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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

Energy Procedia 152 (2018) 799–808

1876-6102 Copyright © 2018 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the CUE2018-Applied Energy Symposium and Forum 
2018: Low carbon cities and urban energy systems.
10.1016/j.egypro.2018.09.193

10.1016/j.egypro.2018.09.193

Copyright © 2018 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the CUE2018-Applied Energy Symposium and 
Forum 2018: Low carbon cities and urban energy systems.

1876-6102

CUE2018-Applied Energy Symposium and Forum 2018: Low carbon cities and 
urban energy systems, 5–7 June 2018, Shanghai, China

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 Copyright © 2018 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of the scientific committee of the Applied Energy Symposium and Forum 2018: Low carbon cities 
and urban energy systems, CUE2018. 

Applied Energy Symposium and Forum 2018: Low carbon cities and urban energy systems, 
CUE2018, 5–7 June 2018, Shanghai, China 

Urban carbon mapping: Towards a standardized framework 
Ayyoob Sharifia,b*, Yihan Wub,c,d, Dararat Khamchiangtae, Takahiro Yoshidab, Yoshiki 

Yamagatab 
aGraduate School for International Development and Cooperation, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima, Japan 

bGlobal Carbon Project, National Institute for Environmental Studies,  16-2 Onogawa, Tsukuba, Ibaraki Prefecture, Japan 
cSino-US Eco Urban Lab, College of Architecture and Urban Planning, Tongji University, Shanghai, China

dEco Urban Lab, School of City and Regional Planning and School of Architecture, Georgia Institute of Technology, Atlanta, USA 
eAsian Institute of Technology, P.O. Box 4, Pathum Thani, 12120, Thailand  

Abstract 

Cities are responsible for a large share of global energy consumption and CO2 emissions. Significant reduction of urban energy 
consumption and CO2 emissions is essential for meeting the ambitious climate stabilization targets. This hinges on having 
adequate understanding of the patterns and trends of emissions. It is essential to create datasets of cities emissions and utilize 
mapping techniques to inform planners and decision makers about the dynamics of urban carbon emissions. Due to the openness 
of cities and issues related to availability and accessibility of urban energy consumption data, this is a challenging task. It is 
critical to develop consistent methods for mapping emissions. Such methods and frameworks should enable cities to map their 
emissions with minimum data requirements. They should also be applicable to different cities across the world. As a preliminary 
effort, this study introduces a framework for synthesizing building and transport energy consumption data with the Local Climate 
Zones (LCZs) classification system. Drawing on preliminary results from applying the framework to Bangkok, Shanghai, and 
Tokyo, we explain how this approach can provide opportunities for standardizing urban carbon accounting. The paper concludes 
with suggestions for improving granularity and accuracy of emissions accounting. The concept of Local Energy Zones (LEZs) is 
introduced and is suggested to be used as a potentially suitable concept for analysing CO2 emissions dynamics of cities.  
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The primary objective of this paper is to propose preliminary ideas and frameworks for standardizing urban carbon 
mapping at micro/meso urban scales. This includes proposing a concise set of measures that can be used for 
understanding carbon emission typologies in cities and for conducting cross-city comparisons. 

The paper is organized as follows: In Section 2 major approaches for estimating urban CO2 emissions are explained 
and a consistent method for mapping emissions using the Local Climate Zones (LCZs) is introduced. Section 3 
provides some preliminary results from applying this method to cases in Japan, and Thailand. The paper concludes 
with discussions about the research findings, suggestions for developing and using Local Energy Zones (LEZs) to 
better account for cities emissions, and some recommendations for future research. 

2. Methods and materials 

Major existing frameworks for estimating urban CO2 emissions and our proposed approaches for accounting 
emissions at micro- and meso-scales are explained in this section.   

2.1. Major emissions accounting frameworks and approaches 

Methods for estimating urban CO2 emissions can be divided into two major categories: top-down methods using 
atmospheric data and bottom-up methods using energy activity data. In the former, estimations are made by measuring 
CO2 concentrations in the atmosphere. Such methods are beyond the scope of this study. Various bottom-up methods 
have been used for estimating urban CO2 emissions. Urban metabolism models are among the most commonly used 
bottom-up approaches. As mentioned earlier, cities are open systems that are not self-sufficient. Energy and material 
are constantly traded between cities and their hinterlands. Accordingly, accounting for emissions occurring during the 
supply chain can be a cumbersome process. Three major categories of urban metabolism approaches for urban carbon 
accounting can be distinguished. These are, namely, ‘territorial or production-based accounting’, ‘consumption-based 
footprint’, and ‘trans-boundary supply chain footprint’ [2].  Territorial emissions are termed “Scope 1 emissions” in 
the “Global Protocol for Community-Scale Greenhouse Gas Emission Inventories” (GPC) [4]. These are direct 
emissions generated, within city boundaries, from sources such as building heating and transportation. Territorial 
emissions may occur due to the use of grid-supplied electricity, heating, steam, or cooling that may be generated within 
or outside city boundaries (Scope 2). Consumption-based footprint (also termed Scope 3) accounts for all other 
emissions occurring outside the city, but driven by consumption of products within the city boundaries [2, 4]. The 
‘trans-boundary supply chain footprint’ method takes into account all emissions generated within the city boundary as 
well as all indirect emissions attributable to urban activities and related to urban metabolism [2].  

