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Abstract — There is no doubt that during recent years, the developing countries are in urgent
demand of energy, which means the energy generation and the carbon emissions increase
accumulatively. The 40 % of the global energy consumption per year comes from the building
stock. Considering the predictions regarding future climate due to climate change, a good
understanding on the energy use due to future climate is required. The aim of this study was
to evaluate the impact of future weather in the heating demand and carbon emissions for a
group of buildings at district level, focusing on two areas of London in the United Kingdom.
The methodological approach involved the use of geospatial data for the case study areas,
processed with Python programming language through Anaconda and Jupyter notebook,
generation of an archetype dataset with energy performance data from TABULA typology
and the use of Python console in QGIS to calculate the heating demand in the reference
weather data, 2050 and 2100 in accordance with RCP 4.5 and RCP 8.5 scenarios. A validated
model was used for the district level heating demand calculation. On the one hand, the results
suggest that a mitigation of carbon emissions under the RCP4.5 scenario will generate a small
decrease on the heating demand at district level, so slightly similar levels of heating generation
must continue to be provided using sustainable alternatives. On the other hand, following the
RCP 8.5 scenario of carbon emission carrying on business as usual will create a significant
reduction of heating demand due to the rise on temperature but with the consequent
overheating in summer, which will shift the energy generation problem. The results suggest
that adaptation of the energy generation must start shifting to cope with higher temperatures
and a different requirement of delivered energy from heating to cooling due to the effect of
climate change.
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Nomenclature

GHG Greenhouse Gas -
LoD Level of Detail -
(0N Ordnance Survey -
RCP Representative Concentration Pathway -
UBEM Urban Building Energy Modelling -
WWR Window-to-Wall Ratio %

1. INTRODUCTION

One of the biggest concerns facing humanity is climate change. Given that it poses the
greatest threat to humans and the world's ecosystems in the coming years, global climate
change has received a lot of attention [1]. The well-being of mankind and the sustainability
of society's production are both impacted from climate change [2]. In 2018, the construction
and building sectors were responsible for 39 % of the process-related carbon dioxide
emissions [3]. The impact of climate change is observed on energy demand for heating and
cooling in building stock as well [4], [5]. This results in a negative influence on the building's
energy performance. Furthermore, there is no doubt that building energy performance is
influenced by both building design and the overall effects of climate change [6]. Retrofitting
of buildings was highlighted by Jimenez-Bescos and Oregi as an important aspect to consider
reducing carbon emissions [7]. Nevertheless, by understanding the influence of climate
change to building stock and estimating the heating and cooling demand, city planners and
policymakers could get information, in order to create environmental goals for the reduction
of the carbon emissions that actually help to tackle the complicated situation of climate
change and global warming. Furthermore, Laktuka ef al. highlighted the importance of
heating and cooling in long-term policies for energy efficiency [8].

A previous research study has been implemented for the estimation of the human thermal
comfort and the energy demand of a three-story building in the sub-Himalayan region of
eastern India, for the climate scenarios of 2050 and 2080 [9]. The specific study has
formulated some recommendations regarding building parameters, such as the thermal
transmittance, the WWR and the infiltration, in that specific building type. The findings have
shown that the indoor temperature will be increase, especially for the top-floor that has direct
connection with the exposed roof of the building [9]. Another research from Gao ef al., have
investigated the influence of the climate change in a newly retrofitted office building in
Chengdu, and proposed an approach for energy efficiency measurements under future climate
for individual buildings [10]. Apart from the above, other studies have been implemented for
the mitigation of climate change and the adaptation of the building stock to it, to existing
office buildings and schools [11], [12].

However, some other research studies have been done for the residential building stock. A
study from has been conducted for a single-family house in Mexico from Jiménez
Torres ef al., in order to assess the influence of climate change in the energy demand under
future climate scenarios [13]. The findings have shown that the major problem for future will
be the cooling demand, as the utilization of air-conditioning is predicted to increase by around
20 % and 35 % for 2050 and 2100, respectively [13]. Two other case studies in Greenland
and Norway have been implemented, in order to estimate the optimal insulation thickness for
the mitigation of climate change and the Greenhouse Gas (GHG) emissions, by evaluating
the energy emission factor [14]. In addition to the above, other papers that deal with the
housing stock and the future climate adaptation and mitigation have been published, such as
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the research from Rodrigues et al., for a steel frame dwelling and the study from Huneidi et
al. that estimated the energy demand of a residential villa [15], [16].

