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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.
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Abstract 

With the development of digital technologies, especially big data analytics, digital innovations are taking root in various industries, 
including energy sector. Particularly, urban energy system is also experiencing digital transition; such digital transition not only 
offers new business models commercially, but also brings new research problems scientifically. The new capabilities enabled by 
these digital technologies are reshaping the generation, transmission, consumption and storage sections in the urban energy system, 
sequentially the traditional way of how urban energy system is designed and operated should be reexamined. Starting from here, 
there have been many studies regarding how various digital technologies can be applied all along the urban energy system value 
chain; these studies range from individuals’ energy consumption pattern characterization by using customer behavior data in smart 
home, to complex data-driven planning of regional scale energy system. More specifically, numerous computational models have 
been proposed by the scientific community to mimic the dynamics of various components at various levels in the urban energy 
system. However, the potential benefits of applying these numerical models are somehow underestimated; we believe there are still 
several gaps from numerical modeling to computational intelligence which need to be bridged. In such a context, in this paper we 
strive to present a systematic review on the status of urban energy system related digital innovations as well as prospective outlook 
on the future application of such digital technologies. Through the study of this paper, we hope to identify several key points where 
digitalization should be prioritized in urban energy system, picture a roadmap towards future digital technology enabled intelligent 
urban energy system, and finally points out the research gaps that need to be fulfilled over there. 
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1. Introduction 

We live in an era of data, data is everywhere around us. Particularly in the cities we live, data prevails almost every 
conceivable object in the city, ranging from GPS data in our mobile phones to our utility bills every month, from our 
expense records in supermarkets to our daily commutes through the city public transport network, from widespread 
weather data to professionally designed power grid Phasor Measure Unit (PMU) data [1]. Although such data are 
usually featured by high velocity, large volume, highly heterogeneity and sparsity [2], yet thanks to the recent advances 
in data science, most data can be handled by state-of-the-art big data analytics techniques [3]. Based on such wealth of 
data in urban environments, a new discipline, namely urban informatics, is thriving in recent years [4]. The perspective 
of urban informatics is trying to use such data to better understand how our cities work, that is knowledge discovery 
through data mining. Furthermore, the insights discovered through urban data analytics can be implemented to develop 
various services or applications in the cities. In terms of urban energy system, which is a fundamental cornerstone of 
city, such applications exist at various spatial scales; for instance, at building level individuals’ energy consumption 
pattern characterization by using customer behavior data in smart home [5], at district level complex data-driven 
planning of regional scale distributed energy system [6]. Some researchers call such transition of urban energy system 
enabled by digital technologies as digital transition [7]. Indeed, digital transition is not a novel conception, it has been 
an active topic in many other fields for several years; some have even been proved as great success, such as the digital 
transition of banking sector. Inspired by such successes, digital transition of urban energy system is also attracting 
attention from lot researchers. Smart grid is perhaps the best-known practice under the umbrella of digital transition 
of urban energy system. However, the components of urban energy system are much more than power grid, so 
digitalization of urban energy system should not be equalized as smart grid either. In a well-established literature 
review, James et al. [8] points out that there are six aspects regarding urban energy system modelling, namely 
technology, building, urban climate, system design, policy assessment, transportation and land use. Their study also 
leads to the conclusion that urban energy system is indeed a super complex system consisting of tens of thousands of 
subsystems which interact with each other. Furthermore, most of current researches about urban energy system are 
still about modelling, which are essentially mimicking the dynamics of various components in the urban energy 
system, these models cover almost all the components of urban energy system from equipment level to entire building 
level and finally to the city level [9]. Most of these models are elaborately developed and calibrated, which means they 
can serve as reliable “avatar” of the corresponding physical entities in overall urban energy system model. However, 
the potential benefits of applying these numerical models in the digital transition of urban energy system are somehow 
underestimated; we believe there is still a huge gap from numerical model to computational intelligence in the future 
digitalized city. Therefore, several key questions need to be answered before further development in urban energy 
system digitalization could happen.  

In this paper, we strive to answer the following questions regarding urban energy system digital transition from 
numerical models to computational intelligence: What kinds of data exist in urban energy system? How the data can 
be collected and processed efficiently given the current and potential Information and Communication Technologies 
(ICT) infrastructure? What kind of services and/or applications can be developed using the data? Who should be 
responsible for the service and application development? What benefits can be harvested by applying such services 
and who are the relevant stakeholders? What are the current readiness level of such digital transition technologies? 
What should be the focus of next-step of digital transition of urban energy system? With these questions in mind, we 
hope to present a concise summary of the status and recent advances regarding digital transition of urban energy 
system, meanwhile provide several prospects about such digital transition in this short paper. Nevertheless, it has to 
be highlighted at the beginning of the paper that since urban energy system is such a broad conception, thus it is 
neither possible nor desirable to give an encyclopedic review regarding all aspects of urban energy system digital 
transition in this paper; we only aim to summarize the current active areas regrading digital transition of urban energy 
system as well as point out the up-to-date research progress, several potential focus as well as prospects are also given 
in the paper. That is how the paper is structured.   
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2. Hierarchy structure of urban energy system 

