.g., this might change by the planned
development of public transportation), the average distance travelled by car, penetration
of new autonomous vehicles into the market and the efficiency of EVs and PVs might
change in 30 years. Furthermore, electrification (charging large number of EVs) will need
redevelopment of the electricity network to prepare for the greater energy consumption.
To this end, deployment of charging infrastructure has been increasing over the last years.
Moreover, there have been plans and policies to facilitate the transition towards EVs such
as further expansion of public slow to fast charging infrastructure; utilising new charging
formats (e.g., wireless charging, mobile charging, and emergency charging); supporting
shared business charging infrastructure; shifting to demand-led distribution; maximising
potential of legislation; and facilitating smoother installation and matching supply with
demand [65].

2.2. Energy Simulation

The average UK surface air temperature has increased by ≈1 ◦C since the mid-1980s,
which has created frequent warmer summers compared to the 1971–2000 average [77].
There has been little attention to the cooling of dwellings in the UK for historical reasons
(mainly the climatic conditions); therefore, residential buildings normally do not possess
any cooling system for summer months. However, as the temperature rises, there will be a
rise in the rate of synthetic cooling requirements during summer periods [78]. Hence, an
adaptation of air-conditioning for cooling purposes is being increasingly demanded [79,80].
This is among the key differences between the present and future scenarios for building
energy optimisation in the temperate climate of the UK, and is investigated in this study.
Nevertheless, natural ventilation still has a positive impact and a good design together
with the potential for adaptive comfort can reduce the need for synthetic cooling. Notably,
over-reliance on air-conditioning may result in a more compact built form as it displaces
cooling by natural cross-ventilation that needs greater space between buildings for larger
wind flow [81]. To this end, the importance of transforming the physical form of buildings
and cities to be consistent with the changing climate is increasingly significant. Results of
this paper give recommendations for the most energy-efficient built forms to be adopted
for future climatic conditions.

Models of buildings with different built forms are provided for the simulation trials
(see Figure 5). For each, geometric parameters (i.e., plan depth, number of floors and the
cut-off angle) are varied to examine their impact on the energy performance of the building.
Regardless of the built form, all buildings are south facing. Simulation trials are executed
for each model of the built forms in turn. The middle blocks (indicated by a black circle
in Figure 5) are target buildings to be analyzed while their surrounding buildings present
the external environment. Buildings are considered as black boxes with similar internal
conditions and interact with each other via the external environment. Here, the hypothesis
is that a district is covered by a specific built form to evaluate the performance of each built
form at this location and climate while the geometric variables are changed to provide a
sensitivity analysis.

The physical/thermal properties of all building envelopes are kept constant to inves-
tigate only the impact of form and density on the buildings energy performance. They
are chosen according to the best practice from the government-approved documents (Part
F and L1A) and Standard Assessment Procedure (SAP) to be aligned with new build-
ing construction standards. For instance, a combined infiltration and ventilation rate of
0.5 ACH, U-values of 0.18, 0.13, 0.13 and 1.4 W/(m2·K) for walls, roofs, floors and win-
dows, respectively, and a glazing ratio of 40% (double-glazed windows) are considered for
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all buildings. However, the simulation models of future scenario could have significant
differences compared to the present perspective.
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The predicted future climate option (i.e., IPCC A2 for 2050) is selected in Meteonorm to
generate a future climate file instead of using the present climate file of London. Addition-
ally, it is assumed that the occupants own EVs, which are charged by the energy harvested
from building-integrated PVs. Finally, in addition to heating and electricity demand, cool-
ing loads are also considered in anticipation that buildings will require cooling as a result of
global warming [77,80]. Kolokotroni, Ren [80] showed that this requirement will be more
significant in urban areas such as London due to intensification of the UHI effect (which is
also readily incorporated into CitySim). Moreover, the heating season in the UK will be
considered shorter due to global warming [82,83] along with improvements in insulation
materials that can offset the heating load during low-demand months. Therefore, months
with a low heating demand are eliminated from the heating period, leaving November
to March as the chosen heating period. The cooling season is chosen to be between June
and August, corresponding to the hottest months of the year according to the climate
data, and consistent with other studies [84]. Therefore, here, a PV system is used to cover
EV electricity demand plus building electricity consumption, space heating and cooling
demand [85], and assumes that all types of energy demand are provided by electricity.

