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Executive Summary 

The continuous request for more energy efficient and comfortable buildings can be faced with a wise 

use of data collected by the several sensors deployed in the building. Real time data can be 

transformed in useful information to guide building managers and tenants toward a more informed 

control of the indoor environment and managing of the building systems.  

Continuous monitoring together with data post‐processing procedure can be used to verify that the 

actual building behavior respects designed energy consumption as well as thermal and lighting 

comforts parameters. The realization and operation of systems have to be closely monitored and 

anomalous management or other possible issues of the plants identified.  

To fulfill these objectives the installation of a series of sensors, meters, and other instruments must 

be undertake with the aim to characterize the building energy performances during both heating and 

cooling seasons. 

The data coming from ICT devices should be post processed to develop metrics and graphs that 

characterizing the performance of the building. A critical part of this process of data analysis are the 

definition of proper Key Performance Indicators (KPIs). 

Adequate KPIs effectively inform energy managers and building owners (and even occupants) on 

the energy behavior and comforts levels in the building. The indicators allows also a correct 

comparison between the consumption profiles in different seasons and between different buildings 

with the same usage purposes. With this information, after a deep study of the interactions among 

variables and the identification of the affected systems, improvements and energy saving strategies 

can be adopted.  

Considering the need for standardized procedures to post‐process and analyze existing building 

performance, KPIs for shopping malls have been developed. 

The identification of KPIs follows the structure defined by IEA report for Service, going into detail of 

shopping centers through the introduction of specific indicators for each energy system.  

Different sub-system facilities (such as heating, cooling, electricity, ventilation and refrigeration 

system) are considered as well as the indoor environmental quality (IEQ) and economical aspects. 

Together with the KPIs, a data post-processing procedure has been defined. Thanks to the use of 

mathematical models it is possible to identify the most important variable that affects a specific output 

(such as energy consumption or internal comfort), and based on the results, possible actions can be 

taken to reduce the negative impacts. 

The work identified ten main KPIs that can provide valuable information for the energy manager, the 

tenants, and the building owner. The indicators are useful to monitor the energy performance of 

different building systems and their impact on indoor environmental parameters. These two aspects 

are often merged into a single KPI capable to evaluate energy use and how well it has been used to 

improve indoor environmental quality.  

In connection with the Continuous Commissioning software (Deliverable 5.5), the KPIs will also be 

useful to evaluate and compare the building performances for different years and outdoor conditions, 

assessing also the impact of retrofit interventions. 
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1. Introduction 

Retrofit of shopping malls is expecting to have an impact on energy savings, comfort, indoor air 

quality (IAQ), and renewable energy use. In order to assess these impacts and their magnitude, the 

use of Measurement & Verification is suited. 

According to the International Performance Measurement and Verification Protocol (IPMVP) (1), the 

energy saving after a retrofit is calculated based on the following equation (more details about the 

application on commercial centers are illustrated in the Deliverable D4.3): 

 

Energy savings= (Baseline Energy – Reporting period energy) ± Adjustments 

 

 
Figure 1 Explanatory diagram of energy conservation measure (ECM) savings 

In which: 

 

Baseline Period is an energy monitored period representing: 

1. Facility operating mode ( the period should span a full operating cycle from maximum 

energy use to minimum);  

2. Fairly represents operating conditions of a normal operating cycle; 

3. Coincide with the period immediately before the retrofit. 

 

Reporting period is an energy monitored period after the implementation of building retrofit or 

optimization. It should encompass at least one normal operating cycle of the equipment or facility in 

order to fully characterize the savings effectiveness in normal operating modes. 
 

 

(1) The International Performance Measurement and Verification Protocol (IPMVP) provides guidelines, definitions 

and an overview of current best practice techniques for verifying results of energy efficiency, water efficiency, and 

renewable energy projects in commercial and industrial facilities. It is recommended by energy efficiency programs and 

often referenced as a best practice, including as a Normative Reference in ISO 500001. 
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Adjustments are increments in consumption or in demand of the baseline (or reporting period) 

caused by the application of a common set of conditions to address simple comparison of demand 

or consumption before and after the implementation of an energy conservation measure.   

In the IPMVP protocol, the adjustments are divided in 2 categories:  

 

 Routine Adjustments that represent any energy governing factors expected to change 

routinely during the reporting period (such as weather or production volume); 

 Non-Routine Adjustments, which concern energy governing factors that are not usually 

expected to change, such as the design and operation of installed equipment, the number of 

occupants, etc. 

 

The characterization of the right adjustments to consider both in the baseline period and in the 

reporting period is a hard question. In literature different approach has been taken. In 1993 Kissock 

(2) did a study based on regression model to measure retrofit energy savings in commercial 

buildings. Krarti et al. (3) used a non-linear system to estimate energy savings in commercial 

building. Recently, the International Energy Agency (IEA) published two reports (4, 5) on the 

evaluation of different energy efficiency trends based on different normalization factors and applied 

on different sectors (Residential, Service, Industry, Transport), otherwise known as energy efficiency 

indicators. According to this report and focalizing on service sector, different levels are defined using 

a pyramidal approach from an aggregated level (for instance, the share of space heating in total 

services consumption) to very disaggregated indicators (e.g. for each type of heating system, space 

heating consumption per floor area). The wider the pyramid, the more detail required. Three levels 

have been used in this pyramidal approach, where level 1 represents the most aggregated one, and 

level 3 the most disaggregated (Figure 2). This approach has been used for each energy system, 

such as space heating, space cooling, water heating, lighting and other equipment. 

 

 

 
Figure 2 Pyramid of service indicators  

The following report follows the structure defined by IEA for Service (4, 5), going into detail of 

shopping centers through the introduction of specific KPIs for each energy system.  

In this study we considered more sub-system facilities (such as ventilation and refrigeration system) 

as well as the internal comfort (thermal and lighting) and economical aspects. 
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2. Summary of KPIs  

The definition of the KPIs should be easy to read and understandable for each figure involved in the 

process of energy and economic evaluation of shopping malls. For this reason, the KPIs have been 

defined according to three main aspects: energy, economic and comfort evaluation. Concerning the 

first one (Energy), the KPIs are classified based on different sub-system installed in the building: 

Heating and Cooling, Electric, Mechanical (Ventilation), and Refrigeration cabinet. In parallel to that, 

the identification of Indoor Environmental Quality (IEQ) parameters is developed. The IEQ 

parameters are shown both as single indicator and as influent element of energy indicators. As far 

as the economic KPI is concerned, a single indicator is used. 

 

In the following table a summary of selected KPIs are depicted. In the next paragraphs, a more 

exhaustive explanation of each KPIs can be found.
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Table 1 Summary of KPIs for each sub-system 

System KPIs -  Input Note Sensors Note/ 

Remark 

Heating and 

Cooling 

System 

Normalized energy for heating and cooling: 

𝑸𝒕
𝐧𝐨𝐫𝐦 =

{
 
 

 
 

𝑸𝒕 ∗  𝒇𝒕
𝐎𝐜𝐜

𝑨 ∗  𝒇𝒕
𝐇𝐃𝐃 ∗ 𝑰

𝒕

𝑻𝑪(𝒂𝒗)
 
               if heating

𝑸𝒕

𝑨 ∗  𝒇𝒕
𝐂𝐃𝐃 ∗ 𝒇𝒕

𝐎𝐜𝐜 ∗ 𝑰
𝒕

𝑻𝑪(𝒂𝒗)
  if cooling

 [
𝒌𝑾𝒉

𝒎𝟐
] 

𝑸𝒉
𝒏𝒐𝒓𝒎 =

∑ 𝑸𝒕
𝐧𝐨𝐫𝐦

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
𝒕=𝟏

(
𝟔𝟎

𝒕𝒊𝒎𝒆  𝒔𝒕𝒆𝒑
)

 

𝑸𝒏𝒐𝒓𝒎 =∑ 𝑸𝒉
𝐧𝐨𝐫𝐦

𝑯

𝒉=𝟏

 

Where: 

𝑸𝒕
𝐧𝐨𝐫𝐦: Normalized energy for heating and cooling at time 𝑡 

[kWh/m2] 

𝑸𝒉
𝐧𝐨𝐫𝐦: Normalized averaged energy for heating and cooling 

during the hour h [kWh/m2] 

𝑸𝒏𝒐𝒓𝒎:  Normalized energy for heating and cooling consumed in 

H hours [kWh/m2] 

𝒏: Number of time points 

𝒇𝒕
𝑯𝑫𝑫/𝑪𝑫𝑫

: Heating or Cooling Degree Day factor at time 𝑡 [-]; 

𝒇𝒕
𝑶𝒄𝒄: Occupancy factor at time 𝑡 [-]; 

1. Energy 

consumption for 

heating and 

cooling. 

2. Values of 

external 

temperature in 

the present and 

at least in the 

last 5 years. 

3. Number of 

people 

calculated 

according to real 

value 

(occupancy 

sensor) or 

estimated 

values (number 

of receipts).  

4. Area of 

heated space. 

The calculation 

of 

𝑓𝐻\𝐶 𝐷𝐷 , 𝑓𝑂𝑐𝑐 ,

 𝐼𝑇𝐶 , is shown in 

paragraphs 3.1, 

3.3. 

The 𝐼𝑇𝐶(𝑎𝑣)  is 

calculated as 

the average of 

all sensors 

values placed in 

the heated 

space area or 

other type of 

area 

classifications. 

 

External 

temperature 

sensor, 

internal 

temperature and 

humidity sensors,  

occupancy 

sensor ( if 

possible), 

sensors of water 

flow rate and 

water 

temperature 

supply and 

return.  

Maximum time 

step of data 

acquisition:  

- For KPI 

indicator: 

1 h. 
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𝑨: Area of heated space [m2]; 

Time step: is the length of the time step measured in minutes 

𝑰𝑻𝑪(𝒂𝒗): Average value of thermal comfort indexes [0.01, 1] in 

case of mechanical ventilation. 

It is calculated as: 

𝑰𝑻𝑪(𝒂𝒗) =
∑ 𝑰𝒕

𝑻𝑪𝒏
𝒕=𝟏

𝑛
 

Where: 

𝑰𝒕
𝑻𝑪: thermal comfort index [0.01,1] at time 𝑡 in the air-conditioned 

area calculated as: 

𝑰𝒕
𝑻𝑪 = {

0.01 if the whole building is discomfortable at time 𝑡

∑ 𝒑
𝒊,𝒕

𝒅𝒊𝒔𝒄𝒐𝒎𝒇𝒐𝒓𝒕𝑁𝑡
𝒊=𝟏

𝑁𝑡
 otherwise

 

 

𝑁𝑡: is the number of points where comfort is evaluated 

𝒑𝒊,𝒕 = {
1 if point i is within the comfort  bounds  at time 𝑡

0 otherwise
 

 

 

5. Internal 

temperature and 

humidity. 