Although their share may vary from one city to another, building and transportation sectors account for the bulk of 
urban CO2 emissions. The frameworks introduced in this study only take account of Scope 1 and Scope 2 emissions 
related to these two sectors. As illustrated in Fig. 1, it is assumed that an inventory of urban CO2 emissions can be 
established by aggregating emissions calculated for building and transportation sectors. Scope 1 and 2 emissions will 
be taken into account. Required data includes physical data related to buildings (e.g. building typology and geometry) 
and transportation networks (e.g. street network typology, length, and geometry), as well as statistical data related to 
key variables such as building occupancy, sources of energy and their respective emission factors, vehicle type, vehicle 
and transit ridership counts, vehicle kilometers travelled, origin-destination travel patterns, operation patterns 
(frequency) and capacity of railway and bus services, etc. Further information about utilizing physical and statistical 
data for accounting urban CO2 emissions will be provided in Section 2.4.  

2.2. The unit of classification for defining morphometric CO2 emission zones 

Classification of the objects of a study (based on similarities between them) is essential for understanding the 
dynamics of relationships and interactions among them. In the context of urban carbon mapping, classification can be 
used to investigate whether some combinations of urban elements (physical, socio-economic, etc.) perform better than 
the others in terms of contributing to CO2 emissions reduction. Classification can provide insights on how to reduce 
emissions by changing the way urban elements are combined. Furthermore, (spatial) classification of CO2 emissions 
in cities (where data is available) helps us make predictions (through extrapolation) about emission trends in other 
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1. Introduction  

Cities account for about 70% of global CO2 emissions. This share is expected to increase significantly, as about 
66% of global population is projected to live in cities by 2050 [1]. This clearly indicates the integral role that cities 
should play in reducing global CO2 emissions and meeting the ambitious targets of the Paris Agreement that are aimed 
at limiting global warming to well below 2°C above pre-industrial levels. Significance of reducing urban CO2 
emissions for climate change mitigation is widely recognized. Urban emissions are estimated using a diverse range of 
bottom-up methods such as accounting of energy activity data, urban metabolism models and exergy analyses, and 
top-down prediction methods based on atmospheric data. Although these diverse types of estimation methods exist, 
limited success has been achieved in terms of accounting and mapping of urban emissions, particularly at a fine scale. 
As cities are open systems, accounting for urban emissions is challenging. Boundaries of urban emissions are vague, 
making accounting a cumbersome effort. A large share of emissions in some cities are generated by commuting from 
areas outside local jurisdiction of cities to the inner urban areas. Further, a significant share of urban emissions is 
consumption-based and can be attributed to production (of material and products) activities beyond the city level [2]. 

Better understanding of urban CO2 emissions and their dynamics is essential for achieving climate-compatible 
urban development. Urban land use and infrastructures are characterized by their longevity. Poorly designed urban 
patterns can introduce inertia into climate change mitigation efforts and lock us into undesirable patterns for decades 
to come [3]. Accounting and mapping urban CO2 emissions can provide multiple benefits for climate-sensitive urban 
planning. Results can be used to track the origins of emissions in cities. This is essential for gaining better 
understanding of the emission drivers and informing planners and decision makers about urban forms and patterns that 
drive carbon emissions and need to be modified.  

Urban carbon mapping is still a field in its infancy. Mapping efforts have mainly been focused on two scales: 
building and whole city. Focus on buildings is necessary, but not sufficient. Building-centric carbon mapping fails to 
deal with the synergistic interactions that underlie urban life, shape the built environment as a whole, and drive urban 
emissions. City as a system is more than the sum of its parts. Choosing the whole city as the mapping unit is also 
problematic as it will result in leaving more granular scales such as neighborhoods and blocks under-explored. Cities 
are often characterized by a large extent of internal variations in terms of urban form and typology. It is not uncommon 
to observe adjacent neighborhoods within a city that exhibit striking differences in terms of physical and socio-
economic structure. Internal variations in urban form and socio-economic structure can result in significant variations 
in the amount of CO2 emissions. Knowledge about the aggregate city emissions is, therefore, not sufficient to 
understand drivers of emissions and their dynamics. Comparisons at the micro- and meso- levels are essential for 
obtaining knowledge about associations between spatial (physical) properties of cities and patterns of urban CO2 
emissions. Mapping spatial distribution of CO2 emissions and exploring its linkages to non-spatial criteria such as 
walkability, accessibility, and demographic profile is also critical for gaining insights about desirable urban patterns. 