In addition, it is assumed that home appliances and lighting energy consumption
will be 22% more efficient in future [86,87]. Typical consumptions of common home
appliances (TV, fridge, oven, etc.) in W/m2 plus a mean power consumption of 2.14 W/m2

for lighting (using LEDs for a mean value of 300 lx) are fed to CitySim for calculations
(Ahmadian et al., 2021). Therefore, these values are considered 22% lower for the future
scenario. Other characteristics remain similar to be consistent with the present conditions in
London. Comparative analysis therefore determines the difference between the percentages
of heating, cooling and electricity requirements between the present and future.

3. Results
3.1. Correlation of Building/Transportation Energy Demands with Urban Built Form and Density

To investigate the correlation of energy with built form and density, a sensitivity
analysis is performed. Models of building plans with a specific built form but variable
geometric values are used for energy demand simulations. This is achieved by changing
the plan depth, the number of storeys and the cut-off angles of each model (with the specific
intervals) which consequently changes site coverage and the plot ratio of the plans. As a
result, 216 simulation trials are executed for building plans with the proposed built forms,
densities and geometries to calculate their annual energy demand. Each then corresponds
to a particular point on the Form Signature graphs, shown in Figure 6. A MATLAB script is
written to extrapolate energy values and provide a heat map of energy on the graphs.
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Figure 6. Correlation of building energy demand (including EV consumption) with urban built form
and density for (a) pavilion, (b) terrace, (c) court, (d) tunnel-court built forms for London case study
in 2050.

In Figure 6, only the Form Signature of built forms with θ = 45◦ are shown (as the
average cut-off angle considered for this study). Results for θ = 25◦ and θ = 65◦ are not
considered to avoid repetition since the trends are very similar.

In general, Figure 6 shows that following the predicted climate of 2050 and usage of
EVs, urban built areas with low-rise buildings and low plan depths (shown in dark red)
present the worst-case scenarios regarding energy consumption, while buildings with more
storeys and greater plan depths (i.e., higher values of both site coverage and plot ratio)
will have lower energy demand per unit area. There is only one exception in the pavilion
built form when plan depth is small (e.g., x = 12 m), and increasing the number of storeys
from 6 to 30 leads to an increase in the energy demand caused by an increase in cooling
load during the summer. The reason for this is that the pavilion form has a significantly
higher surface to volume ratio compared with other built forms [43]. Therefore, when
the building is high, the external walls of the building have a large surface area exposed
to the outside environment which has a twofold impact on increasing the cooling load.
Firstly, the building has a greater glazing area leading to high solar gain during the day,
which consequently requires increased cooling. Secondly, there is more heat gain through
the envelope which also increases the cooling load in the hot season. These points are
particularly influential for pavilion buildings with small plan depth since the space inside
the building is narrow and sensitive to outdoor conditions.
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3.2. Correlation of PV Generation, Building/Transportation Energy Loads, Urban Built Form,
and Density

The simulations also consider PV energy generation from building roofs. To simulta-
neously consider the building PV generation and energy consumption, the Energy Equity
indicator is used, which represents building energy self-sufficiency [44]. The resulting
values of Energy Equity are shown in Figure 7.
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The results in Figure 7 demonstrate that buildings with greater plan depths and a
lower number of storeys will still be favourable in 2050 because of their greater potential
for harvesting solar energy. Therefore, higher values of site coverage and lower values
of plot ratio will be desirable. This conclusion is similar to the present situation of Lon-
don [44], however, the magnitude of Energy Equity will be smaller in 2050 for three reasons,
(i) buildings will require cooling energy due to global warming, (ii) the use of EVs and their
charging from building-mounted PVs, and (iii) the predicted climate scenario generated
by Meteonorm (IPCC AR4 A2) indicates that PV energy generation in 2050 will be slightly
lower than at present. Results obtained in this study show a 0.6% reduction in annual PV
energy generation from the present to 2050 due to climate change (the reasons are explained
in Section 4). The annual PV energy generation in 2050 would be higher than the present
scenario, if the future development in PV technology has not been disregarded (which
would certainly increase the PV energy efficiency). Overall, the results show that in this
future scenario only single-storey buildings (regardless of their built form) can generate
sufficient PV energy to supply the total energy demand of the building (i.e., obtaining
Energy Equity >1). However, this building configuration might not meet housing demands
in areas with high population densities; therefore, this is only recommended in the case
that other constraints allow such an urban development.
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3.3. PV Generation vs. EV Consumption

To investigate the self-sufficiency of the buildings for generating enough electricity for
charging EVs, the PV/EV ratio is defined as in Equation (3), and excludes other types of
energy demands except EV consumption. This ratio is calculated for all the 216 simulation
trials to investigate the impact of urban geometric variables on this ratio.

