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Abstract. To examine how efforts in the built environment can 
contribute to global climate change mitigation at the urban scale, urban 
building energy modelling (UBEM) is one of the research areas gaining 
increasing interest in recent years. However, limited studies 
systematically illustrate a comprehensive UBEM workflow for most 
architects and urban planners considering available public datasets, 
particularly at the early conceptual design phase. In current UBEM 
studies, major challenges arise from the lack of fine-grained measured 
urban data and incompatibility between software. To address these 
challenges and support future sustainable cities and communities, this 
paper proposed a streamlined computational workflow of UBEM to 
facilitate sustainable urban design development. Through a case study 
of Sheffield in the UK, this paper demonstrated an automated and 
standardised computational workflow that can test the decarbonisation 
potential in built environments by evaluating energy demand and 
supply scenarios at an urban scale. This workflow is envisaged to be 
applicable at various scales of an urban region given an appropriate 
geographic information system (GIS) dataset. 
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1. Introduction 

Half of the world’s population now lives in cities, and this is projected to increase to 
two-thirds by 2050 (UN, 2020). Cities also have a great potential to contribute to global 
carbon reduction if energy demand falls. To support future sustainable cities and 
communities, where there's a need for resource efficiency and climate adaptation in 
urban area, urban building energy modelling (UBEM) is becoming a popular method 
to develop sustainable strategies for the built environment through estimating urban 
scale energy demand loads.  
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Bohringer et al. (2007) listed two approaches to estimate energy use in the built 
environment: the top-down and bottom-up approaches. The accuracy and reliability of 
modelling energy use heavily depend on the availability and quality of energy-use data 
sets and explanatory variables (Abbasabadi and Ashayeri, 2019). Cheng et al. (2019) 
used a data-driven framework for estimating the building energy use intensity (EUI) in 
urban regions, supported by a geographic information system (GIS) integrated data. 
Devila et al. (2016) created an urban-scale energy model for Boston and evaluated PV 
efficiency in two scenarios, with existing geospatial datasets. Similarly, Alhamwi et al. 
(2017) developed a GIS-based model to investigate the deployment of renewable 
energy sources at the city level. Li (2018) listed a series of ArcGis plugins for urban 
energy analysis and renewable strategies. Krietemeyer and El Kontar (2019) 
investigated a method for integrating an UBEM with GIS for spatiotemporal 
visualisation and analysis. 

However, existing UBEM tools, such as CitySim (Robinson et al. 2009), are 
usually built on an independent work platform. Some are developed as plugins that rely 
on GIS-processing software, such as ArcGis (Li, 2018). For most architects and urban 
planners, an additional and unfamiliar interface can bring inconvenience into a real 
work scenario. This gap exists in applying UBEM for sustainable planning within 
traditional architectural software such as Rhinoceros 3D. 

Umi is one existing UBEM technology developed by MIT based on Rhinoceros 
3D, which allows neighbourhood-scale simulation of energy demand, daylight and 
walk score in the building environment (Reinhart et al., 2013). Although useful, it only 
provides a limited simulation selection. Elk is Grasshopper 3D plugin that allows a 
wide range of city model generation and can be further developed into UBEM. 
However, only OSM file is acceptable in ELK, and this limitation brings a series of 
problems, such as missing geometry due to incomplete GIS data. Ferrando et al. (2020) 
further concluded that the challenge of UBEM remains on the availability of high-
quality data, and in particular, new methods with more robustness need to be developed 
to tackle GIS-based city building footprints. This project proposes a streamlined and 
expandable workflow where GIS data is employed to create an urban-scale energy 
model and facilitate sustainable city planning. 

2. Methods 

As “The Green Heart of Great Britain”, Sheffield is selected as the case study to test 
the workflow. Rawal (2019) argues that the methodology of creating UBEM should 
depend on the need of the result, and the level of details that influences the accuracy of 
the result. For most UBEMs created by the traditional bottom-up approaches, buildings 
with similar usage, age, and size can be organised into the representative building 
system (archetype). An archetype database can be created based on local energy codes 
combined with measured or surveyed data (Chen and Hong, 2018). For UBEMs, the 
details of building energy profiles are typically generated based on archetypes. 

