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ABSTRACT 
Submetering with mobile measurement technology offers substantial benefits for energy system 
analysis in small and medium-sized enterprises. However, the effective and systematic analysis 
of submetering datasets is challenging due to the lack of a standardized concept and the limited 
measurement period. Based on empirically collected submetering data from selected case 
studies, this study investigates which data analyses are relevant for a systematic data analysis 
approach. In addition, key indicators and limitations of these analyses are examined and 
discussed. The results indicate that the use of standardized data analyses contributes to a more 
efficient and targeted energy system analysis. By applying various disaggregation analyses (e.g. 
base load disaggregation) and load profile characterization to the datasets, relevant electrical 
consumers and inefficiencies can be identified. The developed standardized data analyses 
address the initial step of analysis, which is “detection”. Limitations of standardized data 
analyses point to the need for individual detailed analyses that cover “diagnosis” and 
“optimization” as further steps of analysis. In conclusion, the results provide a first approach 
towards a standardized data analysis for short-term measurements.  

KEYWORDS 
Energy efficiency, Energy system analysis, SMEs, Data analysis, Load profile analysis, Mobile 
measuring technology.  

INTRODUCTION 
The need to reduce energy costs has become increasingly important for enterprises due to 

rising energy prices in recent years. According to the German Association of Energy and Water 
Industries (BDEW) price analysis for Germany, electricity prices for industrial customers 
increased by 75% between 2013 and 2023 [1]. However, recent studies indicate that there is 
still a high potential for energy savings in the industrial sector [2]. Some studies identified 
untapped potential for cost-effective energy savings in non-energy intensive industries (cf. 
International Energy Agency-IEA & Organization for Economic Co-operation and 
Development-OECD (2018) [3]) and specifically in small and medium-sized enterprises 
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(SMEs) (cf. Institute for Resource Efficiency and Energy Strategies-IREES (2013) [4] and 
PricewaterhouseCoopers-PwC (2015) [5]). SMEs are defined by the European Union (EU) 
directive 2003/361/EG by quantitative factors (number of employees (< 250), annual turnover 
(< 50 M€) and annual balance sum (< 43 M€) [6]. In-depth energy system analyses and high 
quality energy audits have been proved to be valuable tools to address the untapped potential 
in enterprises [7].  

Individually, SMEs consume small amounts of energy but collectively their energy demand 
is profound. According to IEA estimates, SMEs consume more than 13% of total global energy 
demand [8]. In total, more than 22.5 million companies in the EU-27 are SMEs, representing 
99.8% of all companies [9]. Although being such important actors in terms of their energy use 
and potential for energy savings, SMEs are largely overlooked by current energy efficiency 
policy in the EU [10]. With the introduction of the Energy Efficiency Directive (EED, 
2012/27/EU) in 2012, the European Commission (EC) requires Member States to oblige large 
companies to regularly conduct mandatory energy audits unless they implement an energy 
management system and encourage SMEs to also undergo energy audits [11]. However, as 
there is no obligation to conduct energy audits in SMEs, a large energy reduction potential 
remains untapped.  

Albeit a wide range of cost-effective energy efficiency measures are available (cf. [12]), 
their implementation is lacking due to SME-specific barriers. Fawcett & Hampton (2020) [10] 
conclude with two overarching findings that are particularly relevant to SMEs regardless of 
sector: First, energy management functions are often concentrated on one single of very few 
individuals. Thus, individual beliefs and values of these persons are particularly important for 
SMEs’ energy management decisions. Second, SMEs tend to have less time and technical 
skills to consider energy efficiency opportunities and process relevant information [10]. 
Additionally, SMEs often do not have access to or use basic energy data (cf. [13]) nor do they 
have sufficient information on their energy costs [14]. Without using state of the art sensors 
and meters to monitor and control their energy consumption, SMEs are “data poor” and lack 
transparency on their energy and load flows [13]. Thus, solutions that address the energy 
efficiency potential of SMEs should improve an SMEs’ information base, in order for them to 
take appropriate measures [15].  

In this context, digital technologies open up new opportunities [16]. On the basis of 
technology screening conducted in the research project “Smart Technologies for Enterprises”, 
Smart Metering and energy monitoring systems were identified as the most promising 
solutions for SMEs [17]. They enable the collection, visualization and analysis of energy 
consumption data. Energy consumption data allows SMEs to assess and quantify their savings 
potential and understand their energy costs. In their energy audit approach for SMEs, Fresner et 
al. [18] conclude that linking the consumption to its drivers develops an understanding of the 
origin of energy consumption, the priorities and the potential for reduction. Hein et al. (2018) 
[19] highlighted that the use of measurement systems can significantly improve energy audits 
by providing SMEs with an easily accessible visualisation of consumption and representation 
of key cost drivers.  