Heating and 

Cooling 

System 

(Index of 

thermal 

comfort) 

(Not used in the calculation of 𝑸𝒕
𝒏𝒐𝒓𝒎) 

 

𝑰∗
𝑻𝑪: Index of thermal comfort in case of mechanical ventilation 

[0,1] .  

 

In case of natural ventilation the average thermal comfort index 

will be calculated as follow: 

1. Internal 

Temperature 

and Humidity,  

used to calculate 

the 𝑰∗
𝑻𝑪 . 

The 𝑰∗
𝑻𝑪 is 

different from 

the 𝑰𝑻𝑪 only for 

the range of 

evaluation. In 

this case, the 

range is from 0 

to 1. 

Internal 

temperature and 

humidity sensors 

Maximum time 

step of data 

acquisition: 

- For KPI 

indicator: 

15 minutes. 

- For visual 

indicator: 
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𝑰𝒏𝒗
𝑻𝑪(𝒂𝒗)

: Average value of thermal comfort indexes [0.05,1] in case 

of natural ventilation calculated as (NB in this case the lower 

value highlight good indoor conditions ): 

𝑰𝒏𝒗
𝑻𝑪(𝒂𝒗)

=
∑

∑ 𝑳𝑫𝒛 ,𝒕
𝑻
𝒕=𝟏

𝑇
𝒁
𝒛=𝟏

𝑍
 

Where: 

𝒕: is the counter for the time step; 

𝒛: is the counter for the number of zones; 

𝑳𝑫𝒛,𝒕,𝑨𝑫 : is the Likelihood of dissatisfied (LPD) at time t in the 

zone z. 

It has to be pointed out that since 𝑰𝒏𝒗
𝑻𝑪(𝒂𝒗) is an average value it 

may be not so interesting, while analyzing the time steps of each 

zone can be more useful. 

𝐿𝐷𝑧,𝑡 =
𝑒0.008∆𝜃𝑜𝑝,𝑧,𝑡

2 +0.406∆𝜃𝑜𝑝
2 ,𝑧,𝑡−3.050

1+ 𝑒0.008∆𝜃𝑜𝑝,𝑧,𝑡
2 +0.406∆𝜃𝑜𝑝,𝑧,𝑡

2 −3.050
 ∈ [0.05,1.00] 

In which: 

∆𝜽𝒐𝒑,𝒛,𝒕
𝟐 : is the absolute value of the difference between the indoor 

operative temperature and the optimal comfort temperature, at 

the time “t” for the zone “z” calculated accordingly to the 

ASHRAE adaptive model. 

The 𝑰∗
𝑻𝑪 and 

𝑰∗𝒏𝒗
𝑻𝑪  are 

calculated both 

either as 

average value 

of all sensors 

values installed 

in the heated 

area or as 

single value for 

each sensor 

installed in the 

heated area. 

1 hour. 

 

Electric 

system 

Energy normalized for lighting during occupied and working 

hours: 

 

1. Electric 

consumption of 

lights in 

monitored area. 

The calculation 

of 𝑰𝑽𝑪 is 

explained in the 

paragraph 3.5 

Electric counter 

for lights  

consumption. 

Luminosity 

sensor.  

Maximum time 

step of data 

acquisition: 

15 minutes. 
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 𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒕
𝒏𝒐𝒓𝒎 =

𝑬𝒍𝒊𝒈𝒉𝒕,𝒕

𝑨 ∗ 𝑰
𝒕

𝑽𝑪(𝒂𝒗)
 [
𝒌𝑾𝒉

𝒎𝟐
] 

𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒉
𝒏𝒐𝒓𝒎 =  

∑ 𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒕
𝒏𝒐𝒓𝒎

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑

𝒕=𝟏

(
𝟔𝟎

𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
)
   

𝐸𝑙𝑖𝑔ℎ𝑡
𝑛𝑜𝑟𝑚 =∑ 𝑬𝒍𝒊𝒈𝒉𝒕,𝒉

𝒏𝒐𝒓𝒎

𝐻

ℎ=1

 

Where: 

 𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒕
𝒏𝒐𝒓𝒎 : Normalized electric consumption of lights at time t 

[kWh/m2]; 

𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒉
𝒏𝒐𝒓𝒎 : Average electric consumption normalized of lights at 

hour h [kWh]; 

𝐸𝑙𝑖𝑔ℎ𝑡
𝑛𝑜𝑟𝑚 : Total energy consumption normalized used for lighting 

over H hours; 

𝑨: Area of illuminated space [m2]; 

𝑰𝒕
𝑽𝑪(𝒂𝒗)

: Average value of visual comfort indexes at time t [0.01,  

1]. It is calculated as: 

𝑰𝒕
𝑽𝑪(𝒂𝒗)

= {

0.01 if the whole building is discomfortable  at time 𝑡

𝟏

𝑵
∑ 𝑰𝒊,𝒕

𝑽𝑪

𝑵

𝒊=𝟏

 otherwise
 

Where: 

N  is the number of points where visual comfort is evaluated, or 

the number of points that are considered.  

𝑰𝑖,𝑡
𝑽𝑪: Index of visual comfort for each sensor installed in the 

monitored illuminated area [0.01,1] at the time t, calculated as: 

2. Values of 

luminosity in a 

monitored area. 

3. Area of 

illuminated 

space. 
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𝑰𝒊,𝒕
𝑽𝑪 = 𝑤𝑓

𝑖,𝑡
 

 

𝐰𝐟𝐢 ,𝐭: is 1 if there is visual comfort in zone i at time t, 0 otherwise.  

 

Energy for lights during closing period (i.e. night, days off) 

𝐸𝑙𝑖𝑔ℎ𝑡
𝑛𝑜𝑟𝑚 =

𝐸𝑙𝑖𝑔ℎ𝑡

𝐴
 [
𝑘𝑊ℎ

𝑚2
] 

 

Electric 

system 

(Index of 

visual 

comfort) 

𝑰∗
𝑽𝑪: Index of visual comfort (not used in the equation of 𝐸𝑙𝑖𝑔ℎ𝑡

𝑛𝑜𝑟𝑚 ) 

[0,1]; 

 

 

1. Values of 

luminosity in a 

monitored area 

(luminosity 

sensor). 

2. Area of 

illuminated 

space. 

 

The 𝑰∗
𝑽𝑪 is only 

different from 

𝑰𝑽𝑪  for the 

range of 

evaluation In 

this case, the 

range is from 0 

to 1. The 𝐼∗
𝑉𝐶 is 

calculated both 

as average 

value of all  

sensors  

installed in the 

illuminated area 

and as single 

value for each 

sensor installed 

in the 

illuminated area 

Luminosity 

sensor. 

Maximum time 

step of data 

acquisition: 

- For KPI 

indicator: 

15 minutes. 

- For visual 

indicator: 

1 hour. 
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Electric 

system 

Energy for appliances 

 

𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎 =  

𝑬𝒂𝒑𝒑,𝒕

𝑨
 [
𝒌𝑾𝒉

𝒎𝟐
] 

𝑬𝒂𝒑𝒑,𝒉
𝒏𝒐𝒓𝒎 =  

∑ 𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
𝒕=𝟏

(
𝟔𝟎

𝒕𝒊𝒎𝒆  𝒔𝒕𝒆𝒑
)
   

𝑬𝒂𝒑𝒑
𝒏𝒐𝒓𝒎 = ∑𝑬𝒂𝒑𝒑,𝒉

𝒏𝒐𝒓𝒎

𝐻

ℎ=1

 

Where 

𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎: Normalized Electric consumption of appliances during 

the time step t [kWh/m2]; 

𝑬𝒂𝒑𝒑
𝒏𝒐𝒓𝒎: Electric consumption of appliances during H hours[kWh] 

𝑨: Area of monitored zone [m2]; 

1. Electric 

consumption of 

appliances; 

2. Area of 

monitored zone; 

 

 Electric counter 

for appliances. 

Maximum time 

step of data 

acquisition:  

15 minutes. 

 

 

 

 

 

Mechanical 

ventilation 

Mechanical ventilation index: 

 

𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎 =  

𝑬𝒇𝒂𝒏,𝒕
𝑨

 ∗ 𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗)

 
[
𝒌𝑾𝒉

𝒎𝟐 ] 

𝑬𝒇𝒂𝒏,𝒉
𝒏𝒐𝒓𝒎=

∑ 𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎𝟔𝟎/𝒕𝒊𝒎𝒆𝒔𝒕𝒆𝒑

𝒕=𝟏

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑

 

𝑬𝒇𝒂𝒏
𝒏𝒐𝒓𝒎 = ∑𝑬𝒇𝒂𝒏,𝒉

𝒏𝒐𝒓𝒎

𝐻

ℎ=1

 

 

Where: 

1. Electric 

consumption of 

fans; 

2. Area of 

monitored zone; 

3. Values of 

CO2 in the 

monitored zone; 

4. Number of 

people 

calculated 

according to real 

The calculation 

of 𝑰
𝑪𝑶𝟐 is 

explained in 

detail on the 

paragraph 

Error! R

eference 

source not 

found.. 

𝑰𝒕
𝑪𝑶𝟐 can have a 

value equal to 1 

Sensors of CO2,  

in each ventilated 

space. 

Electric counter 

of fans. 

Occupancy 

sensors. 

Maximum time 

step of data 

acquisition:  

15 minutes. 
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𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎: Energy consumption of fans normalized consumed during 

the time step t [kWh/m2]; 

𝑬𝒇𝒂𝒏,𝒉
𝒏𝒐𝒓𝒎: Energy consumption of fans normalized consumed in one 

hour; 

𝑬𝒇𝒂𝒏
𝒏𝒐𝒓𝒎: Energy consumption for fans normalize used in H hours 

𝑨: Area of ventilated space [m2]; 

𝒏 : is the number of time steps considered 

 

𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗) : Average value of CO2 level indexes in the monitored 

ventilated space at the time t. It is greater than or equal to 1. It is 

calculated as: 

 

𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗) =

∑ 𝑰𝒕,𝒊
𝑪𝑶𝟐𝑁

𝑖=1

𝑵
 

 

Where: 

N: number of measurement points 

𝑰𝒕,𝒊
𝑪𝑶𝟐: Index of CO2 for sensor i at time t: 

𝑰𝒕,𝒊
𝑪𝑶𝟐 = {

𝟏 𝑖𝑓 (𝐶𝑂
2
𝑟𝑒𝑎𝑙)_(𝑖, 𝑡) ≤ 𝐶𝑂2

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

(𝑪𝑶𝟐
𝒓𝒆𝒂𝒍)𝒊,𝒕

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                  

 

 

(𝑪𝑶𝟐
𝒓𝒆𝒂𝒍)

𝒊,𝒕
 : CO2 level in zone i at time t; 

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅  : CO2 limit varying according to national standards 

value 

(occupancy 

sensor) or 

estimated 

values (number 

of receipts).  