Despite all of the above, the previously mentioned research studies that have been done
deal with the estimation of the energy demand at the individual building level. The aim of
this paper is to investigate the annual residential heating demand under future climate
scenarios at urban scale. In more detail, predictions for 2050 and 2100 of the weather data
have been chosen for the energy simulations, in accordance with RCP4.5 and RCP8.5
scenarios. By this way, the indirect goal is to provide a methodology for urban energy
modelling at district scale, for the rapid and holistic information of energy performance, in
the form of maps, of the residential stock under the climate change, in order the policymakers
to plan environmentally sustainable goals.

2. METHODOLOGY

The Annual Residential Heating Demand has been estimated with the use of an Urban
Building Energy Modelling bottom-up physics-based approach. More particularly, building
typologies have been used in order to divide the residential stock into archetypes based on
the building age and the building form and calculate the district energy demand. In general,
when referring to the term Urban Building Energy Modelling the scale of the implementation
of the energy demand calculations is specified, which is urban level [17]. The methodology
that has been used for the estimation of the annual residential heat demand has been validated
in previous research study, and has been modified in order to match the city of London and
to take into account the whole year, in contrast to Dochev’s research that considers only the
heating season [18].

The first step has been to acquire the appropriate datasets, both the geometric and energy-
related datasets. The core datasets that are needed are the OS MasterMap Topography layer
and Building Height attribute from Ordnance Survey, for the geometric data. In more detail,
the OS MasterMap Topography layer contains the representation of building footprints into
geospatially informed polygons, while OS Building Height attribute contains the height for
each building footprint. Both of them include a special identity key for each building, which
is called TOID, for assisting in dataset merging. For the creation of the building typology and
the identification of each building’s archetype, the Colouring London dataset from Colouring
CITIES project is used, as it contains the building form and age information. Finally, the
TABULA typology from Episcope, is the source for energy-related data according to building
archetypes. In the following table (Table 1), all the datasets are presented along with their
providers and format.

The following step has been to process the data, with Python programming language by
implementing data merging, cleaning and exporting the shapefile to import to QGIS platform.
In QGIS, the roof type and the Window-to-Wall ratio (WWR) have been imputed from Google
Satellite View and Google Street View for each building of the case study areas, in order to
create two different datasets for each case study area in Level of Detail 3 (LoD3).
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TABLE 1. DATASETS
Dataset Provider Source Format
OS MasterMap Topography layer Ordnance Survey Digimap, EDINA [19] GPKG
OS MasterMap Building Height attribute  Ordnance Survey Digimap, EDINA [19] CSV
Colouri : i
Colouring London C;)T(;;rsmg gtop]s.//colourmglondon.org/ csv
OS Features API (Local Buildings layer) Ordnance Survey OS Data Hub [21] API
OS Features API (District Buildings layer) Ordnance Survey OS Data Hub [21] API
https://data.london.gov.uk/datas
Statistical GIS Boundary Files for London GREATER LONDON et/statistical-gisboundary-files- SHP
AUTHORITY
london [22]
OS Boundary Line Ordnance Survey Digimap, EDINA [19] SHP
TABULA Typology TABULA, EPISCOPE  litps://episcope.cu/welcome/

[23]

Finally, the energy model has run for both case study areas for baseline scenario and
scenarios RCP 4.5 and RCP 8.5, for 2050 and 2100, in order to create the maps of the annual
residential demand and the comparison maps of the different future climate scenarios. More
particularly, the RCP abbreviation stands for the Representative Concentration Pathways for
the greenhouse gas emissions and aerosol that are concentrated in the atmosphere and
alongside to the way that land use is differentiated through years, lead to a set of future climate
findings, that are used in IPCC AR5 scenarios [24]. The RCP 4.5 is a scenario that takes into
account various greenhouse gas emission-reduction technologies and tactics, whereas the
RCP 8.5 is a representation of reduced efforts in reducing the greenhouse gas emission with
certain policies and the failure of limiting global warming in 2100 [24]. Fig. 1 illustrates the

methodology described above.
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Fig. 1. Diagram of Methodology.
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3. RESULTS AND DISCUSSION
3.1. Case Studies

The city that has been chosen as a case study is London. More particularly, two different
residential areas have been selected. The case study Area 1 is located in the constituency of
Camberwell and Peckham and consists of 177 dwellings. All dwellings in that area are old
buildings that constructed in 1890s. On the other hand, the case study Area 2 is located in the

constituency of Bethnal Green and Bow and consists of 48 newer-built dwellings, that
constructed post 2005.

