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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 

The advance in information technology has enabled the real-time monitoring and controls over building operations. Massive 
amounts of building operational data are being collected and available for knowledge discovery. Advanced data analytics are 
urgently needed to fully realize the potential of big building operational data in enhancing building energy efficiency. Data 
mining (DM) technology, which is renowned for its excellence in discovering hidden knowledge from massive datasets, has 
attracted increasing attention from the building industry. The rapid development in DM has provided powerful mining methods 
for extracting insights in various knowledge representations. Gradual pattern mining is a promising technique for identifying 
interesting patterns in big data. The knowledge discovered is represented as gradual rules, i.e., ‘the more/less A, the more/less B’. 
It can bring special interests to building energy management by highlighting co-variations among building variables. This paper 
investigates the usefulness of gradual pattern mining in analysing massive building operational data. Together with the use of 
decision trees, motif discovery and association rule mining, a comprehensive mining method is developed to ensure the quality 
and applicability of the knowledge discovered. The method is validated through a case study, using the real-world data retrieved 
from an educational building in Hong Kong. It shows that novel and valuable insights on building operation characteristics can 
be obtained, based on which fault detection and optimal control strategies can be developed to enhance building operational 
performance.  
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1. Introduction 

Adopting the Building Automation System (BAS) for the real-time monitoring and controls of the building 
services systems has become a top trend in the building sector. As reported by Waide et al. (2013), approximately 22% 
of the energy consumed during building operations can be saved through the use of advanced building automation 
technologies. Considering that building operations account for 80-90% of the total building energy consumption, 
reliable and robust BAS-based building energy management methods are urgently needed to achieve building 
sustainability.  

One promising approach is to perform knowledge discovery from the massive amounts of building operational 
data collected by BAS. Building operational data typically record the indoor and outdoor environment, power 
consumptions and operating parameters of different building services systems or components. The knowledge 
hidden can be very helpful for improving the building energy efficiency. As reviewed by Ma and Wang (2009), 
previous studies mainly adopted traditional data analysis methods, such as statistics and physical principles, to 
analyze building operational data for predictive modeling, fault detection and diagnosis, and control optimization. 
Despite of the encouraging research results, such data analysis methods are neither efficient nor effective when 
analyzing massive amounts of data. Advanced data analytics for analyzing building operational data are urgently 
needed to fully realize the potential of big building operational data. 

Data mining (DM) is a powerful technology in discovering potentially useful knowledge from large and noisy 
data. It has been successfully applied in various industries, such as retails, financial services and health care [Liao et 
al. 2012]. DM techniques can be generally classified into supervised and unsupervised techniques. Supervised 
techniques are capable of revealing the complex relationships between input and output variables. In the building 
field, existing studies mainly applied supervised DM to facilitate the predictive modeling of building energy 
consumptions, system performance indices, and indoor environment [Molina-Solana et al. 2017]. Unsupervised DM 
is useful for identifying the intrinsic data structures, correlations and associations. It has been applied to identify 
typical building operation conditions, operating behaviors, and interactions among building variables [Yu et al. 
2016]. Association rule mining (ARM) is one of the most powerful unsupervised DM techniques. The knowledge 
discovered is highly interpretable and typically represented as a rule, i.e., !A→B , stating that if event A happens, B 
will also happens. Conventional ARM algorithms, such as Apriori and FP-growth, are suitable for mining 
associations between categorical variables. Such algorithms have been applied to extract associations among 
building operational data [Xiao and Fan 2014]. Considering that building operational data are mostly numerical data, 
some studies have adopted quantitative association rule mining (QARM) as the mining technique [Fan et al. 2015]. 
QARM adopts a data-driven approach to automatically identify the intervals for data discretization. Another research 
direction is to explore the temporal associations in building operational data [Fan et al. 2015].  

Despite of the usefulness of the abovementioned ARM techniques, the knowledge discovered can only describe 
the co-occurrence of different events or conditions. There lacks methodologies to examine the co-variations between 
building variables. Gradual pattern mining, which is a special branch of ARM, can be utilized to discover gradual 
patterns (or co-variations). This study investigates the power of gradual pattern mining in analyzing massive 
building operational data. Together with the use of decision trees and motif discovery, a comprehensive 
methodology is proposed to enable the discovery of applicable knowledge for building energy management.  

2. Research Methodology 

2.1. Research outline 

Fig. 1 depicts the research outline. The left side illustrates the overall knowledge discovery process and the right side 
shows the techniques or methods used at each mining phase. Data cleaning is performed to handle missing values 
and outliers. Data partitioning is performed based on decision trees. The insights obtained are used to partition the 
whole building operational data into different groups for separate mining. The aim is to enhance the reliability and 
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robustness of the knowledge discovered. Subsequence filtering aims to identify the most frequent temporal patterns 
in building operations. It helps building operation staff to narrow down the amount of data to be analyzed and only 
focus on the most valuable or significant data subsets. The primary technique used for knowledge mining is gradual 
pattern mining. The knowledge discovered is represent as gradual patterns.  

 
Fig. 1. Research outline 

2.2. Data partitioning using decision trees 

Decision tree is a supervised DM technique, which has been widely used to capture the nonlinear and complex 
relationships between input and output variables. The model developed is highly interpretable and the insights 
obtained are used to provide guidance for data partitioning. 

Data partitioning should be performed based on typical building operation patterns. To achieve this target, the 
aggregated building cooling load is selected as the output variable, as it is a direct indicator of building operation 
patterns. The time variables, such as Year, Month, Day, Day type, Hour, Minute, are selected as input variables. The 
CART algorithm is selected for model development. It provides a data-driven approach for data partitioning. 

2.3. Subsequence filtering using motif discovery 

Building operational data are in essence time series data. The great dimensionality of time series data usually 
imposes great challenges in computing and knowledge mining. To tackle this challenge, the motif discovery is 
performed to identify the frequent subsequences in each data group. The benefits are two-fold. Firstly, it helps 
building operation staff to quickly identify the most dominant or significant temporal patterns in building operations. 
Secondly, the significant subsequences discovered can be used for further in-depth mining. It helps to narrow down 
the amounts of data to be analyzed while minimizing the risks of missing valuable knowledge.  

A computationally efficient algorithm is adopted in this study for motif discovery [Chiu et al. 2003]. The method 
is based on the concept of symbolic aggregate approximation (SAX) and random projection. The numeric time 
series is firstly transformed into symbols using the SAX method. Random projection is then performed to evaluate 
the similarity among different subsequences, based on which significant motifs are discovered. The validity of this 
method in identifying meaning motifs in building operational data has been proved in our previous studies [Fan et al. 
2015]. 

2.4. Knowledge mining using gradual pattern mining 

Gradual pattern mining is adopted in this study as the primary technique to discover a novel type of knowledge 
from the building operational data, i.e., the co-variations between variables. Such kind of knowledge was firstly 
explored as gradual dependency through the use of ARM and linear regression [Hullermeier 2002]. Various 
semantics have been proposed to represent such type of knowledge, such as fuzzy association rules and degree 
variations [Berzal et al. 2007; Molina et al. 2007]. As a scalable solution to mine large numeric data set, Di-Jorio et 
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