; 

if  𝑪𝑶𝟐
𝒓𝒆𝒂𝒍 is 

lower than 

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 . 

Otherwise 𝑰𝒕
𝑪𝑶𝟐 

could be higher 

than 1 and 

equal to the 

ratio between 

𝑪𝑶𝟐
𝒓𝒆𝒂𝒍

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅  
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Mechanical 

ventilation 

(Index of 

CO2 level) 

𝑰𝑪𝑶𝟐: Index of CO2 level (not used in the equation of �̇�𝒇𝒂𝒏) [0,n]  

with 𝑛 > 1 

 

1. Values of CO2 

in the monitored 

zone. 

The 𝑰𝑪𝑶𝟐 is 

calculated both 

as average 

value of all 

sensors values 

installed in the 

heated area 

either as single 

value for each 

sensor installed 

in the ventilated 

area. 

Sensors of CO2,  

in each ventilated 

space. 

Maximum time 

step of data 

acquisition: 

- For KPI 

indicator: 

15 minutes. 

- For visual 

indicator: 

1 hour. 

 

 

Refrigeration 

cabinet 

 

Energy Efficiency Index 

𝑬𝑬𝑰 =
(
𝑻𝑬𝑪
𝑻𝑫𝑨

)𝒖𝒏𝒓𝒆𝒂𝒕𝒆𝒅

(
𝑻𝑬𝑪
𝑻𝑫𝑨

)𝒓𝒂𝒕𝒆𝒅

 𝒙 𝟏𝟎𝟎 [%] 

 

TEC= Total Electricity consumption of the cabinet. 

TDA=Total Display Area. 

 

1. Electric 

consumption of 

cabinet. 

2. Electric 

consumption of 

lights. 

 

 

For the 

monitoring 

system could 

be useful to 

monitor:  

external 

temperature 

(temperature of 

environment in 

which the 

cabinet is 

installed), 

internal 

temperature of 

the cabinets, 

 

Smart meter for 

electricity 

consumption of 

the cabinet and 

lights 

consumption. 

 

Maximum time 

step of data 

acquisition:  

15 minutes. 
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electric peaks, 

water supply 

and water 

return and flow 

rate.  

 

 

Refrigeration 

system 

 

𝑪𝑶𝑷 =
𝑸
𝒓𝒆𝒇

𝑬𝒓𝒆𝒇
 

Where: 

𝑸𝒓𝒆𝒇: is the thermal demand [kWh]  

𝑬𝒓𝒆𝒇: is the electrical energy consumed to provide the cooling 

demand [kWh] 

 

Electric 

consumption of 

cabinets. 

Energy 

production of 

refrigeration 

system. 

 

Best would be 

to perform the 

measurement 

of the whole low 

temperature 

and medium 

temperature 

circuits, so as to 

smooth peaks 

and get a more 

reliable value,  

effective for the 

estimation of 

the energy 

efficiency. The 

electrical 

consumption of 

compressors is 

also required. 

 

 

Temperature 

supply and return 

of refrigerant flow 

rate.  

Sensor of water 

flow rate. (could 

also be portable 

instead of 

permanent). 

 

Maximum time 

step of data 

acquisition:  

15 minutes. 
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Economic 

Index 𝑬𝑰 =
𝑸𝒇𝒊𝒏𝒂𝒍

𝑮𝑻 
 [
𝑘𝑊ℎ

€
] 

Where 

𝑸𝒇𝒊𝒏𝒂𝒍 = 𝑸
𝒏𝒐𝒓𝒎 +𝑬𝒍𝒊𝒈𝒉𝒕

𝒏𝒐𝒓𝒎 +𝑬𝒂𝒑𝒑
𝒏𝒐𝒓𝒎+𝑬𝒇𝒂𝒏

𝒏𝒐𝒓𝒎+ 𝑬𝒓𝒆𝒇 

Is the overall energy consumption of the building. 

𝑮𝑻: Gross turnover of the monitored shopping center. 

Overall energy 

consumption. 

Gross turnover 

of commercial 

activities. 

 

  Daily 
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3. KPIs and parameters 

3.1 Heating and Cooling Degree Day factor (𝒇𝑯/𝑪 𝑫𝑫) 

The energy consumption of a building for heating and cooling has generally directly correlated 

with the external temperature. Assessing energy saving after an intervention cannot be done 

considering the simple subtraction of post-intervention energy consumption (EC) from pre-

intervention EC. It has to be normalized by a factor based on external temperature. Furthermore, 

several of the heating and cooling data of a particular month and/or year needs to be corrected 

in terms of long-year average climate conditions in order to be able to compare data from different 

periods in time of the same site as well as data from other sites. The Heating or Cooling Degree 

Days (HDD/CDD) are the variables considered to normalize the building energy consumption. 

The HDD are a measure of how much (in degrees), and for how long (in days), the outside air 

temperature was below a certain level. The calculation of HDD is made according to European 

Environment Agency (EEA) (6) which calculates HDD as: 

 

𝐻𝐷𝐷 = {
0                       if  𝑇 > 15°𝐶
∑ (18− 𝑇𝑖)
𝑑
𝑖=1   if  𝑇 ≤ 15°𝐶

        (1) 

 

In which: 

 

𝑇: is the outdoor daily average temperature in Celsius. It could be calculated as the average of 

the hourly monitored indoor temperature. Only values less than or equal to 15°C are considered. 

Therefore, if T is higher than 15°C, the value of HDD is 0.  

𝑑: number of days in which the temperature is lower than 15°C 

 

Similarly, the CDD is a measure of how much (in degrees), and for how long (in days), the outside 

air temperature is above a certain level, which we set at 26°C. 

So far, the HDD and CDD refer to a specific reference year only. However, this reference year 

might be characterized by weather/climate conditions (dry, wet) deviating from the long-term 

average. Therefore, a correction needs to be made in terms of long-terms average 

weather/climate conditions before comparing the heating/cooling energy demand prior/after the 

implementation of some measures influencing energy demand (i.e. triggering some energy 

savings). 

In order to make energy consumptions of two different years comparable, the corresponding 

numbers need to be standardized in terms of the long-term average weather/climate conditions, 

i.e. long-term HDD and CDD respectively. The corresponding formula for both periods (heating 

and cooling) is presented below: 
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Table 2 HDD/CDD factor calculation 

Heating Cooling 

 

𝑓𝐻𝐷𝐷 = {

𝐻𝐷𝐷𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝐻𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
     if  𝐻𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑≠ 0

0.01                       if  𝐻𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 0

 

 

Where: 

𝐻𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑:long time mean value of HDD 

of month or year 

𝐻𝐷𝐷𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐: HDD for a specific month or 

year 

 

𝑓𝐻𝐷𝐷 = {

𝐶𝐷𝐷𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝐶𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
     if  𝐶𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑≠ 0

0.01                       if  𝐶𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 0

 

 

Where: 

𝐶𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑:long time mean value of CDD of 

month or year 

𝐶𝐷𝐷𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐: CDD for a specific month or year 

 

To calculate the 𝐻𝐷𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 historic data of external temperature for at least the last 5 years are 

required. 

3.2 Thermal Comfort Index (ITC and I*
TC) 

The energy consumption of the building for heating and cooling could be correlated with other 

factors such as a thermal comfort factor. This indicator could be defined according to different 

type of building ventilation: mechanical or natural. The ITC is calculated based on: 

- Graphic comfort zone method (ASHRAE 55-2010 (7)), for mechanically ventilated 

buildings; 

- ASHRAE adaptive thermal comfort model, for naturally ventilated buildings; 

3.2.1 ITC and I*
TC based on ASHRAE 55-2010 

There are six primary factors that must be addressed when defining conditions for thermal 

comfort: 

 

 Air temperature  

 Radiant temperature  

 Air speed  

 Humidity 

 Metabolic rate  

 Clothing insulation  
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All of these six factors can vary in time. In a monitoring system the common monitored parameters 

are the air temperature and the humidity ratio, whereas the other parameters useful to design a 

comfort zone are set according to the intended use of the building and season. 

 

Hereafter the methodology to calculate the index of thermal comfort based on the analytical 

comfort zone method is shown. 

 

The idea is to have an index to rate thermal comfort that can be integrated with the Heating and 

Cooling KPI. Its value ranges from 0.01 to 1.00. The value 0.01 represents the condition in which 

the monitored zone is in a discomfort state for the entire period of analysis (worst case). On the 

other hand, the value 1.00 is the condition in which the conditions in the monitored zone are within 

comfort boundaries for the entire analyzed period (best case). 

 

The KPI is calculated based on the following points: 

1. Generate a comfort zone based on ASHRAE 55-2010. According to the intended use of 

the building (influencing the metabolic activity) and the season, the thermal zone can be 

changed. 

2. Calculated the comfort of the zone based on the monitoring temperature and air moisture 

content. The data are filtered according to the presence of users in the zone where the 

sensor is installed (only values in which the presence is higher than 0 are considered). 

The time step used is one hour (Figure 3) for visual report, or every 15 minutes for the 

calculation of KPIs. 

3. Calculation of Thermal Comfort Index considering the number points that are inside and 

the number points that are outside of the comfort boundaries (Figure 4): 

 

𝑰𝒕
𝑻𝑪 = {

0.01 if all the evaluated points are outside of comfortable boundaries at time 𝑡

∑ 𝒑
𝒊,𝒕
𝒅𝒊𝒔𝒄𝒐𝒎𝒇𝒐𝒓𝒕𝑁𝑡

𝒊=𝟏

𝑁𝑡
 otherwise

 (2) 

 

𝑵𝒕: is the number of points where comfort is evaluated 

 

𝑝𝑖,𝑡 = {
1 if point i is within the comfort boundaries at time 𝑡

0 otherwise
     (3) 

 

∑ 𝑝𝑗
𝑛
𝑗=1 : sum of all points; 

 

The index 𝐼∗
𝑇𝐶, is defined to evaluate thermal comfort on its own without combining it with other 

KPIs. It is calculated in the same way of the 𝐼𝑇𝐶  but without the constant 0.01 if the whole building 

is outside from comfortable conditions. The 𝐼∗
𝑇𝐶 ranges from 0 to 1. 
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According to the number of the sensors installed in the monitored area the comfort index could 

be: 

o The average value of all data from each sensor installed in the monitored area (or 

portion of it depending on the area-discretization). 

o The single value from each sensor, if the aim is to visualize the comfort in each 

monitored point within the area. 