However, the use of measurement systems requires time and effort. In the context of energy 
audits, consultants therefore prefer to calculate efficiency measures using projection methods 
rather than collecting data with a measurement system [19]. Consequently, the systematic and 
effective use of measurement systems to analyse energy systems can overcome the time / effort 
barrier and improve the quality of energy audits [20].  

Therefore, energy system analysis with mobile measuring technology was identified as a 
specific solution for SMEs, among other things, due to low installation effort and costs [15]. 
The use of mobile measuring systems enables the collection and analysis of sub-sectional 
energy consumption data, such as electrical sub-distributions (SDs) and consumption groups 
(CGs). The selected mobile measurement technology is specified for electrical power 
measurements. Mobile measurements with submetering of heat power are far more complex in 



Hilger, L., Schneiders, T., et al. 
Energy System Analysis with Mobile Measurement…  

Year 2024 
Volume 12, Issue 2, 1120501 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 3 

terms of installation effort [19]. Heat supply systems are also more heterogeneous in terms of 
the technical structure (gas boilers, district heat connection, etc.). Electricity distribution 
systems, on the other hand, are more comparable across all sectors (cf. [20]). For this reason, 
the focus has been on electricity-based analyses using mobile measurement technology to 
develop a generic measurement and analysis approach.  

Based on a generic measurement concept outlined in [20], mobile measurement technology 
can systematically disaggregate load flows of SMEs’ electrical power systems. Once collected 
in a short-term measurement, submetering data offers substantial benefits in terms of in-depth 
analyses compared to stationary metering (i.e. with a smart meter) of total consumption. The 
use of mobile measurement technology in grocery stores (cf. [21]) indicated potential for 
benchmark analyses and the determination of energy performance indicators (EnPIs). However, 
previous research has shown that the effective analysis of submetering data is challenging due 
to the lack of standardized concepts and the limited measurement period [15]. As a result, the 
submetering datasets just provide status quo information on the energetic condition of the 
measuring points. Long-term effects and seasonal influences on electricity consumption cannot 
be derived, as the measurement period varies between one and three weeks.  

Literature review shows that there is little research on the effective and systematic data 
analysis of submetering data based on mobile measurement technology. Existing load profile 
analysis guidelines focus on the total load and longer time series (i.e. annual consumption data) 
(cf. [22]). Mechanisms to disaggregate the total load into specific consumption groups (e.g. 
using AI-based algorithms) have so far been limited to applications in the residential sector (cf. 
[23]), as the consumption structure of SMEs is too diverse to apply any kind of disaggregation 
algorithm. Thus, the use of measurement technology to collect submetering data is necessary to 
perform any kind of consumption disaggregation analysis in SMEs.  

This study aims to develop a standardized approach to data analysis using mobile 
measurement technology in SMEs. Therefore, the present research is framed by the following 
research questions: 

(1) Which data analyses are relevant for a systematic data analysis concept? What are the 
indicators that trigger these data analyses? 
(2) To what extent is the data analysis process generalisable? What are the limitations? 
As the data analysis is significantly influenced by the applied measurement concept 

(cf. [20]), no comparable datasets are available in the literature. Therefore, this research 
focuses on the analysis of empirically collected submetering data from selected case studies by 
adopting a qualitative and explorative approach.  

The paper is structured as follows. In the next section, the basics of the applied 
measurement concept are described, the characteristics of the collected submetering data are 
pointed out, and the main methodical steps towards a standardized data analysis concept are 
developed. In the results section, based on data analysis approaches from existing research, 
several systematic data analyses are developed. Furthermore, indicators that trigger each data 
analysis as well as related limitations are discussed. Finally, the conclusion summarizes the 
findings of the present research and suggests approaches for future research. 

 
METHOD 

The presentation of the methodology is structured as follows. Firstly, the basics of the applied 
measurement concept are described. Secondly, characteristics of the empirically collected 
submetering data are pointed out. Finally, methodological approach towards a standardized data 
analysis concept is developed.  
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Measurement concept  
The measurement concept provides a generic methodological framework to use mobile 

measurement technology for the energy system analysis of enterprises. Accordingly, it ensures 
the systematic and efficient collection of submetering data for subsequent data analyses. A 
detailed step-by-step process of data collection linked to the applied measurement concept is 
provided in [20]. The concept can be divided into two main sections, each of which has several 
sub-sections. Figure 1 illustrates the measurement concept with the main sections Measurement 
Preparation (1) and Measurement Operation (2). While step (1) covers preparatory and 
organizational measures related to the measurement, step (2) describes measures to perform 
short-term measurements with mobile measurement technology.  