0.27 ≤ PV generation
EV consumption

≤ 8.12 (3)

This ratio is equal to 8.12 for one-storey buildings and 0.27 for a 30-storey building,
regardless of the built form. The results show that buildings with up to eight storeys can
provide enough electricity for the total annual EV consumption of the occupants. While
buildings with more than eight storeys possess a PV/EV ratio lower than unity.

3.4. Heating to Cooling Ratio and Its Implications

The ratio of heating to cooling energy demand is an indicator of whether the building
energy system is either heating or cooling dominated and is dependent on the climatic
conditions of the site location. It can be used for the prediction of the building energy
performance in different locations and comparing a variety of site plans with different
geometry and density. The maximum and minimum threshold ratios for the case of London
in 2050 are given in Equation (4).

0.65 ≤ Heating energy demand
Cooling energy demand

≤ 9.65 (4)

This ratio is usually greater than unity, reaching values close to 10 at its maximum,
except when considering a few cases of the pavilion form with very small plan depth
(i.e., 12 m) with a ratio of less than unity. This demonstrates that the amount of heating
load is significantly higher than the cooling load in the majority of building plans and the
buildings are heating dominated, which is in line with the London climate. In exceptional
cases, the plan depths are very small meaning that they have larger exposed surfaces
while their glazing ratio is the same as others. Therefore, the solar gain, as well as the
heat absorbed by external walls, are significantly higher and the building has a greater
cooling demand.

The ratio is larger for court and tunnel-court forms compared with pavilion and terrace
forms. It also increases with plan depth, decreasing number of storeys and increasing the
cut-off angle. This means that having deep buildings with a lower number of storeys
(‘shorter and wider’ buildings) along with a small distance between the buildings would
result in a higher portion of heating demand with respect to cooling demand, and vice
versa. Indeed, the combined effect of these three geometrical variables along with altering
the built form can cause up to 15 times change in the heating to cooling ratio of a building.

3.5. Impact of the Cut-Off Angle on Building/Transportation Energy Loads

To identify the impact of the cut-off angle on building energy demand in 2050 and
predict the optimum cut-off angle, the energy demand of buildings plans with different
cut-off angles are analysed; see Figure 8. Here, for each simulation model, the distance
between buildings is changed according the change in the cut-off angle.

It can be observed from Figure 8 that increasing the cut-off angle will mainly cause a
reduction in building energy demand for those with small plan depths, while it does not
make a significant impact in buildings with high plan depths. Therefore, the decreasing
trend of building energy demand versus increasing the cut-off angle in buildings with
x = 12 m gradually diminishes to no change for x = 60 m. Only pavilion and tunnel-court
built forms maintain a decreasing trend of the building energy demand for buildings with
greater depths, and still show ~2% decrease in building energy demand when the cut-off
angle is varied between 25◦ to 65◦.
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Figure 8. Prediction of the impact of the cut-off angle on building energy demand in London 2050
(a) pavilion, (b) court, (c) terrace and (d) tunnel-court built form.

By comparison with the results obtained from the present time of London [44], which
show an increase in building energy demand with an increasing cut-off angle, the future
scenario now indicates the opposite trend. The reason behind this is the presence of cooling
loads for future scenarios. Increasing the cut-off angle would decrease the cooling load
by blocking a larger portion of the solar energy received by the buildings [88]. Although
building energy demand is composed of heating, cooling, electricity and EV consumption,
only heating and cooling loads are affected by changing the cut-off angle. The effect
of increasing the cut-off angle on the heating demand is opposite to its impact on the
cooling demand. It can be concluded from Figure 8 that in small depth buildings, the
decrease in cooling load is more significant than the increase in the heating load (due to
the ease of cross-ventilation). Therefore, building energy performance acts as a cooling-
dominated system, though the absolute amount of heating energy demand is larger than
the cooling energy demand as its heating to cooling ratio is normally greater than unity (see
Equation (4)). Importantly, it shows that the building cooling load is more sensitive than
its heating load with respect to changes in the external environment (such as varying the
cut-off angle). This is because the performance of air-conditioning systems is a strong
function of ambient temperature [89]. Hence, cooling loads play a key role in the response
of building energy demand to the cut-off angle change. In buildings with greater plan
depths, the increase in heating demand and decrease in cooling demand almost negate
each other, and the total building energy demand does not show a significant variation
against increasing the cut-off angle.
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3.6. Comparison of the Energy Performance of the Different Built Forms

To analyse the energy performance of buildings with different built forms but with
similar geometrical parameters, the data obtained from energy simulations are investigated
and shown in Figure 9.
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Figure 9. Comparison of the predicted building energy performance of the studied built forms with
the same cut-off angles, plan depths and number of storeys in London 2050: (a) energy demand and
(b) Energy Equity.