 

Below there is an example of calculation of the 𝐼∗
𝑇𝐶. In this case, the data presented was collected 

in office building during another project. The comfort area is calculated assuming seasonal 

clothing and metabolic activities according with ASHRAE 55. 

 

Figure 3 Thermal comfort evaluation chart. Blue box is the winter comfort area, while the red box is the summer 

comfort area 
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Figure 4 Discomfort and comfort points according to the ASHRAE 55-2010. The blue area represent the winter comfort 

area while the red one represent the summer comfort area. 

The calculated 𝐼∗
𝑇𝐶 is based on the above presented chart and it is suited for mechanically 

ventilated buildings.  

3.2.2 ITC based on ASHRAE Adaptive thermal comfort model 

Long-term Percentage of Dissatisfied (LPD) is a new index recently defined by Carlucci (8, 9) to 

show the general comfort conditions in a building for the long time evaluation. It is  an “analytical 

expression that accounts for the hourly predicted likelihood of dissatisfied calculated for each 

zone, which is weighted for the number of people inside the zone, and it is normalized over the 

total number of people inside the building and over all time corresponding to the seasonal 

calculation period” 

 

𝑰𝒏𝒗
𝑻𝑪 = 𝐿𝑃𝐷(𝑝, 𝐿𝐷) =

∑ ∑ (𝑝𝑧,𝑡∗𝐿𝐷𝑧,𝑡∗ℎ𝑡)
𝑍
𝑧=1

𝑇
𝑡=1

∑ ∑ (𝑝𝑧,𝑡∗ℎ𝑡)
𝑍
𝑧=1

𝑇
𝑡=1

       (4) 

 

Where: 

𝑡: is the counter for the time step; 

𝑧: is the counter for the number of zones; 

𝑝𝑧,𝑡 : is the occupation rate of the zone; 

ℎ𝑡: is the time step (e.g. one hour or 15 minutes); 

𝐿𝐷𝑧,𝑡: is the Likelihood of dissatisfied (LPD) and it is calculated according to the following equation.  
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𝐿𝐷𝐴𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑣𝑒
𝐴𝑆𝐻𝑅𝐴𝐸 =

𝑒
0.008∆𝜃𝑜𝑝

2
+0.406∆𝜃𝑜𝑝

2
−3.050

1+𝑒
0.008∆𝜃𝑜𝑝

2 +0.406∆𝜃𝑜𝑝
2 −3.050

 ∈ [0.05,1.00]           (5) 

 

In which: 

∆𝜃𝑜𝑝: is the absolute value of the difference between the indoor operative temperature and the 

optimal comfort temperature calculated accordingly to the ASHRAE adaptive model. 

3.3 Occupancy 

The number of occupant in a shopping mall is highly variable during the day. The occupant density 

can vary considerably and affects the internal gains and consequently the energy consumption of 

the building. Occupant behavior is one of the main cause for the gap between actual and predicted 

energy performance of buildings (10). Furthermore, during retrofits the occupancy profile of the 

commercial centers can be changed according to i) the effective building area, ii) the building 

using time or iii) a changed use profile (e.g. a space that was used for seal clothing became a 

grocery store)(11), modifying than the energy consumption profile. 

According to the availability of monitoring data the occupancy factor could be estimated/measured 

based on: 

- Occupancy sensor, generally installed at the top of the entrance. This sensor gives a 

precise value of the number of people present at any time in the building  (12). This 

solution has been adopted in the Modena demo case. 

- Number of receipts realized during the day. This value is less precise than the previous 

one, but can give a gross information about the number of people that daily enter the 

building. 

 

The occupancy factor (𝑓𝐻/𝐷𝐶𝐶  ) is calculated as a ratio between the general occupancy profile of 

the building and the actual profile. If the number of receipts is used to evaluate the occupancy, 

the equation needs a more careful calibration and validation. 

 
Table 3 Occupancy factor calculation 

Occupancy 

𝑓𝑂𝐶𝐶 = 
𝑂𝑐𝑐𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝑂𝑐𝑐𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 

Where: 

𝑂𝑐𝑐𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑: long time mean value of occupancy 

𝑂𝑐𝑐𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 : occupancy for a specific hour or 15 minutes 

 



 
 

 
 
 

 

24 

 

Deliverable D5.4 - KPIs and Post Processing Procedures 

Showing the factor in this way we can have a direct visualization of occupancy profile of shopping 

mall, according to its normal use. Otherwise, without a reference value it would be difficult to 

understand the real trend of occupation. 

3.4 Normalized energy for heating and cooling  

The energy use for heating and cooling can be simply presented as kWh, or normalized using the  

square meters of served area, kWh/m2. Both ways to represent the energy consumption are useful 

to analyze the performance of the building and its systems, but they don’t provide any information 

about the “achieved result”.  

The reason why a building is heated or cooled is to provide comfortable indoor conditions. It is 

very important then to provide information on how effective was the system in using the energy. 

If an heating system uses a small amount of energy to warm up a building, but the resulting indoor 

conditions are uncomfortable, that small amount of energy is wasted and the KPI should be 

penalized.    

Furthermore, a good KPI to evaluate the amount of energy used for heating and cooling in 

different period should be normalized based on the outdoor conditions (heating and cooling 

degree days) and based on the different internal load sources, which in this case are limited to 

occupants. 

The above consideration leaded to the definition of the normalized energy for heating and cooling 

defined as follow:  

 

𝑸𝒕
𝐧𝐨𝐫𝐦 = {

𝑸𝒕∗ 𝒇𝒕
𝐎𝐜𝐜

𝑨∗ 𝒇𝒕
𝐇𝐃𝐃∗𝑰𝒕

𝑻𝑪(𝒂𝒗)
 
               if heating

𝑸𝒕

𝑨∗ 𝒇𝒕
𝐂𝐃𝐃∗𝒇𝒕

𝐎𝐜𝐜∗𝑰𝒕
𝑻𝑪(𝒂𝒗)   if cooling

 [
𝒌𝑾𝒉

𝒎𝟐
]      (6) 

 

𝑸𝒉
𝒏𝒐𝒓𝒎 =

∑ 𝑸𝒕
𝐧𝐨𝐫𝐦

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
𝒕=𝟏

( 𝟔𝟎

𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
)

          (7) 

 
𝑸𝒏𝒐𝒓𝒎 = ∑ 𝑸𝒉

𝐧𝐨𝐫𝐦𝑯
𝒉=𝟏           (8) 

 
Where: 

 

𝑸𝒕
𝐧𝐨𝐫𝐦: Normalized energy for heating and cooling at time 𝑡 [kWh/m2] 

𝑸𝒉
𝐧𝐨𝐫𝐦: Average value of normalized energy for heating and cooling during the hour h [kWh/m2] 

𝑸𝒏𝒐𝒓𝒎:  Normalized energy for heating and cooling consumed in H hours [kWh/m2] 

𝒏: Number of time points 

𝒇𝒕
𝑯𝑫𝑫/𝑪𝑫𝑫

: Heating or Cooling Degree Day factor at time 𝑡; 

𝒇𝒕
𝑶𝒄𝒄: Occupancy factor at time 𝑡 [-]; 
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𝑨: Area of heated space [m2];    
 
The defined KPI correlated the energy consumption for heating and cooling with the achieved 

indoor thermal conditions (𝑰𝒕
𝑻𝑪(𝒂𝒗)

), with the mutated outdoor conditions (𝒇𝒕
𝑯𝑫𝑫/𝑪𝑫𝑫

) and with 

different occupancy levels (𝒇𝒕
𝑶𝒄𝒄). 

In this way for instance, if the indoor conditions are suboptimal, the KPI will be penalized by an 

𝑰𝒕
𝑻𝑪(𝒂𝒗)

 , which as presented before, will be lower than one.  

 
The KPI can be calculated at the time step t, averaged over one hour, or for a longer period (e.g. 
one day, one month or a year) 
 
The proprieties of this KPI are: 

1. It is independent from the typology of heating and cooling system installed in the shopping 

centre;  

2. it can show malfunctions of the systems and comfort issues; 

3. It can compare same seasons during different years. It is very useful to compare 

performances before and after retrofit. 

 

The KPI can be analyzed using the single parameters, which are KPIs themselves, to reach the 
roots of possible issues in the building. 

3.5 Visual Comfort Index (𝐈𝐕𝐂 and 𝑰∗
𝑽𝑪) 

Different studies analyzed the best indexes for the evaluation of visual comfort in indoor 

environments. Visual comfort is defined in the European standard EN 12665 (13) as “a subjective 

condition of visual well-being induced by the visual environment”. The most important parameters 

that characterize the relationship between the subjective perception of visual comfort and the light 

in the environment are: the amount of lights, the uniformity of light, the quality of light in rendering 

colors, and the risk of glare (14).  

The aim of our work was to identify the best parameter, easy to be monitored for a long time, 

which can give a good estimation of the visual comfort inside the building. On this respect, the 

amount of lights can be a good indicator. The illuminance represents the physical quantity used 

to quantify the amount of lights. It is measured in lux and defined as a ratio between the luminous 

flux incident (𝑑𝜙) on an infinitesimal surface (𝑑𝐴) in the neighbourhood of a defined point.  

 

𝑬𝒑 =
𝒅𝝓

𝒅𝑨
 [𝑙𝑥]           (9) 

 

Different illuminance thresholds (Elim) are associated to the different building typologies and 

intended use as shown in the European Standard EN12464-1(15).  
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Thus, the visual comfort index is defined as: 

 

𝑰𝒕
𝑽𝑪(𝒂𝒗)

=
𝟏

𝑵
∑ 𝑰𝒊,𝒕

𝑽𝑪𝑵
𝒊=𝟏           (10) 

 

Where: 

N is the number of points where visual comfort is evaluated, or the number of points that are 

considered.  

𝑰𝑖,𝑡
𝑽𝑪: Index of visual comfort for each sensor installed in the monitored illuminated area [0,1] at the 

time t, calculated as: 

 

𝑰𝒊,𝒕
𝑽𝑪 = 𝒘𝒇𝒊,𝒕            (11) 

 

𝐰𝐟𝐢,𝐭: is 1 if there is visual comfort in zone i at time t, 0 otherwise. The visual comfort threshold for 

different intended use of the commercial area (e.g. shop, warehouse, etc.) are defined in the UNI 

EN 12464-1 (15) 

 

𝑰𝒕
𝑽𝑪(𝒂𝒗)

 can be visualized as the average value of all the data coming from all the sensors installed 

in the monitored area or as a single value from a single sensor. 