 

 
 

Figure 1.  Measurement concept to ensure an efficient and systematic use of mobile measurement 
technology for the energy system analysis (adopted and further developed from [20]) 

The mobile measurement technology is temporarily installed; that is, short-term 
measurements are conducted for up to three weeks. Due to this time limitation, it is important to 
consider operational processes during the measurement (e.g. high order volume leading to high 
consumption). In addition, data validation is necessary to ensure reliable data for the subsequent 
analysis process. As a further technical requirement, remote access to the submetering data 
ensures plausibility checks during the measurement and facilitates data export from a Structured 
Query Language (SQL)-server [21].  

The applied mobile measurement technology was selected based on specific criteria (cf. 
detailed criteria evaluation in [15]). First, the more consumers are measured in parallel, the more 
effective the disaggregation of consumption. Therefore, a measurement case was selected that 
allows the parallel measurement of up to six three-phase consumers. Second, electrical power 
systems in enterprises are often divided into several physically separated sub-distributions. 
Accordingly, the measurement system consists of three measurement cases, raising the maximum 
number of parallel measurable consumers to 18. As a result, the measurement system is flexible in 
its range of applications – an important aspect when dealing with the heterogeneous application 
field of SMEs [16].  
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Characteristics of submetering data 
Three-phase electrical consumers can be measured inductively without interrupting the power 

supply system by installing Rogowski coils or split-core current transformers on each phase. The 
conductor current (primary side) induces a proportional current signal on the secondary side of the 
transducer [24]. This signal is then transferred to the measurement controller and converted into 
digital data. Additionally, the voltage signal is tapped from the enterprises’ electricity network. 
Thus, the average active power consumption 𝑃𝑃avg in a time period 𝑇𝑇 equals the product of voltage 
(𝑈𝑈), current (𝐼𝐼) and power factor 𝜑𝜑 (cosine of the phase angle between current and voltage) [25]:  

 

𝑃𝑃avg =  
1
𝑇𝑇

× �𝑢𝑢(𝑡𝑡) × 𝑖𝑖(𝑡𝑡) 𝑑𝑑𝑡𝑡 =
𝑇𝑇

0

𝑈𝑈 × 𝐼𝐼 × cos (𝜑𝜑) (1) 

 
The total power consumption of a three-phase consumer can be calculated by adding the 

active power consumption of the three phases [26]. The measurement system records the data per 
second and stores it into databases on an SQL-server (assuming stable data reception). 
Aggregated data is also recorded to facilitate data access (e.g. 15-minute averages).  

Concerning measurement priorities, Pareto principle is applied; that is, consumers responsible 
for 80 % of the total electricity consumption are identified [27]. The measurement concept thus 
follows a top-down approach. Starting at the low voltage main-distribution (LVMD), the load 
flows of connected sub-distributions (SDs) and consumption-groups (CGs) are measured. This 
allows to structure electrical power systems into specific levels as illustrated in Figure 2. 
Whereas data series of sites or areas usually represent a mix of different electrical consumers, 
CGs supply technical devices with identical characteristics or intended use. Thus, the most 
detailed information on consumption behavior can be obtained from a single measured consumer 
(e.g. a supply air motor in a ventilation system).  

 

 
 

Figure 2.  Breakdown of company structure and corresponding levels of the electrical distribution 

The measurement concept aims to disaggregate the electrical distribution of each level as well 
as possible. Therefore, both input load flows (e.g. the total load flow of a main distribution) and 
output load flows (e.g. several SDs or CGs) of each level are measured simultaneously. Taking 
these measurement principles into account, a prepared submetering dataset is formatted as shown 
in Table 1. Therein, time stamp describes the duration of the measurement from start date (𝑡𝑡1) to 
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the end (𝑡𝑡2). For the application of the standardized data analyses to be developed, a measurement 
resolution of 15 minutes is set as standard. The other columns contain the active power data 𝑃𝑃 of 
𝑛𝑛 measured main-distributions (MDs), sub-distributions (SDs) and consumption-groups (CGs). 
The prepared submetering dataset thus contains both input load flow and several output load 
flows recorded in parallel.  

 
Table 1.  Formatting of a prepared submetering dataset 

time stamp MDn 
(kW) 

SDn 
(kW) 

… CGn 
(kW) 

t1 PMD (t1) PSD (t1) … PCG (t1) 
… … … … … 
t2 PMD (t2) PSD (t2) … PCG (t2) 

 
Due to the limited measurement period, the submetering data just represent a snapshot of the 

current energetic condition of the enterprise. Therefore, data validation is necessary before the 
data analysis process. This can be done either by comparing the submetering data with the utility’s 
registered metering data (historical data and data during measurement period), or by relating the 
sum of the output load flows to the input load flow at each measurement location in the 
hierarchical structure of the electrical distribution (cf. Figure 2). The developed data analyses 
show individual options for data validation in the results section.  