Mapping emissions at micro- and meso-levels is hampered by limitations regarding data availability and 
accessibility. As significant differences exist at these scales, it is not easy to develop consistent mapping methods. 
However, consistent methods and approaches are essential for overcoming scalability and reproducibility challenges. 
Development of consistent and standardized methods for urban carbon mapping at micro- and meso- levels warrants 
further investigation. Developing consistent methods for dividing cities into homogeneous morphometric zones can 
provide opportunities for addressing these challenges. It may be possible to predict emission trends and pathways of a 
zone based on emission trends and pathways of other zones with similar morphological and socio-economic 
characteristics. This will enhance scalability of mapping efforts. In addition, a standardized and consistent method will 
make comparison across cities possible. Cities can use such a consistent and standardized approach to share lessons 
and emulate effective mitigation strategies adopted by other cities with similar conditions. This is particularly useful 
for predicting emission patterns of cities in the Global South, where data availability is still a major challenge. Last, 
but not the least, having a standardized and consistent method will help harmonize data collection across cities, which 
is argued to be essential for global urban sustainability science [2].  
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blocks. A sanctuary area can be defined as an area of city bounded by main streets [5]. It can be argued that these two 
units are suitable for classifying cities into morphometric emission zones. A sanctuary area may be more desirable as 
it is large enough for creating a mixed-use environment appropriate for fulfilling basic needs of urban households 
using active/low-carbon modes of transportation. Using these scales makes it easier to acquire various types of data 
needed for accounting emissions. We assume that blocks (or sanctuary areas) that display similar morphological 
patterns (morphometric zones) also display similar energy consumption/emissions patterns. Therefore, understanding 
emissions patterns of typical morphometric zones can be used as a basis for extrapolating emission trends in other 
zones. 

2.3. Methods for classification of cities into morphometric zones 

Various methods exist for predicting urban CO2 emissions (building and transport sectors) based on emission 
patterns of representative portions of the urban fabric [2]. Classification can be performed using simple statistical 
clustering methods or based on spatially-gridded data acquired from remote sensing techniques. Integrating spatially 
explicit socio-economic and land use data with remote sensing data can provide new insights for CO2 accounting.  

To appropriately account for urban CO2 emissions, multiple physical, social, economic, and environmental 
variables that can be considered as explanatory factors for urban energy use should be taken into account in the study. 
Hierarchical clustering analysis (or other variable reduction techniques such as the Principal Component Analysis 
(PCA)) can be used to reduce the number of variables and choose a selected number that appropriately represent 
clusters of variables [7]. Relative importance of each variable (or clusters of variables) in terms of contribution to 
energy consumption can be judged using multiple linear regression models [7]. 

In this study we are interested in understanding CO2 emissions typologies within cities. As a first step, it is needed 
to divide cities into clusters of zones. The optimum number of identifiable clusters (zones) may vary depending on the 
size of the city. More zones are expected to be identifiable in large cities with diverse and heterogeneous socio-
economic and environmental structures. Clustering urban blocks and/or sanctuary areas can be performed using 
traditional unsupervised statistical methods such as hierarchical cluster analysis [5, 6]. The result would be 
blocks/sanctuary areas that have been clustered based on the nature of spatial relationships between the constituent 
components and by the similarity (in terms of explanatory variables of urban energy consumption). Hierarchical cluster 
analysis can facilitate a highly accurate classification. However, it relies on acquiring detailed data related to the 
explanatory variables. This undermines its applicability in contexts where data availability and accessibility is an issue. 

To address this shortcoming, we propose a Geographic Information System (GIS)-based model that is inspired by 
the Local Climate Zone (LCZ) classification system and utilizes it as a basis for standardizing CO2 mapping across 
different cities. LCZs are described as universal description of urban landscape characteristics. The LCZ framework 
provides a consistent methodology for classifying urban areas around the world into 10 and 7 distinct urban and natural 
classes, respectively. Each class (cluster/zone) exhibits the physical properties of a typical area in the city 
(http://www.wudapt.org). The LCZ framework can be used as a platform for gathering detailed urban data at various 
spatial scales. As outlined in the WUDAPT website, data can be gathered at the following different levels:  

• Level	0:	Cities	are	mapped	using	the	Local	Climate	Zone	(LCZ)	scheme	(Stewart	and	Oke,	2012),	which	categorizes	
landscapes	into	10	urban	and	7	natural	surface	cover	types.	Each	LCZ	type	is	described	in	terms	of	the	typical	appearance	
of	each	in	ground-based	and	aerial	photographs	and	is	linked	to	some	urban	parameter	values.	

• Level	1:	The	LCZ	maps	are	used	to	sample	the	urban	landscape	to	provide	information	on	more	aspects	of	form	and	
function	in	greater	detail.	

• Level	2:	This	is	the	highest	level	and	refers	to	urban	data	gathered	at	a	specified	spatial	scale	(e.g.	250	m)	across	the	
entire	urban	area	(‘wall-to-wall’	coverage).	