Urban energy system is defined as “the combined processes of acquiring and using energy within the administrative 
boundaries of city plus easily traceable upstream flows such as electricity consumption” by Jaccard et al [10]. By this 
definition, all entities within cities which are related to energy generation, transmission, consumption and storage can 
be treated as part of urban energy system. Sequentially, a classical perspective to decompose the urban energy system 
is horizontal decomposition as shown in Fig.1 (b). Although such a horizontal structure provides a classical view to 
decompose the urban energy system, yet generally it is not a very good basis to look at urban energy system digital 
transition. This is because all sectors along this urban energy system horizontal structure are at the same level; as a 
result, the difficulties related to the digitalization of each sector in the urban energy system remain the same. 
Comparatively, the hierarchy structure in Fig.1 (a) provides another perspective to approach the urban energy system. 
In this hierarchy structure, the urban energy system is decomposed into four different levels: equipment level, building 
level, district level, and city level. In equipment level, the information about each equipment of the urban energy 
system is stored at this level; similarly, information for each building, district, and city are stored at building level, 
district level, and city level respectively. It needs to be noted that for such a hierarchy structure, the information of 
certain level is a deliberate aggregation of the lower level and a detailed breakdown of the upper level.   

 

 
Fig.1 Decomposition of urban energy system: (a) hierarchy structure; (b) horizontal structure 

 
There are various benefits why hierarchy structure of urban energy system is proposed here. Firstly, as it is 

mentioned earlier, in modern urban informatics data are usually highly heterogeneous in both structure and format, 
because urban energy system related data can be recorded at different times by different people using different 
manners; as a result, there usually are lots of difficulties when such data are integrated. In such cases the hierarchy 
structure of urban energy system should be employed to facilitate the standardization and integration of data. There 
have been pioneering works about using such framework (named as ontology in informatics) as common repository 
to accommodate urban energy statistics: The Energy Data Collection system produced by US Department of Energy 
is one of the earliest practice [11]; currently, our group is also working on the ontology development of Eco Industrial 
Park [12, 13], which can shade some light on the design of urban energy system ontology. Finally, it needs to be noted 
that since urban energy system is a large-scale complex system itself, the corresponding ontology must also be a large-
scale ontology, or the so-called heavyweight ontology as well. So, it is predicted that ontology development for urban 
energy system would be a challenging task as well as a hot research topic in the coming years. 

3. Current achievements in urban energy system digital transition 

In this section, the current progress in urban energy system digital transition is summarized. As discussed earlier 
in introduction, the main perspectives of this paper are centered around data; we are interested in answering the follow 
questions: Where does the data come from? Who are responsible for the data collection and processing? What kinds 
of services and/or applications are already there based on such data, have these services been commercialized? If not, 
what is the current technology readiness level? To clearly answer these questions, the investigation results are listed 
according to the hierarchy structure of urban energy system. That is, the penetration of digital technologies at various 
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hierarchy levels of urban energy system (e.g. equipment level, building level, district level, city level) are investigated 
respectively in the paper. No matter digital transition of urban energy system happens at which level, the typical 
procedure of such data mining, which usually results in new knowledge discovery, is shown in Fig.2. It can be seen 
from Fig.2 that knowledge discovery through data analytics is a systematic and iterative chain that may involve 
multiple stakeholders. That is, in real application data selection and processing might be handle by one agent; whereas 
feature engineering and machine learning might be handled by another. As a result, such digital transition of urban 
energy system would need collaborative efforts from all stakeholders. 

 

 
Fig.2 Knowledge discovery through data analytics in urban energy system 

 
Equipment level. At this level, most numerical models are developed by lab researchers and original equipment 

manufacturers. For instance, most gas turbine manufactures would test and label their product performance before 
letting it enter the market, such factory test data are essentially numerical models; for some relatively new 
technologies, such numerical model developments might be done in lab by ways of experiments and/or simulation. 
The transition of such equipment numerical models to computational intelligence mainly needs the change of 
perspectives: in traditional numerical models, we begin from input variables and output variables, correlations are 
formulated; however, in the novel computational intelligence perspective, we begin from input variables and 
correlations, output variables are predicted. Once such perspective change is realized, equipment owners and users 
would be the main beneficiary. Particularly, they can have prior insights about the potential application of certain 
equipment in certain contexts to facilitate decision making.  

Building level. At building level, the digital transition is tightly related to the Building Information Model (BIM) 
and Building Management System (BMS). Both academia and industry are actively working on this field, their work 
can be categorized into two domains: occupant interaction or customer engagement, contemporary automation. 
Regarding the first point, it is now becoming popular practice for the BMS operator to send the occupant emails alters 
when they have not switched off their lights after they leave home, which is a new way of customer interaction; the 
second point, which is the essential concept behind smart home, is also becoming the new high ground all technology 
giants in this field are contesting, such as Google’s Nest and Apple’s Home Kit. Their services cover from wireless 
control of thermostat of your air conditioner to home security insurance enabled by remote cameras. All these 
applications seem to be quite promising yet currently constrained by the economic and privacy considerations.       