Method to develop a systematic data analysis concept 
Three main methodological steps are necessary to explore the research questions. Firstly, a 

series of short-term measurements carried out in enterprises serve as case studies. That is, mobile 
measurements in office buildings, metalworking industries and ventilation systems are included 
in this study. Secondly, based on the conducted case studies, submetering datasets are prepared. In 
a third step, standardized data analyses are developed. Finally, indicators and limitations related to 
the data analyses are explored and discussed. Figure 3 illustrates the method of the present 
research.  

 

 
 

Figure 3.  Method to develop a systematic data analysis concept  
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RESULTS 
The presentation of the results is structured as follows. First, each data analysis is shortly 

motivated, i.e. by highlighting its general applicability and importance. Second, a procedure 
for data processing and visualization of the respective analysis is presented. That is, on the 
basis of prepared submetering datasets from case studies, the analyses are carried out 
exemplarily. Finally, options for data validation are presented for the respective analyses.  

Results point to four standardized data analyses. Consumption disaggregation, base load 
disaggregation and peak load disaggregation are disaggregation analyses that allocate the total 
consumption and the active power of the base load and peak load to the measured distributions 
and electrical consumers. Load profile characterization allows to describe the operating 
conditions and behavior of electrical distributions and electrical consumers.  

Consumption disaggregation 
The submetering datasets allow to disaggregate the total consumption (e.g. of a main 

distribution or sub-distribution) to individual sections (e.g. building blocks, electrical SDs or 
CGs). Thus, a basic understanding of the origin of energy consumption is created (cf. [18]). 
Furthermore, consumption disaggregation aims to identify significant energy users (SEUs), i.e. 
sections, areas or consumers that account for a large share of total consumption. These areas 
can then be targeted to identify inefficiencies and define appropriate measures.  

Based on the measurement concept presented, consumption disaggregation can be 
implemented as follows. At a measured electrical main-distribution (MD) or sub-distribution 
(SD), the input load flow and several output load flows are measured in parallel. In a time 
period ∆𝑇𝑇  (e.g. usually a reference week from the measurement period), the energy 
consumption of the input load flow 𝑊𝑊in is allocated to the output load flows 𝑊𝑊out n. This can 
be done in absolute terms (kilowatt hour, kWh) or as a percentage of the input load flow, which 
is equal to 100%. The basic principle of consumption disaggregation is illustrated in Figure 4.  

 

 
 

Figure 4: Basic principle of consumption disaggregation 

According to the top-down measurement principle, consumption disaggregation starts at 
the low voltage main-distribution (LVMD) (cf. Figure 2). From this level, further 
main-distributions, sub-distributions and consumption-groups are measured. Any further 
disaggregation of consumption usually requires additional measurements and time. Therefore, 
the cost-benefit ratio of each additional measurement must be considered when planning the 
measurement campaign.  

Figure 5 visualizes exemplarily the results of consumption disaggregation for an office 
building using a Sankey diagram. Alternatively, pie charts can be used to illustrate the 
distribution of load flows. This case study covered the measurement of the building’s 
main-distribution and its disaggregation to connected SDs and CGs. Thus, several SDs, which 
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supply different areas of the building, and CGs such as server, heating, refrigeration and 
elevator could be measured. The analysis covers a period of one reference week from the 
submetering dataset. Accordingly, the total consumption of the main-distribution in the 
reference week (18,743 kWh) is disaggregated to the recorded measurement points. By 
disaggregating to almost 100% of the total consumption, this example represents a best-case 
scenario for this type of analysis.  

 

 
 

Figure 5.  Consumption disaggregation at the main distribution of an office building 
visualized in a Sankey diagram  

To validate the measurement data, the power consumption of the measured input data series 
(reference week) was compared with the mean weekly power consumption of historical 
registered metering data. The results show a deviation of 1.7 % between the measured 
reference week and the historical mean weekly power consumption, indicating that the defined 
reference week represents a typical operating behavior of the measurement object. A 
comparison of the measured power consumption of the reference week with registered 
metering data during the measurement period shows a deviation of 3.4 %. Since this is within 
the measurement accuracy of the measurement system, it can be assumed that the measurement 
data is plausible to apply consumption disaggregation to the dataset.  

Base load disaggregation 
Base load is defined as the permanent minimum load in electric power systems [15]. Thus, 

there’s a strong economic incentive to reduce base load consumption. Typical base load 
consumption occurs during off-peak hours, e.g. at night or weekends. However, this depends 
on the specific operations of the enterprise. As an initial step to reduce base load consumption, 
consumers responsible for base load consumption must be identified. Data collection and 
visualization with mobile measurement technology can provide detailed information on base 
load consumption [15]. Thus, base load disaggregation represents a standardized data analysis 
for short-term measurements.  