The Level 0 data has already been used for classifying many cities around the world. The classification procedure, 
using available multi-spectral satellite imagery (Landsat8) and a GIS software, has been explained in detail in the 
WUDAPT website. Here we assume that identical LCZs exhibit similar emission patterns. For example, by estimating 
per unit area emission factor for sample LCZ 1 areas, emission patterns of other areas in the city that are identified as 
LCZ 1 can be predicted. This will significantly reduce data collection requirements for predicting emission values 
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cities with similar configurations (that have limited data available for estimating emissions) [5]. In this study we have 
mainly focused on physical elements of urban form. Therefore, the suggested approaches can be used to recognize 
urban forms that are low-carbon.    

 

 Fig 1. Conceptual framework for accounting urban CO2 emissions associated with building and transportation sectors 

Morphological properties and/or other ancillary data can be used to divide cities into different spatial units. Each 
spatial unit (e.g. block, district, neighborhood, etc.) is likely to exhibit a unique pattern. However, there are often 
cohorts of units with similar characteristics. Identifying the unit of classification is a basic step for mapping urban 
carbon emissions. The purpose of the study is the most important factor that determines the desirable unit of 
classification. As mentioned earlier, a major purpose of urban carbon mapping is to understand CO2 emissions drivers 
and their dynamics. As building and transportation sectors are responsible for the bulk of emissions in cities, the unit 
of classification should be suitable for exploring measures that can be taken to reduce emissions related to these two 
sectors. The building level is widely used as a unit for analysis. This is arguably due to the relative easiness of gaining 
access to building energy use data and/or modeling building energy performance. While useful information can be 
obtained through examining building energy use patterns, city (as a whole) is not just the sum of its constituent 
elements. Expanding the unit of analysis beyond the building scale is needed to take account of the interactions 
between neighboring buildings (e.g. mutual shading effects), and between buildings and the street network (e.g. 
structure of the street canyon). Further, location of a building with respect to potential travel destinations (e.g. transit 
station, shops and other services) plays a significant role in determining transportation-related CO2 emissions. 
Measures such as connectivity and accessibility, and mixed-use affect travel patterns. The unit of analysis needs to be 
larger than the building scale so that these measures and their association with emissions can be explored. It should 
also be small enough for ensuring efficient and comfortable accessibility of services using active/ low-carbon modes 
of transportation. The city scale is not ideal for this purpose. Emission accounting at the city scale also does not lend 
itself to understanding the diverse properties of urban structure and granularities of CO2 emissions dynamics in cities. 
As we intend to develop a standardized method, the unit should be universally available and "functionally 
recognizable" across different cities and spatially explicit in terms of physical boundaries [5]. Urban blocks and/or 
sanctuary areas meet these criteria. These are unambiguous and functionally recognizable units. Block is generally 
defined as the smallest urban area surrounded by streets on all sides [6]. Sanctuary areas are often larger than urban 
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blocks. A sanctuary area can be defined as an area of city bounded by main streets [5]. It can be argued that these two 
units are suitable for classifying cities into morphometric emission zones. A sanctuary area may be more desirable as 
it is large enough for creating a mixed-use environment appropriate for fulfilling basic needs of urban households 
using active/low-carbon modes of transportation. Using these scales makes it easier to acquire various types of data 
needed for accounting emissions. We assume that blocks (or sanctuary areas) that display similar morphological 
patterns (morphometric zones) also display similar energy consumption/emissions patterns. Therefore, understanding 
emissions patterns of typical morphometric zones can be used as a basis for extrapolating emission trends in other 
zones. 

2.3. Methods for classification of cities into morphometric zones 

Various methods exist for predicting urban CO2 emissions (building and transport sectors) based on emission 
patterns of representative portions of the urban fabric [2]. Classification can be performed using simple statistical 
clustering methods or based on spatially-gridded data acquired from remote sensing techniques. Integrating spatially 
explicit socio-economic and land use data with remote sensing data can provide new insights for CO2 accounting.  

To appropriately account for urban CO2 emissions, multiple physical, social, economic, and environmental 
variables that can be considered as explanatory factors for urban energy use should be taken into account in the study. 
Hierarchical clustering analysis (or other variable reduction techniques such as the Principal Component Analysis 
(PCA)) can be used to reduce the number of variables and choose a selected number that appropriately represent 
clusters of variables [7]. Relative importance of each variable (or clusters of variables) in terms of contribution to 
energy consumption can be judged using multiple linear regression models [7]. 

In this study we are interested in understanding CO2 emissions typologies within cities. As a first step, it is needed 
to divide cities into clusters of zones. The optimum number of identifiable clusters (zones) may vary depending on the 
size of the city. More zones are expected to be identifiable in large cities with diverse and heterogeneous socio-
economic and environmental structures. Clustering urban blocks and/or sanctuary areas can be performed using 
traditional unsupervised statistical methods such as hierarchical cluster analysis [5, 6]. The result would be 
blocks/sanctuary areas that have been clustered based on the nature of spatial relationships between the constituent 
components and by the similarity (in terms of explanatory variables of urban energy consumption). Hierarchical cluster 
analysis can facilitate a highly accurate classification. However, it relies on acquiring detailed data related to the 
explanatory variables. This undermines its applicability in contexts where data availability and accessibility is an issue. 