District level. At district level, the digital transition mainly refers to the services about operational control and asset 
management. Currently most investigations about such applications are still conducted by academia. To give an 
example here, for solar energy suppliers, it is quite difficult to balance supply and demand; yet by applying advanced 
data analytics on real-time data on weather and electricity demand, it is possible for such solar energy suppliers to 
gain enough market intelligence in short term to optimize their pricing models. Similarly, the possibility of optimal 
scheduling and planning has also been unleashed through other papers [14, 15]. However, it must be pointed out that 
compared to the progress at component level and building level, what have been achieved at district level is not 
enough. Although there are couples of demonstration projects worldwide [16, 17], yet most district energy system are 
still operated in the traditional manner. In this sense, this is where the next-step digital transition of urban energy 
system should target. 
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City level. At city level, the digital transition becomes a complicated conception again, because it encompasses all 
entities across the energy system value chain. The consulting report from McKinsey presents a visional landscape of 
such digital urban energy system from four aspects: digital plant and field work, digital asset management, digital 
grid, digital consumer engagement [18]. Currently we must admit that the digital transition for a wholescale city energy 
system is still at infant stage; it is expected that will there be substantial development of wholescale urban energy 
system digitalization only such digital transition has been proved to be successful and beneficial through some 
demonstration projects.   

4. Prospects in urban energy system digital transition 

Through the discussion in previous sections, it can be concluded that urban energy system digital transition is a 
promising trend in the coming decades; however, such transition is still not mature right now particularly at city level. 
So, in this section we strive to propose several important yet currently overlooked prospects regarding such digital 
transition.   

1.  Ontology framework as data repository. As it has been mentioned earlier, data heterogeneity both structurally 
and semantically is a main hinder for data integration in urban energy system digitalization. In such cases, ontology 
has proved to be a powerful tool to overcome such data heterogeneity. So, it is almost sure that a well-designed 
ontology framework is needed in the future scenario of digital city as a centralized repository. Ideally, all the data 
from all sectors across the urban energy system value chain should be integrated through the ontology platform before 
further applications can be developed as shown in Fig.3.  

 

  
Fig.3 Ontology based data integration in urban energy system digitalization 

  
2. Blockchain enabled Machine to Machine (M2M) communication. Another promising technology in the future 

digitalization of urban energy system is Blockchain [19]. Blockchain, as a distributed database that maintains a 
continuously growing list of records, can serve as a perfect ledger in the digitalized city. Through the digital transition 
of urban energy system, data privacy and security would be a critical issue. No one would share their personal data to 
the public unless their privacy can be protected in a well-trusted manner; blockchain has been proven to be able to 
provide such capability. There have been several papers discussing the possibility of integrating blockchain 
technology into the future urban energy system operation [20]; particularly in the future scenario of Internet of Things 
(IoT), blockchain enabled M2M communication would become an important player to allow the possibility of real-
time trade and optimization,    

3. Interdisciplinary collaboration.  Finally, it should be noted that digital transition of urban energy system is indeed 
a quite interdisciplinary task that needs collaborative efforts from multiple fields, like data scientist from computer 
engineering, urban designer with architecture background, mechanical engineer with energy planning specialty.  There 
is no way that the digital transition of urban energy system can be achieved easily by individual effort from one 
discipline, it is highly encouraged that researchers from all related domains should work together to formulate 
productive teamwork to push the digitalization progress forward. 
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5. Conclusion 

This paper presents a concise summary about the current progress and future prospects of urban energy system 
digital transition. Urban energy system, as a complex system, can be decomposed into equipment level, building level, 
district level, city level in terms of hierarchy structure; can be decomposed into generation, transmission, storage and 
demand side in terms of horizontal structure. It is suggested that hierarchy structure should be deployed to direct the 
urban energy system digital transition. The technology readiness level of urban energy system digitalization 
technology at different hierarchy levels are different: although the technology readiness level of digital transition at 
building scale is already above technology demonstration; yet the technology readiness level of digital transition at 
district and city level are still below technology development. At equipment level, the digital transition requires the 
change of perspectives; at building level, the digital transition is mainly about occupant interaction and contemporary 
automation; at district level, the digital transition mainly refers to the services about operational control and asset 
management; at city level, the digital transition would result a smart city. The paper also points out three prospects 
which would be worthy digging into during the next stage: ontology data framework development, blockchain enabled 
Machine to Machine (M2M) communication and interdisciplinary collaboration. It is expected that by collaborative 
effort from data scientist, urban planner and energy engineer, the digital transition of urban energy system would bring 
fundamental changes to the operation and management of our cities.  
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