In a similar approach to consumption disaggregation, the total base load of a measured level 
(e.g. MD or SD) is disaggregated (Figure 6). This can be done in a standardized way as 
follows. First, the average base load of the input load flow 𝑃𝑃base_input and the output load flows 
𝑃𝑃base_output are read visually or calculated with a tool. A time range of a reference week or the 
entire measurement period can be used. Second, both absolute values and percentage shares of 
each sub-distribution or consumption-group can be visualized as part of the total base load of 
the input load flow. The individual values and shares can then be used to identify electrical 
consumers responsible for base load consumption.  
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Figure 6.  Basic principle of base load disaggregation  

Figure 7 shows exemplarily the results of base load disaggregation in an office building 
using pie charts. The analysis showed that approx. 55% (26.64 kW) of the total base load can 
be allocated to the sub-distributions, each of which serves individual areas of the building. 
Workspaces and office equipment were thus identified as the consumers responsible for most 
of the total base load consumption. Further relevant base load consumers are the server-room 
and the refrigeration system responsible for the cooling of the server-room (cf. Figure 7). Base 
load disaggregation thus provides a first approach to identify relevant base load consumers. In 
a further step of analysis, load profile characterization can be used to analyse base load 
consumption in more detail (cf. section load profile characterization).  

 

 
Figure 7.  Base load disaggregation at the main distribution of an office building 

visualized in pie charts 

Validation of the measurement data with historical registered metering data from the 
measurement object indicates that the total base load over the measurement period corresponds 
to the typical operating conditions of the measurement object (deviation 4.1 %).  

Peak load disaggregation 
In an electric power system, the analysis and reduction of peak loads is particularly 

important in terms of energy cost savings [15]. In Germany, enterprises with an electricity 
consumption of more than 100,000 kWh per year are charged with a commodity price (€/kWh) 
and a capacity charge (€/kW). As the capacity charge depends upon the highest annual energy 
demand, peak loads have a direct impact on the enterprises’ energy costs. While shifting and 
reducing peak loads is common practice in enterprises with professional energy management, 
SMEs have not yet realised their full potential. Thus, the first step is to identify peak loads, i.e. 
to analyse the time period and frequency of peak loads [28]. In a second step, based on mobile 
measurement technology and submetering data, peak loads are disaggregated. This allows to 
identify consumers responsible for peak loads and implement appropriate measures to 
reduce them. 



Hilger, L., Schneiders, T., et al. 
Energy System Analysis with Mobile Measurement…  

Year 2024 
Volume 12, Issue 2, 1120501 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 10 

Figure 8 illustrates the basic principle of peak load disaggregation for submetering 
datasets. The first step is to determine the time 𝑡𝑡peak at which the total peak load 𝑃𝑃peak_input of 
the input load flow of a measured level (e.g. MD, SD) occurred during the short-term 
measurement. Then the active power of the output load flows 𝑃𝑃peak_n can be disaggregated at 
time 𝑡𝑡peak . To further investigate which sub-distribution or electrical consumer has an 
increased power consumption at time 𝑡𝑡peak, the data immediately before and after the peak 
load should also be considered. In this way, it is possible to analyse the load gradient of each 
measuring point that may be responsible for the peak load.  

 

 
Figure 8.  Basic principle of peak load disaggregation 

The results of a peak load disaggregation are visualized in a bar chart based on a 
submetering dataset from a metalworking industry (Figure 9). The peak load (110 kW) of the 
submetering dataset was recorded at 10:15 am. The bar chart also shows the disaggregation of 
the loads before and after the occurrence of this peak. Further, the measured sub-distributions 
and consumption-groups are labelled. In this specific example, peak load can be attributed to 
an increased load of the compressor and several machines, whereas other consumers such as 
lighting or the lounge do not have a major impact on the peak load. Accordingly, the consumers 
responsible for the peak load during the measurement were identified.  

 
Figure 9.  Peak load disaggregation at the main distribution of a metalworking industry 

visualized in a bar chart 
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Peak load disaggregation can thus provide a basis for further analysis, such as identifying 
the flexibility potential of consumers responsible for peak loads.  

As just the highest annual peak load is charged in the electricity bill of the energy provider, 
a comparison between the highest annual peak load (e.g. from historical registered metering 
data) and the peak loads which occurred during the measurement period is necessary. In the 
example given in Figure 9, peak loads during the measurement period were about 18 % lower 
than the highest annual peak load. Nevertheless, peak loads that have occurred can be clearly 
attributed to electrical consumers, as the example in Figure 9 illustrates.  

 

Load profile characterization 
Due to their temporary usage, mobile measurements provide a snapshot of energy 

consumption in enterprises. However, previous analyses and case studies indicated that the 
operating behavior of electrical consumers can be interpreted based on submetering data from 
short-term measurements [15]. The more precisely the disaggregation of electricity 
consumption (cf. level structure, Figure 2) the more detailed the analysis of load 
characteristics [29]. Therefore, the analysis of load characteristics is particularly effective 
when consumption groups or even single consumers on machine level are measured.  