To address this shortcoming, we propose a Geographic Information System (GIS)-based model that is inspired by 
the Local Climate Zone (LCZ) classification system and utilizes it as a basis for standardizing CO2 mapping across 
different cities. LCZs are described as universal description of urban landscape characteristics. The LCZ framework 
provides a consistent methodology for classifying urban areas around the world into 10 and 7 distinct urban and natural 
classes, respectively. Each class (cluster/zone) exhibits the physical properties of a typical area in the city 
(http://www.wudapt.org). The LCZ framework can be used as a platform for gathering detailed urban data at various 
spatial scales. As outlined in the WUDAPT website, data can be gathered at the following different levels:  

• Level	0:	Cities	are	mapped	using	the	Local	Climate	Zone	(LCZ)	scheme	(Stewart	and	Oke,	2012),	which	categorizes	
landscapes	into	10	urban	and	7	natural	surface	cover	types.	Each	LCZ	type	is	described	in	terms	of	the	typical	appearance	
of	each	in	ground-based	and	aerial	photographs	and	is	linked	to	some	urban	parameter	values.	

• Level	1:	The	LCZ	maps	are	used	to	sample	the	urban	landscape	to	provide	information	on	more	aspects	of	form	and	
function	in	greater	detail.	

• Level	2:	This	is	the	highest	level	and	refers	to	urban	data	gathered	at	a	specified	spatial	scale	(e.g.	250	m)	across	the	
entire	urban	area	(‘wall-to-wall’	coverage).	

The Level 0 data has already been used for classifying many cities around the world. The classification procedure, 
using available multi-spectral satellite imagery (Landsat8) and a GIS software, has been explained in detail in the 
WUDAPT website. Here we assume that identical LCZs exhibit similar emission patterns. For example, by estimating 
per unit area emission factor for sample LCZ 1 areas, emission patterns of other areas in the city that are identified as 
LCZ 1 can be predicted. This will significantly reduce data collection requirements for predicting emission values 
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cities with similar configurations (that have limited data available for estimating emissions) [5]. In this study we have 
mainly focused on physical elements of urban form. Therefore, the suggested approaches can be used to recognize 
urban forms that are low-carbon.    

 

 Fig 1. Conceptual framework for accounting urban CO2 emissions associated with building and transportation sectors 
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across the city. Emissions calculated at the LCZ level can later be aggregated at the city level to gain cumulative urban 
CO2 emissions. 

2.4. The proposed procedure for linking building and transport emissions to the morphometric emission zones 

Building and street level emissions should be aggregated at the LCZ level to estimate CO2 emissions for each zone. 
It is, therefore, needed to predict transport and building CO2 emissions. Various techniques exist for this purpose. It is 
possible to establish an Energy Use Intensity (EUI) database for different building uses (e.g. residential, commercial, 
etc.) or types (e.g. detached, apartment, etc.). EUI is an indicator of the amount of energy consumed per square meter 
per year. Next, emission factors will be used to predict building level emissions. In other words, annual emissions of 
a given building can be calculated as: EUI × Emission Factor× Floor Area.  EUI and emission factor values can be 
obtained from local and national sources and documents (e.g. see Table 1). Building CO2 emissions may also be 
predicted using building energy modelling software sets (e.g. EnergyPlus). To predict building CO2 emissions using 
this approach, having access to building use/type database is needed. This could be obtained from available databases 
or be generated using remote sensing techniques. For instance, a method for automatic identification of building uses 
using machine learning methods is proposed by Hecht, Meinel [8]. They assume that each identical building use is 
characterized by certain geometric properties. The building auto-classification procedure starts with creating a building 
use training dataset in each city. Training samples are usually derived from online volunteered geographic information 
(VGI) or other open data sources. Next, a selection of predictor variables that represent the building morphological 
and locational characteristics are identified and calculated to supply necessary rules for classifying the building use. 
Next, a random forest classifier is utilized to define the functions of the unclassified buildings. Finally, a ten-fold 
cross-validation analysis is performed to evaluate the accuracy of the building classification results. 

Predicting transport CO2 emissions of LCZs is less straightforward. One approach could be conducting travel 
surveys to predict transport emissions of households living in the area (using data such as vehicle kilometers travelled, 
origin-destination data, trip frequency, etc.). This requires a significant amount of time and effort. A different approach 
can be monitoring traffic patterns in the area using sensors. In the era of smart cities, sensors are increasingly used to 
collect (big) data related to various urban activities. Detailed real-time data related to the LCZ-level traffic patterns 
and dynamics can be collected this way (e.g. number, type, and speed of vehicles passing through street segments) for 
weekdays and weekends. Data related to the operation pattern of mass transit systems that provide services in the area 
can be directly accessed from the operating companies. Utilizing emission factors related to different energy sources 
used in the public and private transportation systems, it will then be possible to have an estimation of CO2 emissions 
from the transport sector in each LCZ.   