 

When the visual comfort index is used in the equation for the normalized energy consumption for 

lighting, its equation is slightly modified in the following way: 

 

𝐼𝑡
𝑉𝐶(𝑎𝑣)

= {
0.01 if the whole building is discomfortable at time 𝑡

1

𝑁
∑ 𝐼𝑖,𝑡

𝑉𝐶𝑁
𝑖=1  otherwise

           (12) 

3.6 Normalized electricity consumption 

3.6.1 For lights 

The generally indicator of electricity consumption for lights is the kWh or the kWh/m 2. This 

indicator doesn’t take into account the importance of the visual comfort. Indeed, the efficiency of 

the lights depends on the type of lamp (fluorescent, incandescent, LED, etc.) and on the capacity 

of the light system to guarantee a minimum visual comfort on the measured space. 

The following KPI includes the visual comfort in the formula to calculate the lights consumption. 

If the visual comfort is not respected, the value of the KPI increases, vice versa if the comfort is 

respected the measured consumption of lights is in line with the estimated consumption. 

 

The hereafter indicator is calculated only for occupied and working hours: 
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 𝑬𝒍𝒊𝒈𝒉𝒕,𝒕
𝒏𝒐𝒓𝒎 =

𝑬𝒍𝒊𝒈𝒉𝒕,𝒕

𝑨∗𝑰𝒕
𝑽𝑪(𝒂𝒗)  [

𝒌𝑾𝒉

𝒎𝟐 ]                 (13) 

 

Where: 

 

 𝑬𝒍𝒊𝒈𝒉𝒕,𝒕
𝒏𝒐𝒓𝒎 : Normalized electric consumption of lights at time t [kWh/m2]; 

𝑨: Area of illuminated space [m2]; 

𝑰𝒕
𝑽𝑪(𝒂𝒗)

: Average value of visual comfort indexes at time t [0.01, 1]. As defined in paragraph 3.5 

 

The time step considered is hourly. The following formula aggregate KPI values on hourly basis, 

if the monitoring time step is lower than one hour. 

𝑬𝒍𝒊𝒈𝒉𝒕,𝒉
𝒏𝒐𝒓𝒎 = 

∑ 𝑬𝒍𝒊𝒈𝒉𝒕 ,𝒕
𝒏𝒐𝒓𝒎

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
𝒕=𝟏

(
𝟔𝟎

𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
)

           (14) 

Where: 

 

𝑬𝒍𝒊𝒈𝒉𝒕,𝒉
𝒏𝒐𝒓𝒎 : Average electric consumption normalized of lights at hour h [kWh]; 

𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑 lower than 1 hour. 

 

If the requested time resolution is higher than one hour the following aggregation is made: 

 

𝑬𝒍𝒊𝒈𝒉𝒕
𝒏𝒐𝒓𝒎 = ∑ 𝑬𝒍𝒊𝒈𝒉𝒕,𝒉

𝒏𝒐𝒓𝒎𝑯
𝒉=𝟏          (15) 

 

𝑬𝒍𝒊𝒈𝒉𝒕
𝒏𝒐𝒓𝒎: Total energy consumption normalized used for lighting over H hours; 

 

During the closing period, the electricity consumption for lights is calculated as follow: 

 

𝑬𝒍𝒊𝒈𝒉𝒕
𝒏𝒐𝒓𝒎 =

𝑬𝒍𝒊𝒈𝒉𝒕

𝑨
 [
𝒌𝑾𝒉

𝒎𝟐 ]          (16) 

 

The proprieties of the KPIs for lights are: 

 It can show faults on the lights system both on the set up and on the visual comfort 

distribution; 

 It is independent from the type of lights system installed in the building. 

3.6.2 For appliances 

For appliances, a general indicator is considered: 

 

𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎 = 

𝑬𝒂𝒑𝒑,𝒕

𝑨
 [
𝒌𝑾𝒉

𝒎𝟐 ]          (17) 
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𝑬𝒂𝒑𝒑,𝒉
𝒏𝒐𝒓𝒎 = 

∑ 𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎

𝟔𝟎
𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
𝒕=𝟏

(
𝟔𝟎

𝒕𝒊𝒎𝒆 𝒔𝒕𝒆𝒑
)
           (18) 

𝑬𝒂𝒑𝒑
𝒏𝒐𝒓𝒎 = ∑ 𝑬𝒂𝒑𝒑,𝒉

𝒏𝒐𝒓𝒎𝐻
ℎ=1           (19) 

 

Where: 

 

𝑬𝒂𝒑𝒑,𝒕
𝒏𝒐𝒓𝒎: Normalized Electric consumption of appliances during the time step t [kWh/m2]; 

𝑬𝒂𝒑𝒑
𝒏𝒐𝒓𝒎: Electric consumption of appliances during H hours[kWh] 

𝑨: Area of monitored zone [m2]; 

3.7 Index of CO2 level (𝐈𝐂𝐎𝟐) and mechanical ventilation �̇�𝒇𝒂𝒏 

Air quality is an important parameter that has to be evaluated due to its implication with health 

and impacts on productivity. The most commonly assessed parameter is the level of carbon 

dioxide (CO2), commonly used as an overall proxy for contamination and lack of adequate 

ventilation. European countries suggests different national threshold levels, as indicated in Table 

4: 

 
Table 4 CO2 levels according with different national Standard 

Country 
CO2 threshold level 

value 
Reference 

German - German 

Working Group on 

Indoor Guideline 

Values of the Federal 

Environmental Agency 

and the States Health 

Authorities 

 <1000ppm: low 

concentration; 

 >1000 ppm & 

<2000 ppm: high 

concentration 

 >2000 ppm: 

unacceptable 

concentration 

AG IRK/AOLG, 2008: Gesundheitliche Bewertung 

von Kohlendioxid in der Innenraumluft, 

Bundesgesundheitsbl 

GesundheitsforschGesundheitsschutz. 

France  <1000 ppm: 

acceptable 

concentration 

Evalutatiuon de la qualitè de l’air intèrierur 2010. 

Belgium  <500 ppm: 

acceptable 

concentration 

Besluit van de Vlaamse Regering van 11 juni 2004 

houdende maatregelen tot bestrijding van de 

gezondheidsrisico's door verontreiniging van het 

binnenmilieu - B.S.19.X.2004. 

Norway  <1000 ppm R. Becher, 1999, Recommended guidelines for 

indoor air quality, Proceedings of Indoor Air’99, 

Edimburgh, Vol. 1: 171-176. Recommended 
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Guidelines for Indoor Air Quality. National Institute 

Of Public Health (1999) 

Holland  School <1200 ppm 

– acceptable level 

Standard NEN 1089, Ventilatie in schoolgebouwen 

– Eisen. Nederlands Normalisatie-instituut, Delft, 

1986 

Finland - Housing and 

Building Department 

D2 National Building 

Code of Finland Indoor 

Climate and Ventilation 

of Buildings 

Regulations and 

Guidelines 

 <1200 ppm: 

acceptable level 

Finnish Classification Of Indoor Climate 2000: 

Revised Target Values- Jorma Säteri Finnish Society 

of Indoor Air Quality and Climate, Espoo, Finland. 

Portugal   <1000 ppm: 

acceptable level 

Decreto -Lei n.º 79/2006 de 4 de Abril – 

Regulamento dos Sistemas Energéticos de 

Climatização em Edifícios (RSECE) 

United Kingdom  < 800 

ppm.acceptable 

level. 

If there is CO2 

control: 

 <1000 ppm : 

acceptable level if 

the gol is energy 

saving 

 < 600 ppm: 

acceptable level if 

the goal is good air 

quality 

School: <1500 ppm : 

acceptable level 

average concentration 

during all school day 

BSRIA (1994) CO2 Controlled Mechanical 

Ventilation Systems, Technical Note 12/94, 

Building Services Research and Information 
Association, Bracknell. 

UK Building Bulletin (BB) 87, UK Department for 

Education and Employment, Guidelines for 

Environmental Design in Schools, Building Bulletin 

87 (Revision of Design Note 17) ISBN 011 2710131 

(London: DfEE Architects and Building Branch) 

1997 

 

Based on that, an index of air quality based on CO2 evaluation is developed. As shown in the 

formula  below (eq.20) the 𝑰𝒕,𝒊
𝑪𝑶𝟐 is equal to 1 when its values is lower then the limit, otherwise it is 

calculated as the ratio between the real value and the threshold. 

𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗): Average value of CO2 level indexes in the monitored ventilated space at the time t. It is 

calculated as: 

 

𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗) =

∑ 𝑰
𝒕,𝒊

𝑪𝑶𝟐𝑵
𝒊=𝟏

𝑵
                (20) 
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Where: 

N: number of measurement points 

𝑰𝒕,𝒊
𝑪𝑶𝟐: Index of CO2 for sensor i at time t: 

𝑰𝒕,𝒊
𝑪𝑶𝟐 = {

𝟏 𝑖𝑓 (𝐶𝑂2
𝑟𝑒𝑎𝑙)_(𝑖,𝑡) ≤ 𝐶𝑂2

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

(𝑪𝑶𝟐
𝒓𝒆𝒂𝒍)

𝒊,𝒕

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                 

               (21) 

 

(𝑪𝑶𝟐
𝒓𝒆𝒂𝒍)

𝒊,𝒕
 : CO2 level in zone i at time t; 

 

𝑪𝑶𝟐
𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 : CO2 limit varying according to national standards 

 

As depicted in the following paragraph, the Index of CO2 is related to the consumption of 

mechanical ventilation system. The limit of 1, if  (𝐶𝑂2
𝑟𝑒𝑎𝑙)_(𝑖, 𝑡) ≤ 𝐶𝑂2

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ,has been defined to 

avoid overuse of mechanical ventilation system to reduce the CO2 level beyond what is needed 

for hygienic purposes . 

3.8 Normalized consumption of mechanical ventilation  

The 𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎 index is used only if a mechanical ventilation system is installed in the building, while 

the CO2 index will be used for all type of ventilation systems. 