Two steps are required to perform load profile characterization (cf. Figure 10). First, the 
output load flows of a measured level are clustered by day type and visualized in scatter plots. 
Clustering is necessary to analyse the operating behavior specifically for each day type cluster 
(e.g. Monday to Friday vs. Saturday and Sunday). In scatter plots, daily load profiles of each 
day type cluster are visualized as a set of points. This allows to observe the total dataset of each 
measured load flow in a single diagram. Subsequently, consumption behavior and operating 
conditions of the load flows can be analysed through visual observation of the scatter plots. In 
addition, box plots can illustrate the dispersion of the data at each discrete time value 
throughout the day. The interquartile range (IQR) can be used as a measure of dispersion of the 
data at each discrete time value. The IQR [kW] is calculated as the difference between the third 
quartile 𝑄𝑄3 and the first quartile 𝑄𝑄1 (2) [30]:  
 

𝐼𝐼𝑄𝑄𝐼𝐼 =  𝑄𝑄3 − 𝑄𝑄1 = 𝑄𝑄0.75 − 𝑄𝑄0.25 (1) 

 

Thus, 50% of all data points for each discrete time value are always within the IQR. 
Consumption patterns and anomalies (e.g. outliers) can also be detected based on the IQR 
calculation. A common approach is to identify the data points outside 1.5 times the IQR as 
outliers [30]. As the whiskers of the box plot indicate the range 𝑄𝑄1 −  1.5 (𝐼𝐼𝑄𝑄𝐼𝐼)  and 
𝑄𝑄3 +  1.5 (𝐼𝐼𝑄𝑄𝐼𝐼), outliers can be detected by visual analysis of the scatter plots. 

 

 
 

Figure 10.  Basic principle of load profile characterization 
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Furthermore, scatter plots allow the data series to be categorized by operating and 
non-operating time. Thus, the behavior of the electrical consumers can be interpreted 
individually for each timeline. The same applies to the calculation of IQR values as a measure 
of the average dispersion of the values in the on and off periods.  

Statistical analysis of the measurement series has been identified to describe load 
characteristics based on calculated parameters. Similar to the approach described in Gontarz et 
al. (2015) [31], load characteristics of sub-distributions and consumption-groups can be 
described according to these parameters (e.g. constant load vs. controlled constant load vs. 
variable load). As the statistical analysis is beyond the scope of this paper, future research 
could address potential and limitations for short-term measurement data.  

The results of load profile characterization are illustrated based on submetering data of a 
supply air motor and a compressor (Figure 11 and Figure 12). Therefore, both scatter plots 
contain all measurement data from the short-term measurements clustered by day type 
“operating days”.  

Visual analysis of the scatter plots allows the following conclusions about consumer 
behavior and operating conditions. Daily operating time is clearly visible in the scatter plot of 
the supply air motor (06:30 am to 10:00 pm) (Figure 11). Box plots indicate that the power of 
the motor does not vary much over time. Thus, consumption behavior can be described as 
almost constant during the operating time. Visual analysis of the non-operating times shows 
that the supply air motor is in standby mode with virtually no power consumption.  

 

 
 

Figure 11.  Load profile characterization of a supply air motor visualized in a scatter plot 
(18 operating days) 

 
Daily operating time is also visible in the scatter plot of the compressor (06:00 am to 11:00 

pm) (Figure 12). Box plots illustrate the cyclical cycling of the compressor during the 
operating and non-operating time series. Consumption behavior can be described as variable 
throughout the whole day. Visual analysis of the non-operating time series indicates a base load 
consumption of approx. 1-2 kW.  
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Figure 12.  Load profile characterization of a compressor visualized in a scatter plot 

(9 operating days) 

The load characteristics of the supply air motor and compressor can also be compared by 
calculating the mean IQR values (𝐼𝐼𝑄𝑄𝐼𝐼avg) for operating and non-operating time series. The 
calculated values are shown in Table 2.  

 
Table 2.  Comparison of IQRavg values of the supply air motor and the compressor during operating and 

non-operating time series 

Time series IQRavg Supply air motor [kW] IQRavg Compressor [kW] 
Operating 0,63 2,06 
Non-operating 0,20 0,66 
 
On the one hand, the 𝐼𝐼𝑄𝑄𝐼𝐼avg values indicate a higher dispersion in the operating time series 

than in the non-operating time series. Furthermore, the 𝐼𝐼𝑄𝑄𝐼𝐼avg values of the compressor are 
about three times higher than the supply air motor in both time series. The values shown in 
Table 2 can serve as indicators to evaluate load characteristics of measured sub-distributions, 
consumption-groups and single electrical consumers.  