     Table 1. Examples of emission factors for different sources of energy [9, 10]. 

Item Energy Types Unit Emission Factor 
(kgCO2e/unit) 

Sources 

1 Gas/ Diesel oil liter 2.7080 IPCC, 2006 

2 LPG liter 1.6812 IPCC, 2006 

3 LPG kg 3.1133 LPG 1 liter = 0.54 kg (IPCC, 2006) 

4 Motor Gasoline liter 2.2376 IPCC, 2006 

5 Gas/ Diesel Oil liter 2.7446 IPCC, 2006 

6 Compressed Natural Gas kg 2.2472 IPCC, 2006 

7 LPG liter 1.7226 IPCC, 2006 

8 LPG kg 3.1899 LPG 1 liter = 0.54 kg (IPCC, 2006) 

9 Thailand Grid Mix Electricity kWh 0.5821 Thailand Grid Mix Electricity LCI Database (2014) 

10 East China Grid (Shanghai, 
Jiangsu, Zhejiang, etc.) 

kWh 0.8112 National Development and Reform Commission in China (2013); 
IGES List of Grid Emission Factors (2017) 
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3. Preliminary results 

As a preliminary effort, we have applied the proposed method to two case study cities: Bangkok, and Tokyo. We 
are also planning to apply this method to Shanghai. The selected cities are at different stages of development. They 
have been shaped by different planning cultures and exhibit different forms of urban development. Furthermore, as 
they are all large metropolitan areas, it would be possible to observe a diverse range of urban patterns within their 
boundaries. This is to some extent observable from the LCZ maps of these cities (Fig. 2, generated using the WUDAPT 
framework). These features make the selected cities suitable for examining the suitability of consistent and universal 
methods proposed for standardizing accounting of CO2 emissions at fine urban scales.  

Fig 2. LCZ maps for Bangkok and Tokyo.  

 
Fig 3. Average weekday building-level direct CO2 emission intensities for different LCZs in selected areas of Bangkok and Tokyo. 

As mentioned earlier, the rationale for using LCZ as a framework for mapping emissions is to reduce efforts needed 
for estimating CO2 emissions at the aggregate urban level. It is reasonable to assume that identical LCZs exhibit similar 
emission patterns. Therefore, a reasonably accurate estimate of urban emissions can be made by calculating per unit 
area emission intensities for sample LCZs in cities (selected, for example, using stratified random sampling method; 
understanding that slight differences may exist depending on the location of the LCZs in the city). Examples of 
building-level emissions intensities for representative zones in Bangkok and Tokyo can be seen in Fig. 3. At this stage, 
these intensities are only calculated for direct emissions related to the building sector. Intensities for indirect emissions 
and transport sector emissions will be estimated in the next stages of the research. 
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across the city. Emissions calculated at the LCZ level can later be aggregated at the city level to gain cumulative urban 
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and dynamics can be collected this way (e.g. number, type, and speed of vehicles passing through street segments) for 
weekdays and weekends. Data related to the operation pattern of mass transit systems that provide services in the area 
can be directly accessed from the operating companies. Utilizing emission factors related to different energy sources 
used in the public and private transportation systems, it will then be possible to have an estimation of CO2 emissions 
from the transport sector in each LCZ.   
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Item Energy Types Unit Emission Factor 
(kgCO2e/unit) 

Sources 

1 Gas/ Diesel oil liter 2.7080 IPCC, 2006 

2 LPG liter 1.6812 IPCC, 2006 

3 LPG kg 3.1133 LPG 1 liter = 0.54 kg (IPCC, 2006) 

4 Motor Gasoline liter 2.2376 IPCC, 2006 

5 Gas/ Diesel Oil liter 2.7446 IPCC, 2006 

6 Compressed Natural Gas kg 2.2472 IPCC, 2006 

7 LPG liter 1.7226 IPCC, 2006 

8 LPG kg 3.1899 LPG 1 liter = 0.54 kg (IPCC, 2006) 

9 Thailand Grid Mix Electricity kWh 0.5821 Thailand Grid Mix Electricity LCI Database (2014) 

10 East China Grid (Shanghai, 
Jiangsu, Zhejiang, etc.) 

kWh 0.8112 National Development and Reform Commission in China (2013); 
IGES List of Grid Emission Factors (2017) 