The KPI for the mechanical ventilation index is defined in the following way: 

 

𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎 = 

𝑬𝒇𝒂𝒏 ,𝒕

𝑨
 ∗ 𝑰𝒕

𝑪𝑶𝟐(𝒂𝒗)
 
[
𝒌𝑾𝒉

𝒎𝟐 ]                   (22) 

 

Where: 

 

𝑬𝒇𝒂𝒏,𝒕
𝒏𝒐𝒓𝒎: Energy consumption of fans normalized during the time step t [kWh/m2]; 

𝑰𝒕
𝑪𝑶𝟐(𝒂𝒗)

 

: Average value of CO2 level indexes in the monitored ventilated space at the time t 

 

The KPI is calculated on hourly base, using the following equation: 

 

𝑬𝒇𝒂𝒏,𝒉
𝒏𝒐𝒓𝒎 =

∑ 𝑬𝒇𝒂𝒏 ,𝒕
𝒏𝒐𝒓𝒎𝟔𝟎/𝒕𝒊𝒎𝒆𝒔𝒕𝒆𝒑

𝒕=𝟏
𝟔𝟎

𝒕𝒊𝒎𝒆  𝒔𝒕𝒆𝒑

                (23) 

 

The time step should be lower than an hour. 

If more sensors are installed, in the same monitored area, the electricity consumption of fans is 

calculated as: 
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𝑬𝒇𝒂𝒏
𝒏𝒐𝒓𝒎 = ∑ 𝑬𝒇𝒂𝒏,𝒉

𝒏𝒐𝒓𝒎𝐻
ℎ=1                  (24) 

 

Where: 

𝑬𝒇𝒂𝒏,𝒉
𝒏𝒐𝒓𝒎: Normalized energy consumption of fans consumed in one hour; 

𝑬𝒇𝒂𝒏
𝒏𝒐𝒓𝒎: Normalize energy consumption for fans used in H hours 

𝑨: Area of ventilated space [m2]; 

𝒏 : is the number of time steps considered 

 

The proprieties of this KPI are: 

 It is independent from the typology of mechanical ventilation system installed in the 

shopping centre,  

 it can show mechanical system faults (high values of CO2 together with high consumption 

of fans), 

 It is easily measurable through the use of CO2 sensors and installation of electric counter 

on each ventilator. 

 This parameter should always been shown together with the occupancy factor, because 

high 𝑬𝒇𝒂𝒏 index may be related to high concentration of people. High concentration of 

people may result in high fan energy consumption, in case fans are controlled based on 

CO2 concentration, or high CO2 levels. 

3.9 Energy Efficiency Index (EEI) – Refrigeration cabinet 

3.9.1 Refrigerated Display Cabinet (RDC) 

The energy performance of RDCs with remote condensing unit is defined according to ISO 23953 

Standard (2012 update). The parameter evaluated is the Total Energy Consumption (TEC), which 

is the sum of the energy consumption of a conventional refrigeration necessary to operate the 

cabinet and the direct energy consumption of the electrical components of the cabinet as lighting, 

electric heaters for defrost and anti-sweat, and fans.  

 
TEC =  REC+  DEC   [kWh/day]  (25) 

 
REC (Refrigeration Electrical Energy Consumption) 
DEC (Direct Electrical Energy Consumption).  
In particular, the REC for a cabinet intended for a remote compression-type refrigeration system, 

is calculated according the following formula: 
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REC = (𝑄𝑡𝑜𝑡 ∙
𝑇𝑐−𝑇𝑒

𝑇𝑐
 ) 𝜂𝑒⁄   (26) 

where  
Qtot  is the total heat extraction from the cabinet over 24 h [kWh/day]; 
𝑻𝒄−𝑻𝒆

𝑻𝒄
  is the coefficient of performance of a Carnot vapour refrigeration cycle operating 

between the evaporating temperature Te and a constant condensing temperature Tc=308.15 K; 
𝜼𝒆 is the electrical efficiency assumed equal to 0.34. 

 
Thus REC is calculated assuming an imaginary idealized refrigeration system, which delivers 

exactly the averaged cooling capacity needed from the cabinet and operates at a constant 

condensing temperature. In this way, the performance of the refrigerated display cabinet is 

decoupled from the performance of the remote refrigeration system.  

 

3.9.2 Performance indicator of the refrigerant cabinet 

According to ISO 23953 Standard, the energy performance indicator of the refrigerated cabinet is 

defined as   

 
TEC / TDA    [kWh/(day m2)]  (27) 
 
where  
TEC  is the Total Energy Consumption;  
TDA  is the Total Display Area i.e. the sum of the vertical and horizontal projected areas from 
visible foodstuff (defined according to EN ISO23953-2:2005(E) Annex A). 
In order to capture the influence of the thermal zone on the energy performance of refrigerated 

cabinets, the following Energy Index EIRDC,unrated is proposed: 

 

𝐸𝐼𝑅𝐷𝐶,𝑢𝑛𝑟𝑎𝑡𝑒𝑑 =
(
TEC

TDA
)𝑢𝑛𝑟𝑎𝑡𝑒𝑑

(
TEC

TDA
)𝑟𝑎𝑡𝑒𝑑

=
𝑇𝐸𝐶𝑢𝑛𝑟𝑎𝑡𝑒𝑑

𝑇𝐸𝐶  𝑟𝑎𝑡𝑒𝑑
   (28) 

 
where (TEC)unrated is the total electrical energy consumption of the cabinet in the in the store and 

(TEC)rated is the total electrical energy consumption stated by manufactures as it comes out from 

test procedures carried out according to EN ISO 23953-1/2:2005(E) + Amd1:2012.  

In particular, the test room temperature and humidity are defined for each of the “climate classes” 

according to the Standards. 

The refrigeration electrical energy components (RECrated and RECunrated) are calculated according 

to eq. 26 assuming the same idealized remote compression-type refrigeration system. This allows 

comparing the RDC performance at the store conditions to that at climate chamber conditions in 

terms of different heat extraction rates (cooling load), keeping out the influence of the refrigeration 

system.  
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In order to take into account the performance of the refrigerated display cabinet intended for the 

actual remote compression-type refrigeration system, the following index may be introduced: 

 

𝐸𝐼𝑅𝐷𝐶,𝑎𝑐𝑡𝑢𝑎𝑙 =
(
TEC

TDA
)𝑎𝑐𝑡𝑢𝑎𝑙

(
TEC

TDA
)𝑟𝑎𝑡𝑒𝑑

=
𝑇𝐸𝐶𝑎𝑐𝑡𝑢𝑎𝑙

𝑇𝐸𝐶  𝑟𝑎𝑡𝑒𝑑
  (29) 

 
where (TEC)actual is the actual total electrical energy consumption of the cabinet in the in the store 

and (TEC)rated is the total electrical energy consumption stated by manufactures as it comes out 

from test procedures carried out according to EN ISO 23953-1/2:2005(E) + Amd1:2012.  

The refrigeration electrical energy component RECactual includes both the performance of the 

refrigerated cabinets at store conditions and the performance of the actual refrigeration system. 

The same refrigeration system serves several cabinets, thus the electrical consumption is global. 

It could be subdivided on the basis of the display area and the Total Energy Consumption of the 

single cabinet j (TECj ) can be estimated as follows:  

𝑇𝐸𝐶𝑗,𝑎𝑐𝑡𝑢𝑎𝑙 = 𝐷𝐸𝐶𝑗+
𝑅𝐸𝐶𝑎𝑐𝑡𝑢𝑎𝑙

∑ 𝑇𝐷𝐴 𝑗
𝑅𝐷𝐶𝑠 𝑛𝑢𝑚𝑏𝑒𝑟
𝑗

∙ 𝑇𝐷𝐴 𝑗       (30) 

 
It is important to stress that the RECactual depends on the condensing temperature, which usually 

depends on climatic conditions. 

3.10 Coefficient of Performance (COP) – Commercial refrigeration 

system 

A way to evaluate the performance of refrigeration system is the assessment of the COPR.  

The visualization of COPR allows to identify the efficiency of the refrigeration system, comparing 

it with the theoretic one. COPR is calculated as: 

 

𝑪𝑶𝑷𝑹 =
𝑸𝒓𝒆𝒇

𝑬𝒓𝒆𝒇
           (31) 

 

In which  

𝑸𝒓𝒆𝒇: represents the amount of cooling demand [kW] 

𝑬𝒓𝒆𝒇: is the amount of power consumed [kW] 

 

In a refrigeration system the COP depends on 3 main parameters (17): 

 The temperature indoor and outdoor. The indoor temperature affects the cooling load 

and the outdoor temperature affects the condensing temperature.  
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 The Plan Load: Cooling loads can vary both on hourly basis than seasonally. It depends 

on room temperature and humidity. For this reason, the COP can vary considerably. 

 The evaporating temperature. Products that need temperature of 5°C will have a 

refrigeration system with a COP greater than products that need temperature of -40°C. 

3.11 Visual Indicator – Refrigeration system 

Under this, we define other parameters, which are not properly KPIs that could be useful to 

monitor in order to implement energy saving strategies for the refrigeration system. We will call 

them “visual indicators”. These parameters are: 

1. Visualization of electrical  power for peak shaving analysis; 

2. Visualization of Ambient Temperature and Electricity consumption of refrigeration system. 

The first one could be useful to understand, and if it is possible to reduce, the amount of energy 

purchased during the peak hours when the energy-cost is high. The second one can show the 

correlation of electricity consumption with the indoor temperature, before and after the application 

of energy-saving solutions set.  

3.12 Economic Index 

The indicators defined so far are worthy for the energy manager of the building, but they could 

not be easily understandable for people not used to energy related measures, such as the building 

owner. For this reason in this chapter, we present two different types of indicators that correlate 

economic values and energy values. There are macroeconomic studies that depict the energy 

behavior of a service sector in a country as the ratio between the energy consumption and the 

gross domestic product (18, 19). This indicator could be transferred from a big view (country) to 

a small view (industry, shopping Centre, restaurant, etc.) considering the gross turnover of the 

shopping Centre. 

The general indicator has the unit of tep or kWh/€. In our case the numerator will take into account 

all parameters defined so far (i.e. 𝑓𝐻\𝐶 𝐷𝐷, 𝑓𝑂𝑐𝑐, 𝐼𝑇𝐶 ,𝑒𝑡𝑐.). It could be viewed also as an 

environmental quality indicator. Indeed a reduction of this index highlights the ability of the system 

to consume less energy and guarantee better indoor conditions per each euro of gross turnover.  

 

𝑬𝑰 =
𝑸𝒇𝒊𝒏𝒂𝒍

𝑮𝑻 
 [
𝒌𝑾𝒉

€
]                 (32) 

 

Where 

𝑄𝑓𝑖𝑛𝑎𝑙: is the whole energy consumption of the building 

𝐺𝑇: Gross turnover of the shopping mall.  