In this study, the challenge arises from the balance between available archetypes 
data in the Sheffield region and the required details and accuracy needed for energy 
simulation. Hence, a customised scale-up methodology based on a bottom-up approach 
is proposed to create an urban energy model. The workflow consists of three 
Grasshopper 3D modules, as shown in Figure 1, including: 
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● Model generation: This module retrieves both geometry and non-geometry data, 
such as building types of a GIS model for mass building generation. 

● Performance simulation: This module calculates the average energy usage intensity 
(EUI) of representative buildings to predict total energy consumption, including 
energy demand for heating, domestic hot water (DHW), cooling, lighting and 
equipment loads.  

● Renewable application: This module aims at decarbonising the Sheffield region by 
different sustainable design strategies at an urban scale, including fabric efficiency 
and solar energy. 

Figure 1. The workflow diagram of three modelling and evaluation modules 

3. Programming and simulation 

3.1. MODEL GENERATION 

3.1.1. Rebuild of 2.5D model 
In the UK, Digimap is one of the most powerful platforms for architects and urban 
planners to access to raw spatial data in a wide range of formats (EDINA, 2021). An 
integrated data package was created, using original data downloaded from Digimap.  

A data-driven 2.5D urban model then was created in Rhinoceros 3D. Figure 2 
shows that spatial data of grid SK38NE (5*5km) collected from Digimap was 
employed to generate a 2.5D urban model. There are nine groups at the first level and 
52 categories at the second level, ranging from accommodation to bus transport 
(EDINA, 2021). We consider the existing building types to synthesise buildings in the 
targeted city region for simulation. Twelve categories are chosen and compared against 
the CIBSE-TM46 Energy Benchmarks (Table 1). Figure 2(a) shows all 3D geometry 
of buildings in grid SK38NE. Figure 2(b) illustrates buildings with twelve 

537



H. XU AND T.H. WANG  

representative building types. 

Figure 2. (a). Buildings with a GIS database from DigiMap (b); Buildings shaded by selected 
building types (c); Visualization map of total energy demand of selected buildings  

Table 1. Customised building attribution according to CIBSE-1TM46 Energy Benchmarks (Source: 
Field, 2008) 

3.2. PERFORMANCE SIMULATION 

3.2.1. Typical building simulation 
The average EUI of 12 building types is employed to approximate the energy demand 
of the whole region. The simulation process includes a thermal zone module that can 
automatically generate thermal zones for simulation (Figure 3). Chen and Hong (2018) 
listed three common methods for thermal zoning. The first one, OneZone, can create 
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on general thermal zone for each floor based on the building footprint. The second 
method, Prototype, uses empirical data to proximate energy consumption by building 
type. The third one, AutoZone, automatically divides the building footprint into one, 
or multiple, core zones and perimeter zones. In this paper, we considered AutoZone to 
split core and perimeter zones to better simulate dynamic performance of urban 
buildings. 

Specifically, when splitting zones, the perimeter zone typically consists of one-to-
multiple fixed-depth spaces along the building boundary with exterior openings. The 
remaining interior region in the floor plan forms the core zone. Dogan and Reinhart 
(2016) developed Autozoner to construct perimeter and core zones from unknown 
interior spaces and deployed this tool as a plugin for automatic zoning in energy 
simulation. In this study, we create thermal zones for simulation using two-dimensional 
profiles generated from Autozoner. Building components including walls, floors, 
windows, and roofs are subsequently specified using Honeybee in grasshopper (Figure 
3) to formulate valid energy models for estimating representative building EUI. We 
randomly selected ten sample buildings per building type to derive the representative 
EUI.  

Figure 3. Test for thermal zone module to deal with different sample geometry 

3.2.2. Scale-up results and visualisation 

The final step in this session is to calculate the total energy demand for each building 
type according to the average EUI, and to generate a demand map to make the result 
easy to read (Figure 2c). Among 2760 buildings in this region (SK38NE), the 
‘commercial services’ area is the largest (2433852.51 square meters), followed by 
‘manufacturing and production’ and ‘retail’. Buildings used for ‘attractions’ only 
accounts for 2% of the total floor area. Total energy demand for 12 building types was 
calculated accordingly, as summarised in Figure 4. 