3.2. Annual Residential Heat Demand Maps

As it has been stated above, the energy model is validated from previous research study,
therefore the results are presented directly. The annual residential heat demand for both case
studies for the present climate, namely the baseline scenario is presented in Fig. 2 and Fig. 3.
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Fig. 2. Annual Residential Heat Demand for the Baseline Scenario (Present Climate), Case Study Area 1.
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Fig. 3. Annual Residential Heat Demand for the Baseline Scenario (Present Climate), Case Study Area 2.
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As it can be seen from the maps, the Area 1 with the old buildings is characterized by a
higher annual residential energy demand, compared to Area 2. Undoubtedly, there are the
expected results as the energy related data of the old buildings, such as the construction
materials of the walls, that have an increased thermal transmittance, lead to lower energy
performance rate of the dwellings.

Following the baseline scenario are the future climate scenarios. The maps for case study
Area 1 are presented in Fig. 4. In Fig. 4(a) and (b), the annual residential heat demand, in
2050 and 2100, is presented in accordance with the RCP4.5 weather data scenario. In Fig.
4(c) and (d), the heating demand for the same decades is presented, under the worst-case
future climate scenario, namely the RCP8.5. For Case Study Area 2, the same maps are shown
in Appendix.
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Fig. 4. Annual Residential Heat Demand for Future Climate Scenarios, Case Study Area 1. (a) Future Climate Scenario:
RCP4.5, 2050. (b) Future Climate Scenario: RCP8.5, 2050. (c¢) Future Climate Scenario: RCP4.5, 2100. (d) Future Climate
Scenario: RCP8.5, 2100.

As it is obvious, the difference in the annual energy demand is not that clear with this
mapping. Hence, it has been decided to calculate the percentage difference of the energy
demand from the baseline scenario compared to the future climate scenarios. The findings are
presented in the sub-section below.

3.3. Present Climate to Future Climate Scenarios - Percentage Difference in Annual
Residential Heat Demand Maps

The percentage difference of the annual residential heating demand from the present climate
to the future weather data has been calculated, in order to create a clearer picture of the climate
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change situation. Figure 5 shows an obvious difference between the RCP4.5 and RCPS8.5
scenarios, for Case Study Area 1. It can be seen that, by taking into consideration the worst-
case scenario, the percentage difference of the energy demand, for both 2050 and 2100 years,
could reach even 13 % increase. On the other hand, for the scenario RCP4.5, the highest
percentage change of heating demand could reach up to 8 % for 2050, and up to 9 % for 2100.

Annual Residential Heating Demand Percentage Change /. Annual Residential Heating Demand Percentage Change A
Area 1 Area 1
Baseline to RCP4.5 2050 Baseline to RCP8.5 2050

5-6 17-8
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Fig. 5. Percentage Difference in Annual Residential Heat Demand from Present Climate to Future Climate Scenarios, Case
Study Area 1. (a) Future Climate Scenario: RCP4.5, 2050. (b) Future Climate Scenario: RCPS8.5, 2050. (c¢) Future Climate
Scenario: RCP4.5, 2100. (d) Future Climate Scenario: RCP8.5, 2100.

Apart from these, the results show that there is no such difference between the year 2050
and 2100 for the worst-case scenario. Therefore, it could be stated that for the worst-case
future climate scenario, the annual heating demand will be decreasing at a higher rate,
compared to RCP4.5, leading to an increased cooling demand in the summer seasons.

As for the Annual Residential Energy Demand maps, for Case Study Area 2, the percentage
difference from present climate to future climate scenarios is presented in Annex.

However, in order to be able to make faster comparisons between the Case Study Areas,
the years and the scenarios, a bar chart of the results has been created.