806 Ayyoob Sharifi  et al. / Energy Procedia 152 (2018) 799–8088 Author name / Energy Procedia 00 (2018) 000–000 

3.1. Developing Local Energy Zones (LEZs)  

The existing LCZ framework (using Level 0 data) is used to derive the above-presented results. We believe that 
LCZ-based mapping provides opportunities to better understand energy consumption and emissions dynamics in 
cities. However, we acknowledge that this framework can be improved to provide a more accurate and relevant (for 
the purpose of developing emissions reduction plans) accounting. Two specific areas of improvement are as follows: 
first, as discussed earlier, block/sanctuary is a desirable unit for analysis. We intend to develop clustering zones that 
are identified based on these analysis units. Due to their implications for energy production (renewable energy 
potential) and consumption at the local level, we refer to these clustering units as Local Energy Zones (LEZs). We 
also acknowledge the fact that other parameters (in addition to Level 0) should be included in the energy analysis at 
the local scale. Such parameters should, ideally, be used in the procedure for identifying LEZs. As will be discussed 
in the following section, socio-economic parameters should also be included in addition to morphometric parameters. 
As a preliminary effort to explore alternative clustering methods, here we argue that the increasingly available Level 
2 data provides opportunities for obtaining a classification that is more appropriate for the purpose of energy 
accounting and CO2 emissions mapping (due to the impacts of selected parameters on energy consumption). As will 
be explained below, the selected Level 2 parameters are mainly related to the physical form of cities. 

The classification procedure used for this purpose is as follows: previously, a universally applicable approach to 
classify LCZs  using GIS tools based on level 2 data is proposed by Lelovics, Unger [11]. In this study we have adopted 
a similar approach. In the first step, the morphological and surface cover parameters defined by Stewart and Oke [12] 
are calculated for each urban block. The set of parameters includes sky view factor, aspect ratio, mean building height, 
building surface fraction, land cover type, pervious surface fraction and impervious surface fraction, and notably, the 
typical ranges of different parameters have also been illustrated by Stewart and Oke in their previous studies. Based 
on these seven criteria, a score between 0 and 7 is given to each urban block to determine its fitness to a certain LEZ 
classification. In any case, if a block obtains a score more than 3, the block is then attributed to the corresponding 
LEZ. Finally, a spatial autocorrelation is applied to group urban blocks if they share similar identities and urban form 
characteristics. This is because the delineation of LEZ requires each LEZ to constitute an area with a radius of 250 
meters or greater. 

 

 Fig 4. The process for classifying urban area into LEZ s using level 2 data. 
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However, since it is normal to have one block surrounded by blocks with other LEZ definitions, we use a statistical 
method called “potential” to calculate a closeness index that measures the proximity of similar blocks from one to 
another [13]. And the final LEZ definition of each block cluster is determined using the following equation [13]:  

    (1) 

Where mj is the area of the block j within the block cluster i, and Dij is the distance between geometric centers of 
block cluster i and block j, then the LEZ definition of block cluster i is determined by the dominant LEZ classification 
that maximizes the potential value. A flowchart of these steps is presented in Fig 4.  

We are in the process of creating LEZ maps (as adjusted version of LCZ maps), for each of these cities following 
the procedure explained above. This will make it possible to map the structure of cities based on the block/sanctuary 
area unit that we earlier argued is more suitable for accounting CO2 emissions in cities. The adjusted map for Shanghai 
can be seen in Fig. 5. It can be seen that the clustering results are different from those obtained from the standard LCZ 
mapping based on the Level 0 data. Implications of these differences for emissions accounting will also be explored 
in future research.  

Fig 5. LEZ map of Shanghai (left) compared to the standard LCZ map (prepared by Chao Ren and downloaded from the WUDAPT website). 
Note that some zones are not mapped due to lack of access to building data for them. 

4. Discussions and conclusions 

This paper discusses ideas related to developing a consistent platform for mapping carbon dioxide emissions of 
cities based on the concept of Local Climate Zones (LCZs). We assume that LCZs that feature similar properties have 
similar emission profiles. As demonstrated for the Bangkok and Tokyo cases, it is possible to estimate average per 
unit area emissions intensities for different LCZs. These emission factors can then be used to estimate the aggregate 
emissions of all LCZs at the urban scale. As total urban emissions can be predicted by only collecting data for selected 
LCZ samples, this process reduces the data requirements. The required (hybridized) data can be obtained from various 
sources such as publicly available databases for building and transport energy consumption. It is also possible to tap 
into new data sources such as crowd-sourced smart phone data to detect household energy consumption patterns, 
mobility patterns, and travel behavior of people. Data needed for classification can be universally available across 
different cities and is measurable using remote sensing (Landsat images, and citywide LIDAR data) and/or machine 
learning techniques. This helps harmonize data collection across different cities. 