To sum up, visual observation allows to draw conclusions about the operating behavior of 
electrical consumers and sub-distributions. Results indicate that particularly cross-cutting 
technologies such as ventilation systems, compressed air systems or refrigeration systems can 
be systematically clustered according to their load characteristics. Assuming a data pool 
containing various load profiles for each cross-sectoral technology, characteristics and 
indicators for an efficient consumption behavior can be developed.  

Further details of consumption behavior can be analysed by reducing the measurement 
resolution. However, the application of a more detailed load profile analysis also depends on 
the individual type of load or consumer measured. For instance, the cycle time of a compressor 
(compressor switches on and off) is often not visible in the 15-min average values. Thus, it is 
necessary to analyse the consumption behavior at a lower measurement resolution (e.g. 10-s).  

DISCUSSION 
This section discusses the results of the present research. Therefore, the measurement 

resolution as well as key indicators and limitations of each data analysis are examined. On this 
basis, a standardized data analysis concept for short-term measurements in SMEs is derived 
and critically reflected.  
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Table 3 compares the identified standardized data analyses in terms of three main aspects: 
Firstly, the required measurement resolution for each data analysis is discussed. Secondly, the 
key indicators for the data analyses are explained. Thirdly, the limitations of the data analyses 
are highlighted, whereas both technical and analytical aspects are considered. 

 
Table 3.  Measurement resolution, indicators, and limitations of the standardized data analyses 

Data analysis Measurement 
resolution Indicators Limitations 

Consumption 
disaggregation 

15-min Load flows and / or 
SEUs unknown  

Technical: Restricted access to the 
electrical structure prevents installation 
of measurement equipment and / or 
outgoing load flows exceed available 
measurement equipment  
Analytical: detection of load flows or 
SEUs, approaches for diagnosis, no 
optimization  

Base load 
disaggregation 

15-min Total base load and / or 
base load consumers 
unknown 

Technical: Restricted access to the 
electrical structure prevents installation 
of measurement equipment and / or 
outgoing load flows exceed available 
measurement equipment; no base load 
pre-check possible prior to measurement 
installation 
Analytical: detection of total base load or 
base load consumers, approaches for 
diagnosis, no optimization 

Peak load 
disaggregation 

15-min Total peak load and / or 
peak load consumers 
unknown 

Technical: Restricted access to the 
electrical structure prevents installation 
of measurement equipment and / or 
outgoing load flows exceed available 
measurement equipment; no peak load 
pre-check possible prior to measurement 
installation 
Analytical: detection of total peak load or 
peak load consumers, approaches for 
diagnosis, no optimization 

Load profile 
characterization 

15-min 
(10-s*) 

Consumption behavior 
and operating conditions 
unknown  

Technical: Restricted access to the 
electrical structure prevents installation 
of measurement equipment and / or 
outgoing load flows exceed available 
measurement equipment; no peak load 
pre-check possible prior to measurement 
Analytical: detection of inefficiencies, 
diagnosis of consumption behavior or 
operating conditions, approaches for 
optimization  

*depending on type of electrical consumer 
 
The standard measurement data resolution for all analyses is 15-min. Load profile 

characterization may indicate the need for further detailed analyses with a lower measurement 
data resolution depending on the consumer being measured and its consumption behavior. The 
use of a unique measurement resolution enables the standardized application of the developed 
data analyses to a single exported and prepared submetering dataset. Thus, overall efficiency of 
the analysis is increased.  
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Consumption disaggregation is a first step for SMEs to create transparency about energy 
and load flows. Therefore, unknown load flows or SEUs are the key indicator for this data 
analysis. Limitations are of technical nature: Firstly, there may be limited access to the 
electrical structure during installation of measurement technology, which prevents the 
installation of measurement equipment (e.g. current transformers). Secondly, the number of 
load flows may exceed the number of sensors available. Thus, certain load flows must be 
excluded from the measurement. Nevertheless, measurement planning should be carried out to 
maximise the disaggregation of the input load flow. The analysis itself enables the 
identification of relevant load flows and SEUs. A Diagnosis of consumption behavior and 
analysis of optimization potential is not possible with this standardized data analysis.  

Peak and base load disaggregation are analyses that provide information about the 
composition of both peak and base load consumption. Therefore, these analyses are triggered 
by the key indicator that no information is yet available on both peak and base load 
consumption. The technical limitations are the same as for consumption disaggregation. In 
contrast to consumption disaggregation, it is not possible to check the amount of peak or base 
load per load flow during measurement installation. This increases the probability that load 
flows with less important peak and base loads are measured. From an analytical point of view, 
both analyses enable the detection of consumers responsible for peak and base load 
consumption. Approaches for further diagnosis can be developed. However, optimization 
potential cannot be directly derived from peak and base load analyses.  