From Figure 9, it is observed that tunnel-court built form has the lowest energy demand
and also gains the highest value of Energy Equity among all the built forms. In contrast, the
pavilion form shows the poorest performance. The performance of terrace and court forms
are worse than the tunnel-court form but better than pavilion. Compared to present climatic
conditions in London, the outcome of this analysis shows a few important differences. In
this analysis, the tunnel-court form shows the lowest energy demand whilst showing higher
energy demand than court and terrace forms in the present scenario. Moreover, court form
shows lower energy demand than terrace form, while court and terrace forms had identical
energy demand in the present-day scenario. These two differences show that court and
tunnel-court forms, both of which have an internal courtyard, perform better when cooling
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energy load is considered in addition to heating. It suggests that these two built forms are
more advantageous in terms of energy for future urban developments of London to cope
with changing climate, and provides policymakers with an adaptation strategy. Meanwhile,
the domination of the Energy Equity of the tunnel-court form compared to the other built
forms will be more significant in 2050 (Figure 9).

3.7. Comparison of the Building Energy Deman of 2050 with Present Time

To predict changes in the building energy demand of different built forms and densities
in 2050, the data obtained from the analysis of the future scenarios are compared with the
results obtained using the present climate of London. The building energy demand of eight
sample cases (out of more than 200 sets of data) are compared in the stacked bar chart
shown in Figure 10.
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Figure 10. Comparison between the present and future (2050) building energy demand in London.

From Figure 10, it can be seen that in all cases the total building energy demand in
2050 is significantly higher than at present due to several reasons: additional EV charging
load (shown in green). This is equal to 16 kWh/m2/year for all cases since it is calculated
according to the number of occupants, and since the occupant density is the same for
all the cases, the value of EV consumption per m2 is equal for all the cases; there is an
additional cooling load (shown in blue) that was disregarded for the present-day scenario
according to the norms in the UK. Conversely, two other types of energy consumption
are slightly reduced in 2050: (i) the heating load (shown in red) is lower in the future
(between 8% and 15%) compared with the present scenario, and (ii) electricity consumption
(shown in orange) is 18 kWh/m2/year for the present and 14 kWh/m2/year in 2050 due to
consideration of technology advancement in home appliance energy efficiency.

On average, the total building energy demand in 2050 is 40% higher than at present
due to the additional PV and cooling loads. An exceptional case where future building
energy demand is much higher than at present (it is 100% higher) is the first case shown
on the left side of Figure 10 (pavilion, θ = 45◦, x = 12 and n = 6). The reason is the large
amount of cooling demand (i.e., 42 kWh/m2/year) that is significantly higher (3-21x) than
the cooling demand in the other cases. Indeed, as a pavilion with a small plan depth, its
cooling load is higher than its heating load, which is among the rare cases with a heating to
cooling ratio less than unity (as explained in Section 3.4).
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4. Discussion

Several previous studies have confirmed that the overall building energy consumption
will be higher in the future [10,90,91]. However, the percentage increase in previous studies
is not as high as that presented here. The reason is that here the buildings are considered as
prosumers and generate PV electricity to supply energy for building energy demand and EV
consumption. Therefore, EV energy demand is added to the overall energy consumption of
the buildings in the future scenario; otherwise, being a prosumer by itself does not mean
having higher building energy demand. Furthermore, in this study, the cooling load was
not considered for the present-day scenario; therefore, it gave more weight to the total
energy demand of the future. Other studies have usually predicted lower heating demand
and higher cooling demand for the future [6,8,10,80].

It should be noted that different studies have used alternative climate data sources that
can cause divergence in the results due to the predictive nature of the future climate data.
For instance, the weather file used by Wan, Li [91] includes information about dry-bulb
temperature, wet-bulb temperature, global solar radiation, wind speed and wind direction.
However, the weather file used for this study contains additional information regarding
cloud cover fraction, precipitation, surface temperature and diffused horizontal radiation.
These parameters can change the predicted climatic conditions and add more precision to
the energy analysis results. Moreover, Kolokotroni, Ren [80] used UKCIP02 weather files
that were available at the time of their study and they mentioned that the resulting weather
files for the 2050s may overestimate the impact of climate change. Having considered the
weather file generated by Meteonorm for this study, it shows that during the heating season
the hourly air temperature in 2050 is not necessarily always higher than the weather file
generated for the present climate case. For some days (and nights) in the future, the weather
shows higher temperatures and the opposite in others. There are also more fluctuations
between the temperature of daytime and night-time in 2050. Meanwhile, as mentioned
earlier, the results of this study confirm that the amount of PV energy generation in 2050 is
0.6% lower than the present condition. This can be due to future changes in the relative
portions of direct and diffuse radiation plus consideration of nebulosity in the Meteonorm
weather file which is an important parameter to be considered for the future as more
extreme weather is expected.