8 Author name / Energy Procedia 00 (2018) 000–000 

3.1. Developing Local Energy Zones (LEZs)  

The existing LCZ framework (using Level 0 data) is used to derive the above-presented results. We believe that 
LCZ-based mapping provides opportunities to better understand energy consumption and emissions dynamics in 
cities. However, we acknowledge that this framework can be improved to provide a more accurate and relevant (for 
the purpose of developing emissions reduction plans) accounting. Two specific areas of improvement are as follows: 
first, as discussed earlier, block/sanctuary is a desirable unit for analysis. We intend to develop clustering zones that 
are identified based on these analysis units. Due to their implications for energy production (renewable energy 
potential) and consumption at the local level, we refer to these clustering units as Local Energy Zones (LEZs). We 
also acknowledge the fact that other parameters (in addition to Level 0) should be included in the energy analysis at 
the local scale. Such parameters should, ideally, be used in the procedure for identifying LEZs. As will be discussed 
in the following section, socio-economic parameters should also be included in addition to morphometric parameters. 
As a preliminary effort to explore alternative clustering methods, here we argue that the increasingly available Level 
2 data provides opportunities for obtaining a classification that is more appropriate for the purpose of energy 
accounting and CO2 emissions mapping (due to the impacts of selected parameters on energy consumption). As will 
be explained below, the selected Level 2 parameters are mainly related to the physical form of cities. 

The classification procedure used for this purpose is as follows: previously, a universally applicable approach to 
classify LCZs  using GIS tools based on level 2 data is proposed by Lelovics, Unger [11]. In this study we have adopted 
a similar approach. In the first step, the morphological and surface cover parameters defined by Stewart and Oke [12] 
are calculated for each urban block. The set of parameters includes sky view factor, aspect ratio, mean building height, 
building surface fraction, land cover type, pervious surface fraction and impervious surface fraction, and notably, the 
typical ranges of different parameters have also been illustrated by Stewart and Oke in their previous studies. Based 
on these seven criteria, a score between 0 and 7 is given to each urban block to determine its fitness to a certain LEZ 
classification. In any case, if a block obtains a score more than 3, the block is then attributed to the corresponding 
LEZ. Finally, a spatial autocorrelation is applied to group urban blocks if they share similar identities and urban form 
characteristics. This is because the delineation of LEZ requires each LEZ to constitute an area with a radius of 250 
meters or greater. 

 

 Fig 4. The process for classifying urban area into LEZ s using level 2 data. 



808 Ayyoob Sharifi  et al. / Energy Procedia 152 (2018) 799–808
10 Author name / Energy Procedia 00 (2018) 000–000 

Inspired by the LCZ framework, we have also proposed Local Energy Zones (LEZs) as suitable units for achieving 
a better understanding of urban emissions patterns and dynamics in a more simple, straightforward way. 
Blocks/sanctuary areas are the basic units used for developing LEZs. These units are consistently defined across 
different cities, making them suitable for the standardization process. The selected scale (block or sanctuary area) for 
this bottom-up approach increases granularity of the mapping effort. The relatively high-resolution and spatially-
explicit representation of urban emissions can be used to better understand how each agent (block or sanctuary area) 
contributes towards aggregate CO2 emissions values in cities. The fine-scale emissions accounting provided by this 
bottom-up approach makes it possible to gain further knowledge about the drivers of emissions at the local scale. As 
each LEZ represents a unique urban configuration, it will be possible to find out which urban forms emit less and 
should be followed in future urban developments.  

It should be noted that the proposed method is still a work in progress and is not yet a completely operational 
method for standardization. More details should be integrated into the method. This is expected to be done as we 
further work on the application of this method in Bangkok, Shanghai, and Tokyo. A major limitation of this approach 
that needs to be mentioned is that it only uses urban form parameters for identifying zones. Each specific zone is 
assumed to have uniform physical qualities, economic profile and demographic characteristics. Only focusing on 
physical factors is unlikely to capture all the intricacies of cities as complex systems. Non-physical factors such as 
occupant behavior, type of home ownership, and demographic profile of households can influence building and 
transportation energy demand. It is, therefore, suggested to take non-physical factors into account in future studies. 
We suggest that non-physical data should also be considered when identifying LEZs. In other words, LEZ-based 
approach for mapping CO2 emissions should be centered around similarities between different areas in a city in terms 
of both physical and non-physical factors. Another possible shortcoming of this approach is that it assumes that zones 
exhibit similar emission patterns irrespective of their location in the city. It is likely that, even within a city, zones that 
exhibit similar physical properties will not have similar emission profiles. Variations may exist due to the locational 
and/or socio-economic disparities within specific types of zones. It was mentioned that different methods exist for 
clustering zones. It is worth comparing compatibility of outputs of different clustering methods in future research for 
validation purposes.   

Overall, while the methods discussed in this paper entail certain degrees of simplification, they can be considered 
as important steps towards standardizing CO2 emissions accounting in cities. Validity of the proposed standardization 
methods will be tested on a medium number of megacities. This will allow us to understand and resolve possible 
shortcomings. Outputs of this project can contribute to promoting data-driven sustainability planning which is essential 
for transformation to global sustainability. Our ambition is to facilitate better decision making towards low-carbon 
urban development by generating detailed and granular data on urban emissions and integrating it into the Global 
Carbon Atlas (http://www.globalcarbonatlas.org).  
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