Load profile characterization provides a deeper insight into the consumption behavior and 
operating conditions of measured load flows. A lack of information on the behavior of loads or 
sub-distributions is therefore the key indicator for this analysis. While the technical limitations 
are the same as for the other data analyses, the analytical aspects allow a diagnosis of 
consumption behavior and operating conditions. The results of load profile characterization 
can also serve as a basis for the optimization of electrical consumers or load flows.  

In summary, the four data analyses can be combined to a standardized data analysis concept. 
This concept can be used not only for the analysis of individual cases, but also generically for 
energy system analyses in the heterogenous field of SMEs. The data analysis concept thus 
proposes a systematic approach to perform data analysis using mobile measurement 
technology. All data analyses are dependent on the application of the measurement concept, 
which describes the systematic collection of submetering datasets. Figure 13 visualizes the 
concept and arranges the data analyses according to three steps of analysis, from detection 
through diagnosis to optimization: 

- Detection: Identification of anomalies in electricity consumption (e.g. relevant 
consumers, base load and peak load consumers) 

- Diagnosis: Determination of the causes of identified anomalies (e.g. insufficient control 
or consumption patterns) 

- Optimization: Analysis of optimization potential (e.g. optimization of operating hours) 
 

 
Figure 13.  Standardized data analysis concept 
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The standardized data analyses include the identification of load flows and consumers 
causing peak and base loads. They also enable approaches for diagnosis (e.g. evaluation of 
specific inefficiencies) and the optimization of consumers (e.g. operating conditions). 
Nevertheless, all analyses also point to aspects that could be considered in further detailed 
analyses (cf. Figure 13). These analyses cannot be standardized, as they depend on the 
individual circumstances of the measurement object. Thus, they’re not part of the standardized 
analysis concept.  

CONCLUSIONS 
The aim of this exploratory study is to develop a standardized data analysis approach using 

mobile measurement technology in SMEs. In a first step, the characteristics of the submetering 
datasets were systematically elaborated. In a second step, standardized data analyses were 
identified based on empirically collected data of selected case studies. In a third and final step, 
both indicators and limitations of the identified data analyses were discussed.  

The results point to four standardized data analyses that can be applied generically in the 
context of energy system analysis with mobile measurement technology. In detail, 
consumption disaggregation creates transparency about the energy and load flows, peak and 
base load disaggregation provide details about electrical consumers responsible for peak and 
base load consumption. Finally, load profile characterization allows a deeper analysis of the 
behavior and operating conditions of sub-distributions and single electrical consumers. 
However, the results of the exploratory study point to both technical and analytical limitations 
of the identified data analyses. Technically, data analyses are limited by a restricted access to 
the electrical structure and a maximum number of sensors available. Analytically, most of the 
analyses can be assigned to the initial step of “detection” (e.g. detection of inefficient 
consumers). “Diagnosis” and “optimization” represent further steps of analysis, which often 
require individual detailed analyses for a specific measurement object. However, the 
application of standardized data analyses delivers indicators that point to these individual 
detailed analyses.  

In conclusion, the present research contributes to the further development of a systematic 
energy system analysis based on short-term measurements. Thus, the research supports the 
reduction of energy consumption and environmental impact of SMEs. In future research, it will 
be necessary to analyse the potential of submetering datasets in detail using statistical methods. 
In a first step, methods of descriptive statistics can be used to characterize each individual data 
series on the basis of statistical parameters. These statistical parameters could be used as 
indicators to distinguish between efficient and inefficient load characteristics as well as to 
develop specific load profile clusters representing a certain load behavior. In a second step, 
based on all data series collected in the case studies, an empirical derivation and evaluation of 
the value ranges of identified statistical parameters can be carried out.  
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NOMENCLATURE 
Pavg average active power [kW] 
Pbase_input avg. base load of input load flow [kW] 
Pbase_n disaggregated base load [kW] 
Ppeak_input peak load of input load flow [kW] 
Ppeak_n disaggregated peak load [kW] 
t time [s] 
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Win input load flow [kWh] 
Wout_n output load flow [kWh] 
IQR interquartile range [kW] 
Q0.75 third quartile [kW] 
Q0.25 first quartile [kW] 
IQRavg average interquartile range [kW] 

Greek letters 
𝜑𝜑 power factor [-] 

Subscripts and superscripts 
avg average 
n type of measured output load flow 

Abbreviations 
BDEW German Association of Energy and Water Industries  
CG Consumption Group 
EED Energy Efficiency Directive 
EC European Commission 
EnPI Energy Performance Indicator 
EU European Union 
IEA International Energy Agency 
IREES Institute for Resource Efficiency and Energy Strategies 
LVMD Low Voltage Main Distribution 
MD Main Distribution 
OECD Organization for Economic Co-operation and Development 
PwC PricewaterhouseCoopers 
SD Sub Distribution 
SME Small and medium-sized enterprise 
SQL Structured Query Language 
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