4. Renewable applications 

4.1. FABRIC EFFICIENCY 
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The EU Commission ‘2030 climate and energy framework’ sets up three key targets 
for 2030: at least 40% cut in greenhouse gas emissions (from 1990 level), at least 32% 
share from renewable energy, and 32.5% improvement in energy efficiency (EC, 
2020). Sheffield city region also proposed a target named ‘Net-zero CO2 emission by 
2040’, including several goals for the built environment. Among these, quantitative 
goals are set for building fabric as ‘65000 cavity walls insulated, and 119000 solid 
walls insulated by 2040’ (SCR, 2021). These goals are turned into three replaceable 
parameters in the integrated workflow of this study with three specific U-values at 
different times (1980s, 2010s and 2040s). Figure 5 illustrates the resulting CO2 
emission and EUI change of 12 building types. 

Figure 4. Annual energy demand of 12 types in grid SK38NE 

Figure 5. (Left) Total CO2 emission changes of 12 building types from 1980-2040; (Right) EUI 
change of 12 types from 1980-2040 in grid SK38NE. 

4.2. SOLAR POTENTIAL 
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Two typical days (21 July and 31 December) were selected as the testing scenarios to 
study the specific energy demand in the Sheffield region. As observed, a peak of energy 
consumption exists at 7:00 am on a typical winter day, and for a typical summer day, 
energy demand for all types is higher in the afternoon and climb to the peak at 5:00 
pm. In winter, the demand for fossil-fuel is higher all the time, whereas, in summer 
there is more consumption for cooling (Figure 6). 

In Figure 7, simulated building loads with and without Photovoltaic Thermal (PVT) 
panels generation in this region are shown in dark and light grey for both scenarios. 
The result of heating demand on 31 December shows a similar profile with that of total 
energy demand, indicating that fossil-fuel is largely consumed in winter. At 12:00 pm 
on 31 December, heating provided by PVT can reduce almost half of fuel demand at 
that time, whereas a bit less for electricity, with a decrease of 25%. On a typical summer 
day, the heating generated is much higher than demand, and the profile shows zero fuel 
demand from 5:00 am to 5:00 pm. PVT also has a good electricity generation 
performance in summer, stupendously reducing electricity demand by 92% at 3:00 pm 
and slightly less than 30% in peak hours. For equivalent CO2 emission, approximate 
50 % of the drop is observed at 12：00 pm on 31 December, whereas more obvious 
on 21 July, with a maximum reduction of 87% at 3:00 pm.  

Figure 6. Daily energy demand and equivalent CO2 emission in two scenarios 

5. Discussion of the Results 

● With the implementation of ‘Scale-up methodology’, many steps and modules are 
optimised with minimal impact on accuracy to save running time. The total 
operation time of the simulation with 3 different U-value is approximately 6 hours 
for 120 sample buildings in the selected Sheffield region (30s-60s for one sample 
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building). For fabric efficiency, improving U-value can significantly decrease the 
CO2 intensity of fossil-fuel for all twelve types of building, among which 
“Accommodation” will have the most reduction of 53% in the 2040s (compared 
with 1980s). EUI reduction for most types reached a threshold in 2010, indicating 
that in the future, the benefits of improving fabric performance will not be as 
efficient as before. 

● As tested in Sheffield scenarios, solar energy in this region can significantly improve 
renewable energy provision. Peak energy generation and carbon reduction are 
observed at the time of day when solar radiation is at its strongest (44% carbon 
reduction at 12:00 pm on 31 December and 87% carbon reduction at 3:00 pm on 21 
July). 

The results indicate that the building environment can significantly impact global 
carbon emissions. Yet, it requires the concerted efforts of all industries to achieve the 
ultimate goals for future sustainable cities and communities.  

Figure 7. PVT’s contribution for decarbonising and energy demand reduction in two scenarios  

6. Conclusion 

This study shows an integrated GIS-based workflow to support sustainable cities and 
communities from model generation to sustainable design applications at an urban 
scale. Compared with other UBEMs, it offers advantageous flexibility in resolving 
information interoperation between various software tools and data formats. With more 
high-quality sample buildings, the accuracy of simulation results can be easily 
improved based on the proposed workflow. Scaling up this workflow for any region in 
the UK can also be achieved given the appropriate input data. Figure 8 shows the 
implementation of this workflow in a wider range (grid SK38NE, SK38NW, SK39SE, 
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SK39SW). Further study is to continue smooth integration and expansion with versatile 
renewable strategies to pursue a more equitable and sustainable built environment at 
various spatiotemporal scales. 

Figure 8. (Left) Building attribution of 4 grids and (Right) energy demand map of 4 grids 
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