3.4. Present Climate to Future Climate Scenarios - Percentage Difference in Annual
Residential Heat Demand Graph

The following bar chart (Fig. 6) shows the annual residential heating demand change from
the present climate to future climate scenarios for both case study areas, namely the Area 1
with old dwellings and the Area 2 with the new-built dwellings.
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From the bar chart, the difference in the change of the heating demand between the Case
Study Area 1 and Case Study Area 2 is obvious. This points out that due to the fact that older
buildings already have a high annual heating demand, the climate change will impact their
energy performance, but there will be no such extreme influence as for new-built buildings.

35 ° mmm Baseline-RCP4.5, 2050
I Baseline-RCP8.5, 2050
30 - 1 Baseline-RCP4.5, 2100
[ Baseline-RCP8.5, 2100

25 -

20 -

15 -

10 -

Heating demand difference, %

Case Study Area 1 Case Study Area 2
Case Study Areas

Fig. 6. Annual Residential Heating Demand Percentage Change from Present Climate to Future Climate Scenarios.

In particular, the most noticeable difference between Area 1 and Area 2, is for the worst-
case scenario in 2100. For Case Study Area 1, the percentage difference is around 9 %, in
contrast to Case Study Area 2 that nearly touches 35 % heating demand difference.
Nonetheless, even for RCP4.5 scenario, in 2050, it can be seen that the percentage difference
is almost double for the newer buildings compared to the 1890s dwellings. At this point, it
should be pointed out that the specific energy model does not take into account any
renovations that have been conducted to dwellings.

Apart from the comparison between the case study areas, the above graph helps for the
comparison between the future climate scenarios. From the graph, it is evident that there is
slight difference between the scenarios for Case Study Area 1, and higher difference between
the scenarios for Case Study Area 2. Undoubtedly, this is happening due to the construction
year difference that has been stated above. Moreover, for Area 1 and RCP4.5, the percentage
difference in heating demand is 3 % higher from the year 2050 to 2100, and slightly higher
(less than 1 %) for RCP8.5. On the other hand, for Area 2, a reverse behavior is observed.
For RCP4.5, the percentage difference of the heating demand is lower by 1 % for the year
2100 than the year 2050, in contrast to RCP8.5 that follows the same pattern as Case Study
Area 1.

4. CONCLUSION

The purpose of this research study has been the examination of the influence of the climate
change to the energy performance of the residential stock, by estimating the annual residential
heating demand in present and future climate scenarios and comparing the findings of two
different case study areas, with old and new-built buildings. The findings have shown a
distinction between the percentage difference of the heating demand for Area 1 and Area 2.
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For old residential stock, it has been seen that there is lower influence on the heating demand
from future weather scenarios, as even in present climate the heating demand is extremely
high, whereas the heating demand in newer dwellings has been highly affected from the
predicted climate, giving extremely increased percentage change for RCP8.5 scenario,
specifically. In other words, there has been a higher percentage change in energy demand for
newer than older dwellings, and for RCP8.5 than RCP4.5.

Therefore, on the one side, the study found that a reduction in carbon emissions under the
RCP4.5 scenario will result in a tiny drop in district-level heating demand, necessitating the
provision of slightly higher levels of heating through the use of sustainable alternatives. On
the other side, adhering to the RCP8.5 scenario of carbon emission and carrying on as usual
will result in a considerable decrease in heating demand because of the rise in temperature
but with the concomitant overheating in summer, which will shift the problem of energy
generation. The findings imply that, as a result of climate change and the rising temperature,
the energy generation must begin to adapt in order to handle the increase of the global
temperature and the possible overheating of dwellings. This means that a shift in the energy
delivered from heating to cooling might be essential, leading to the need for further research
on future cooling demand investigation.

As regards to recommendations for future research studies, larger areas should be tested, in
order to have bigger sample size, the influence of the building age to the results should be
examined, in order to understand the distinction between the Case Study Area 1 and Case
Study Area 2, and finally, the importation of the refurbishment of the residential stock could
add more reliability to the results.
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ANNEX

Fig. 7. Annual Residential Heat Demand for Future Climate Scenarios, Case Study Area 2.
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o

Fig. 8. Percentage Difference in Annual Residential Heat Demand from Present Climate to Future Climate Scenarios,
Case Study Area 2.
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