 



 
 

 
 
 

 

35 

 

Deliverable D5.4 - KPIs and Post Processing Procedures 

The second indicator that can be used to show the performance of the system correlated with the 

economic aspect is the ratio between the energy consumed by the building and the energy 

expenditure. This indicator is defined both for the thermal and electrical system and also for each 

subsystem (heating and cooling, mechanical ventilation, refrigeration system): 

  

𝑸𝒆𝒄𝒐𝒏𝟏 =
𝑸𝒔𝒚𝒔𝒕𝒆𝒎

𝑬𝑬 
 [
𝒌𝑾𝒉

€
]                 (33) 

 

Where 

𝑄𝑠𝑦𝑠𝑡𝑒𝑚: is the energy consumption of each building system 

𝐸𝐸: Energy expenditure for each subsystem. 
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4. Post- Processing procedure 

The aim of post-processing data is the identification of the most important parameters that affect 

the building behavior both in terms of energy consumption and indoor environmental quality. To 

reach this aim a specific procedure, described hereafter, should be followed: 

 analysis of the parameters collected by the building monitoring system to test the data 

reliability;  

 identification of the best model to identify the building performances (physical or 

mathematical model). If mathematical model is chosen (like in our case), it is important to 

define which fits better the scope;  

 calibration and validation of the model.  

4.1 Data Analysis 

4.1.1 Data Pre-processing 

Before starting on the evaluation of results based on the monitored data, it is important to figure 

out what we are expecting from the data, which errors could affect them, how to fix them and 

finally assessing the findings. 

A building monitoring system is generally designed with the aim to assess the most important 

parameters affecting the heating/cooling consumption as well as the IEQ. The raw measurements 

are time series data consisting of a set of observations of a defined variable sorted in time. The 

observations are usually dependent from each other and measured at equally spaced time 

instants, such as minutes, hourly, daily, yearly, etc. according with different type of measured 

variable.  

The reliability of these data starts with the identification of errors or outliers. Indeed, during the 

measurements of the physical magnitude, it is normal to have some errors, resulting from different 

types of events: 

 systematic errors, such as device sensibilities, devices’ construction defects and wrong 

sensors usage;  

 casual errors due to uncontrollable factors, such as variation of internal and external 

environmental conditions.  

The measurements are affected by the abpve-mentioned errors potentially either up or down 

compared to the “true” value that for a long series of data could be identified as the mean. Indeed, 

according with some experiments, it is possible to observe that after n measurement of physical 

variable in the same condition, the distributions of measurements can be represented with a 

histogram, with a normal distribution shape. It is possible to consider the arithmetic mean as the 

most reliable value to represent the real value of the physical quantity(20). 
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Different approaches have been taken to evaluate the outliers. As first step, the monitored 

variable is depicted both in a time-series graph and with a normal distribution shape. The visible 

analysis of the graph shows what are the values or a series of values that are different from the 

normal profile of the variable. The errors are treated in two different ways:  

 

1. Defining a simple or complex model of the monitored variable used to estimate the 

possible right values. The problem of this technique lays on the reliability of the model, 

which needs to be calibrated and validated. If the variable is affected by random 

fluctuations, the identification of a good model is very hard.  

2. Leave errors out based on engineering judgement. It could be either a good or bad 

choice depending on the type of analysed variable. It is good, if outliers doesn’t affect 

the variable trend (i.e. deleting few outlier in a long time series with a small time step), 

on the contrary could be a bad choice, if the number of outliers is great enough to 

influence the variable behaviour. In some cases, it is possible to identify the outliers 

considering the distribution of the data. Indeed if the data are stationary and normally 

distributed then the probability is 99.7% that the data fall within 3 standard deviation of 

the mean. It is possible for a random normal variable to fall 4, 5 or even more standard 

deviations from the mean. However, these occurrences happen with a probability of 

0.3%, if the data are nearly normal. The probability of being further then 4 standard 

deviations from the mean is 1 over 30000. For 5 and 6 standard deviation, it is about 1 

over 3.5 million and 1 over 1 billion, respectively (20, 21). 

4.1.2 Standardization of data 

In several analysis, the data will be standardized before to be processed. The aim is to ensure 

that the computed means, variances, auto-correlations, and cross-correlations are meaningful. 

Many physical systems have stationary behavior, meaning that their statistical properties are 

constant over time, because they operate near an equilibrium point. Consequently, 

measurements of such systems are stationary time series.  

The Augmented Dickey-Fuller (ADF) t-statistic test is performed to test for stationary time series. 

This test uses the following regression model (for clarity of presentation we assume a time step 

of 1): 

𝑦𝑖(𝑡) = 𝜃𝑦′(𝑡 − 1)+ 𝛽1𝑦
′(𝑡 − 1)+ 𝛽2𝑦

′(𝑡− 2) +⋯+𝛽𝑘𝑦
′(𝑡− 𝑘)            (34) 

Where 𝑦𝑡
′ is the differenced series (𝑦𝑡

′ = 𝑦𝑡 −𝑦𝑡−1) and 𝑘 is the maximum lag. If the null 

hypothesis 𝐻0: 𝜃 = 0 of the ADF test is rejected, data is stationary and does not need to be 

differenced. With this type of result, the mean can be subtracted from the data, since it represents 

the physical equilibrium of the system. The standardization of data is completed dividing all data 

by their standard deviation (σ).  
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𝑍(𝑡) = ∑
𝑥𝑖−𝜇

𝜎

𝑛
𝑖=1                   (35) 

 

Where: 

𝑍(𝑡) : standardized random variables 

𝑥𝑖 :number of variable samples; 

𝜇 : is the mean of the variable; 

𝜎: is the standard deviation. 
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5. Mathematical models method on buildings 

Three types for building energy models are in use: statistical or black box models, physics-based 

or white box models, and a mix of the first two called grey box models. 

Pure black box models are derived from monitored time series only and do not require additional 

information on the building. White box models (22, 23) are based on physical principles, which 

require calibrated parameters to be able to accurately predict building performance. These 

parameters might not readily be available. Moreover, every white box model is based on 

assumptions and simplifications. This may lead to a gap between building simulation and 

monitoring data. 

Grey box models are derived from physical principles but contain unknown parameters that can 

be estimated from monitoring data. Most of the studies using grey box models on buildings have 

as the main purpose the prediction of energy performance of a single element, such as a single 

wall or facility components, or of a simplified building model (22, 24-27). 

In CommONEnergy we consider ARX type black box models, which are essentially linear 

regression models where the linear combination of time series consists of time-shifted and 

possibly transformed monitoring data. A brief digression of ARMAX models is presented as well. 

The latter differs from the ARX model for the adding of moving average of error.  

Because of their linearity, the creation of such models is simpler and faster than for non-linear 

models, and the user is facilitated in interpreting model parameters. The ARX model structure is 

considered as the simplest one to find analytical solutions with excellent performance and an 

accurate description of the physical model (28).  

5.1 Linear Regression with multiple variables and regularization 

coefficient 

Multiple regression works as two-variables regression but with the difference that for one 

response (output - y) there are many predictors (inputs – x1, x2, x3). In this case, many variables 

(x) are simultaneously connected to the output (y). 

The general assumptions of the linear and multiple linear regression is that the conditional mean 

function is linear and described with the following formula:  

 

ℎ𝜃(𝑥) = 𝜃0 + 𝜃1𝑥1+𝜃2𝑥2 +⋯+ 𝜃𝑛𝑥𝑛               (36) 

 

Where 𝜃𝑛 are the parameters (or weights) that parameterizing the space of linear function. 𝜃0  is 

also called intercept whereas 𝜃1..𝑛 are the coefficients. The equation defined above, can be written 

in vector notation as: 
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ℎ(𝑥) = ∑ 𝜃𝑖𝑥𝑖
𝑛
𝑖=0 = 𝜃𝑇𝑥         (37) 

 

𝜃 and 𝑥  are shown as vector and n is the number of inputs without counting 𝑥0, which is equal to 

1. 

 

The unknown variables 𝜃 can be calculated in two different ways:  

1) The first one, is the definition of cost function that measures, for each values of 𝜃’s, how 

close the ℎ(𝑥(𝑖))’s are  to the corresponding 𝑦(𝑖)’s: 

 

𝐽(𝜃) =
1

2
∑ (ℎ𝜃(𝑥

(𝑖))− 𝑦(𝑖))2𝑚
𝑖=𝑛               (38) 

 

We want to choose 𝜃 to minimize 𝐽(𝜃). To reach this aim we use a search algorithm that starts 

with some ‘initial guess’ for  𝜃, and after change repeatedly it to make 𝐽(𝜃) smaller, until the 

convergence to a value of 𝜃 that minimize 𝐽(𝜃). Specifically, we consider the gradient descent 

algorithm which starts with some initial 𝜃, and repeatedly performs the update 

 

𝜃𝑘+1 = 𝜃𝑘 −  𝛼
𝜕

𝜕𝜃𝑗
𝐽(𝜃𝑘)                 (39) 

 

Where 𝛼 is called the learning rate and 𝜃𝑘 is the approximation to the coefficients at iteration 𝑘. 

 

2) In the second method we will minimize J by explicitly taking its derivatives with respect to the 

𝜃𝐽 ’s, and setting them to zero. The first step is to design J in matrix-vectorial notation. 

X is the m-by-n matrix (actually m-by-n + 1, if we include the intercept term) that contains the input 

values in its rows, and it is defined as the design matrix: 

 

𝑋 =

[
 
 
 
 
 
 −(𝑥

(1))𝑇

−(𝑥(2))𝑇

.

.

.
−(𝑥(𝑛))𝑇]

 
 
 
 
 
 

                   (40) 

 

Whereas, y is the m-dimensional vector containing all the target values  

𝑦 =

[
 
 
 
 
 𝑦
(1)

𝑦(2)

.

.

.
𝑦(𝑛)]

 
 
 
 
 

                  (41) 

 



 
 

 
 
 

 

41 

 

Deliverable D5.4 - KPIs and Post Processing Procedures 

Since ℎ𝜃(𝑥
(𝑖)) = (𝑥(𝑖))𝑇𝜃 we have: 

 

𝑋𝜃− 𝑦 =

[
 
 
 
 
 
 (𝑥

(1))
𝑇
𝜃

(𝑥(2))
𝑇
𝜃

.

.

.

(𝑥(𝑛))
𝑇
𝜃]
 
 
 
 
 
 

−

[
 
 
 
 
 𝑦
(1)

𝑦(2)

.

.

.
𝑦(𝑛)]

 
 
 
 
 

=

[
 
 
 
 
 
 ℎ𝜃

(𝑥(1))−𝑦(1)

ℎ𝜃(𝑥
(2))− 𝑦(2)

.

.