Eyre and Baruah [92] presented new scenarios for residential energy use in the UK
to 2050 by considering factors such as population, as well as some systemically different
approaches for delivering residential heat energy, and concluded that the future of UK
residential space heating is very uncertain. The current building form and urban density
of the neighbourhoods can lead to an increase in the energy demand [93]. It should
be also noted that reducing cooling demand is more important than reducing heating
demand in terms of environmental impact, even in a heating-dominated climate since
providing cooling energy contributes to greater greenhouse gas emissions [80]. Therefore,
to produce less emissions in the future of London’s built environment, deep plan court
and tunnel-court buildings with a lower number of storeys and a greater cut-off angle
are recommended.

5. Conclusions

The climate is changing across the globe due to global warming which, together
with technological developments, will impact on city energy performance including build-
ing and transportation energy demand. This study considers London as an example to
analyse future scenarios of changing climate and the penetration of EVs into the trans-
portation network by 2050 (following the UK government commitments). It is assumed
that they are charged by building-mounted PVs. The main conclusions from this study are
summarised below:

• The results show that by 2050 buildings with greater plan depth and lower number of
storeys (being equivalent to high site coverage and low plot ratio) will acquire higher
values of Energy Equity that increase the possibility of building energy self-sufficiency.
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Although this trend is similar to the present scenario, the magnitude of Energy Eq-
uity is considerably lower in the future because of (i) additional cooling loads, and
(ii) added EV charging to the building load.

• Unlike the present-day climate of London, increasing the cut-off angle mainly leads
to a reduction in energy demand (with no effect on buildings with great plan depth),
which shows the impact of having a cooling load as part of the building energy
demand. It is also concluded that the building cooling load is more sensitive against
the external environment changes such as varying the cut-off angle compared with
heating loads.

• Having a similar geometry, the tunnel-court form indicates the highest Energy Eq-
uity and the lowest energy demand, while the pavilion form shows the poorest
performance. Generally, court and tunnel-court forms show better energy perfor-
mance in future climate scenarios compared with their performance in the present
climate. Hence, it can be advised that for future urban developments in London,
these two built forms are more advantageous in terms of energy to accommodate the
changing climate.

• Finally, results of simulation trials indicate that the total building energy demand in
2050 is 40% higher, on average, than in the present climate, as a result of additional
cooling load and EV charging consumption. This increase is much higher for buildings
with a low heating to cooling ratio, which is the product of a specific combination
of built form, density and geometrical parameters. For instance, this happens for
buildings with small plan depth, a low cut-off angle and a high number of storeys,
where their effect is magnified in pavilion and terrace forms. Hence, results from
this study recommend that these configurations should be avoided for future urban
developments in London to avoid excessive building cooling demand that has a higher
contribution in environmental pollution compared with heating demand.

The framework proposed in this study can be used for any other geographical location
to provide recommendations for optimising the future city energy performance with
regard to the urban built form and density/geometry. The summary conclusions and
recommendations are the combination of the adaptation and mitigation strategies that
should be considered for addressing climate change. It also emphasises the reciprocal
influence of cities and climate change not only because cities have significantly contributed
to emissions due to their large energy consumption, but also climate change is forcing us to
change the form of future cities in order to adapt to the changing climate.

6. Limitations

It should be noted that many assumptions can be taken into consideration that in-
fluence the predictive patterns of the future. The energy mix that is used in cities will
be different and various types of fuels could be used [94]. For instance, PV panels with
greater generation capacity might be developed [95], and more efficient building materials
might be available to reduce heat loss [96]. Meanwhile, following the UK gas boiler ban
for newbuild homes from 2025 [97], there might be no gas heating in 2050; therefore, this
framework can be upgraded to comply with the new measures accordingly. This study
acknowledges all the possible upcoming technological developments; however, it focuses
on the impact of climate change and the utilisation of EVs. Meanwhile, parameters such as
the conservation of the cultural heritage of the city can influence the future changes in the
urban development of the city; however, these are out of the scope of this study.
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