.
ℎ𝜃(𝑥

(𝑛))− 𝑦(𝑛)]
 
 
 
 
 
 

              (42) 

 

Skipping all algebraic steps the normal equations is : 𝑋𝑇𝑋𝜃 = 𝑋𝑇𝑦 and  the value of θ that 

minimizes J(θ) is given by the equation 𝜃 = (𝑋𝑇𝑋)−1 𝑋𝑇𝑦.  

 

The choice to use one method instead of the other one depends on different factors. If we call m 

the number of training examples of a feature and n the number of features, the following table 

summarize when to preferr one method over the other: 

 
Table 5 cost function vs normal equation 

Gradient descent – cost function Normal equation 

Need to choose α Need to compute  (𝑋𝑇𝑋)−1 or in most of the 

case the QR factorization  

Need many iterations Slow if n is very large (n>10000) 

Works well even when n is large  

 

In the multiple-regression models there are two main problems to overcome: under and overfitting. 

The best model has a trade-off between them. Indeed, if the relationship between y and x is not 

linear, then even if we were fitting a linear model to a very large amount of training data, the linear 

model would still fail to accurately capture the structure in the data. Informally, we define the bias 

of a model to be the expected error even if we were to fit it to a very large training set. The linear 

model that suffers from a large bias, fail to capture structure of the data and it is defined as under-

fitting problem.  

There’s a second component to the generalization error, consisting of the variance of a model 

fitting procedure. Specifically, when fitting a polynomial with sufficient high order, there is a large 

risk that we’re fitting patterns in the data that happened to be present in our finite training set, but 

that do not reflect the wider pattern of the relationship between x and y. In this case of overfitting 

the model is able to explain very well the variance in the training data but not in the validation 

ones. 

Often, there is a tradeoff between errors and variance. If our model is too “simple” and has very 

few parameters, then it may have large error in training data (undefitting); if it is too “complex” and 

has many parameters, then it may suffer from overfitting.  
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To address the overfitting issue, different solutions can be applied: 

- Reducing the number of features, through two options:  

o Manually select which features to keep.  

o Use a specific model algorithm (heuristic algorithm, such as genetic algorithm, 

GRASP, etc.) 

- Use of regularization coefficient. It reduces the magnitude/value of parameters 𝜃𝐽  and 

it works well when there are a lot of features, each of which contributes a bit to 

predicting y.  

Due to the complexity of shopping centers, the use of regularization coefficient could be reduce 

the time of calculation and the identification of the right number of features to select in the model 

definition. In this case the gradient descend method is used and the cost function is defined as: 

 

𝐽(𝜃) =
1

2
∑ (ℎ𝜃(𝑥

(𝑖))− 𝑦(𝑖))2𝑚
𝑖=𝑛 +  𝜆∑ 𝜃𝑗

2𝑛
𝑗=1              (43) 

 

Where 𝜆 is the coefficient of regularization. 

5.1.1 Auto-regression model with Exogenous Input (ARX) and Auto-regression Moving Average 

model with Exogenous Input (ARMAX). 

ARX and ARMAX are two type of models for linear time-invariant systems. The latter represents 

the idealizations of the process encountered in real life, in which the approximation involved and 

design consideration based on linear theory lead to good results. A system is considered time 

invariant if its response to an input doesn’t depend to the absolute time (28).  

The most common approximation of a dynamic system can be described as in Figure 5. A 

response (output) is generated by a system stimulated by one or more inputs and affected by an 

uncontrollable external signal (disturbance). 

 

 
Figure 5 Dynamic system approximation, with input u(t), output y(t) and disturbance v(t), where t is the time. 

Mathematically, the system could be identified with the following equation: 

𝑦(𝑡) = 𝐺(𝑞)𝑢(𝑡) +𝐻(𝑞)𝑒(𝑡)                 (44) 
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Where, G(q) and H(q) are called transfer function or transfer operator and are calculated as: 

𝐺(𝑞) = ∑ 𝑔(𝑘)𝑞−𝑘∞
𝑘=1   

𝐻(𝑞) = ∑ ℎ(𝑘)𝑞−𝑘∞
𝑘=1            

𝑣(𝑡) = 𝐻(𝑞)𝑒(𝑡)    

In which 𝑞−𝑘 is the backward shift operator defined as 𝑞−𝑘𝑢(𝑡) = 𝑢(𝑡 − 𝑘), 𝑔(𝑘) and ℎ(𝑘) are the 

weighting function of input and disturbance respectively, and 𝑒(𝑡) is a sequence of independent 

random variables with zero mean values and variance λ, also called noise term. Generally, e(t) is 

assumed to be Gaussian distributed 

One of the most simple black box models that describes the input-output relationship as a linear 

difference equation is the ARX model (eq.44).  

𝑦(𝑡) + 𝑎1𝑦(𝑡 − 1) +⋯+ 𝑎𝑛𝑦(𝑡 − 𝑛𝑎) = 𝑏1𝑢(𝑡 − 1) +⋯+ 𝑏𝑛𝑦(𝑡 − 𝑛𝑏) + 𝑒(𝑡)  (45) 

𝑒(𝑡) is a white noise. It means that the error term is uncorrelated, with a finite variance and 

expectation of each element equal to 0. The parameters to be determined can be espressed as 

a vector 𝜃: 

𝜃 = [𝑎1 𝑎2… 𝑎𝑛𝑎    𝑏1 𝑏2… 𝑏𝑛𝑏]
𝑇.   

Introducing the notation: 

𝐴(𝑞) = 1+ 𝑎1𝑞
−1+ ⋯+𝑎𝑛𝑎𝑞

−𝑛𝑎                (46) 

and  

𝐵(𝑞) = 𝑞−1+⋯+𝑏𝑛𝑎𝑞
−𝑛𝑏                 (47) 

It is possible to visualize the (45) as: 

𝐴(𝑞)𝑦(𝑡) = 𝐵(𝑞)𝑢(𝑡) + 𝑒(𝑡)    →      𝑦(𝑡) =
𝐵(𝑞)

𝐴(𝑞)
𝑢(𝑡) +

1

𝐴(𝑞)
𝑒(𝑡)    (48) 

Where 𝐴(𝑞)𝑦(𝑡) is the autoregressive part of the model (AR) while 𝐵(𝑞)𝑢(𝑡) are the exogenous 

inputs or extra inputs. 

To estimate the values of 𝜃 a linear regression technique is used. In this case, considering �̂�(𝑡) 

has the variable to be predict the (eq. 44) could be written as: 

�̂�(𝑡) =  𝜑𝑇(𝑡)𝜗+ 𝜇(𝑡)          (49) 

Where 𝜑(𝑡) = [−𝑦(𝑡 − 1)…− 𝑦(𝑡 − 𝑛𝑎)       𝑢(𝑡 − 1)… 𝑢(𝑡 − 𝑛𝑏)]
𝑇 is the regression vector and 

𝜇(𝑡) is a known term. 
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The main issue of the ARX model concerns on the lack to describe the proprieties of disturbance 

term. In the ARMAX model, this issue is overcome bringing in the moving average of the error. 

The resulting equation has the following form: 

𝑦(𝑡) + 𝑎1𝑦(𝑡 − 1) +⋯+ 𝑎𝑛𝑦(𝑡 − 𝑛𝑎) = 𝑏1𝑢(𝑡 − 1) +⋯+ 𝑏𝑛𝑦(𝑡 − 𝑛𝑏) + 𝑒(𝑡) + 𝑐1𝑒(𝑡 − 1)+

⋯+ 𝑐𝑛𝑐𝑒(𝑡 − 𝑛𝑐)          (50) 

 

Considering the same formatting of the ARX model (eq. 47), we can write: 

𝐶(𝑞) = 1+ 𝑐1𝑞
−1+⋯+ 𝑐𝑛𝑐𝑞

−𝑛𝑐        (51) 

And  

𝐴(𝑞)𝑦(𝑡) =  𝐵(𝑞)𝑢(𝑡) + 𝐶(𝑞)𝑒(𝑡)  →   𝑦(𝑡) =  
𝐴(𝑞)

𝐵(𝑞)
𝑢(𝑡) +  

𝐶(𝑞)

𝐴(𝑞)
 𝑒(𝑡)     (52) 

Now, the vector 𝜃 is to be expressed in the following form 𝜃 = [𝑎1 𝑎2… 𝑎𝑛𝑎    𝑏1 𝑏2… 𝑏𝑛𝑏]
𝑇 and it 

is expressed by using pseudolinear regression. 

For more details about ARX and ARMAX models as well as other system identification technique, 

it is possible to refer to (28). 

 

Due to the semplicity of the resulting equations, the linear regression with multiple variables or 

ARX or ARMAX model, are suitable to identify a selected building output. The use of one 

technique instead of the other one depends on the type of available data and on results. The 

process starts with the most simple technique (linear regression) and move on the ARX or ARMAX 

model if outcomes are not satisfactory. In CommONEnergy project, this apparoch has been found 

appropriate to assess the building performance and find the most influential variabels that affect 

key performance indicators. 

6.  Conclusions 

This document defines the main Key Performance Indicators (KPIs) that represent energy, 

economic and comfort aspects of shopping malls and the post-processing procedure useful to 

identify the most important variables that affect the building behavior.  

The aim of each KPI is to have a single indicator covering all the main aspects of each subsystem, 

giving the possibility to compare the performances of shopping malls in an easy way.  

The identification of the right KPIs in a commissioning process is a critical point. Proper KPIs can 

guide energy managers to effectively operate the building and can help to evaluate the effective 

impact of a  refurbishment.   

With the information, given by the KPIs, a deeply study of the interactions among variables can 

be done and consequently improvements can be suggested. 
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The building facilities are evaluated in sub-system, such as heating, cooling, ventilation, electric 

and refrigeration cabinet, and for each of them useful information and charts are provided (see 

Deliverable 5.5). 

Comfort parameters play a prominent role in the performance evaluation. The analysis of the IEQ 

parameters tells to the building manager how effectively the building systems are using the 

energy. For this reason the IEQ KPIs are used to weight the energy performance indicators. 

Also economic aspects are covered using performance indicators. Two types of KPI are defined. 

The first one shows the connection between the energy costs and the gross turnover, while the 

second one takes into account only the energy expenditure.  

As far as the post-processing of data is concerned, three type of mathematical models are 
illustrated. The aim is to identify a model for a specific output to evaluate the influence of other 
parameters on it. The researchers identified the linear regression with multiple variable and 
regularization coefficient as the simplest model to be used and implemented in a Building 
Management System (BMS) capable to provide good accuracy of the results. The other two 
analyzed models (ARX and ARMAX) are more complex but they take into account additional 
aspects, such as the effect of a variable lagged in time on itself and on other variables, as well 
as the influence of the error. 
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