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ABSTRACT 

Because of energy efficiency, future modern 
buildings are going to be more complex to 
manage than existing ones. Connection with 
smart grids as well as local adaptations to 
usages and climatic context turn to decision 
aiding systems i.e. Building Energy 
Management System. It aims either at 
setting up the building system or at advising 
people about the best building system 
configuration taking into account usages. 
Most researches about Building energy 
management system (BEMS) focus on 1-
day anticipation strategies. This work 
presents a resilient reactive energy 
management mechanism able to drive 
anticipative BEMS taking into account 
current building state. It aims at saving an 
expected minimum comfort level by 
performing 3 major steps i.e. discrepancy 
detection, cause isolation and short-term 
correction. Finally, different case studies 
illustrate the proposed reactive energy 
management strategy.  

INTRODUCTION 
Smart buildings are considered as highly 
dynamics and complex systems as well. It 
includes HVAC, sophisticated controllers 
with large number of sensors and energy 
management system. A poorly maintained 
building causes discomfort to occupants. 
Nonetheless, different anticipative energy 
management schemes have been proposed, 
to forecast day ahead energy consumption 
and comfort plan (Arghira et al, 2013, Duy 
Long Ha et al, 2014). The anticipative 
energy management is responsible for 
determining anticipation strategies that can 
be applied either by an BEMS or by end-

users. They usually consider one hour 
period as natural anticipative resolution (∆a) 
and 24h as time horizon. These anticipations 
include best set-points and configurations 
for indoor comfort but considering future 
energy consumption. They are derived from 
slow dynamics models using planned 
occupancy and hourly weather predictions. 
However, discrepancy could occur within 
anticipative period, and might cause 
discomfort to occupants.  In such cases, two 
options are possible. Anticipative plans can 
be recomputed more often, say every few 
minutes, but it yields to discomfort for 
occupants. Indeed, 3 issues arise: regular 
changes in the building configurations, plans 
are no longer synchronized with 1-hour 
available weather prediction and it requires 
a lot of computations. An alternative is to 
react by updating the anticipative plan at 
next hour but a question arises: what to do 
in the meanwhile to manage the discrepancy 
in what was planned and reality. It can lead 
to important discomfort for occupants. The 
proposed approach focuses on this issue. 
In the previous works, different approaches 
have been proposed to tackle such kinds of 
problems. For instance, some approaches 
based on Model predictive control (MPC) 
framework (Lefort et al, 2012, Lamoudi et 
al, 2014, Zavala et al, 2013), used 
optimization technique to minimize the gap 
between predicted contexts and reality. Few 
other approaches using heuristic models 
such as in (Haris Dou et al, 2006). Rule-
based (if-then-else) approach, uses a priori 
knowledge to calculate actions. 
Nevertheless, this rule based approach leads 
to a huge complexity with very large 
decision trees for decision taking. Using 
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heuristic, it is difficult to cover all the 
possible reactive actions because of the 
short-term controller performance. 
The fundamental limitation with existing 
reactive approaches is that they are based on 
set-points tracking and actions without 
considering the detection of symptoms and 
their causes. Reacting every-time to follow  
set-points or heuristic might be tedious for 
occupants because of frequent changes in 
building configuration. This problem leads 
to the design of a new energy management 
scheme that combines both optimization and 
heuristic approaches. This paper starts by 
stating the problem. Then, next sections 
describe different scenarios for reactive 
energy management taking into account 
system failures and unplanned situations.  

PROBLEM STATEMENT 
As aforementioned, set-points tracking and 
heuristic model based approaches do not 
include cause detection and isolation. 
Moreover, reactive approaches based on 
controllers may be inefficient because they 
do not consider the building system in its 
globallity. For example, tracking the thermal 
set-point is not necessary the best solution to 
solve thermal discomfort issues because 
ventilation system also influence the thermal 
context. Changing the ventilation speed for 
a short time duration may sometimes be 
considered as an interesting option. A global 
energy management scheme has to be 
considered to bridge the gap between 
anticipation and reality, considering all 
possible diagnoses, possible actions and 
their consequences.       
In order to manage anomalies in shorter 
time scale, a two layered energy 
management scheme is used. The upper and 
lower layers are known as anticipative and 
reactive energy management respectively. 
Reactive energy management has to solve 
the discomfort issues before the next 
anticipative period comes, where the 
anticipative plan can be recalculated. Note 
that anticipative plans are usually 
synchronized with hours because of the 
availability of weather forecasts. Reactive 

energy management works with a 10-minute 
reactive period (∆r) to not interfere with 
local controls and with anticipative 
mechanism. It manages short-term 
discomfort and might trigger an update of 
the plan coming from the upper energy 
management system.  
The objective of reactive energy 
management is to maximize the   occupant’s 
comfort within anticipative period in case of 
violation of acceptable comfort range. 
Reactive energy management supposed to 
perform three actions: discrepancy 
detection, cause isolation, and short-term 
correction. A proposed reactive energy 
management with these actions is depicted 
in figure 2.    

DIFFERENT SCENARIOS FOR 
REACTIVE ENERGY MANAGEMENT 
In this section, few interesting scenarios are 
explained for reactive energy management. 
From the experience, it was found that there 
are two major comfort parameters for 
occupants: Indoor thermal comfort and 
Indoor air quality i.e. confinement 
represented by CO2 concentration. As noted 
before, a gap could exist between 
anticipation and actual context of a 
dwelling. This gap may occur mainly due to 
unplanned situations such as unexpected 
occupancy and their actions but also system 
failures.  
For example, unplanned occupancy could 
cause thermal discomfort or Indoor air 
quality (IAQ) problems. In addition, sensors 
failures may also leads to occupants 
discomfort because of wrong information is 
sent to anticipative energy management. In 
both situations reactive energy management 
has to take some short-term corrective 
actions and possibly, triggers the 
computation of an update of the current 
anticipative plan. These actions are derived 
from both heuristic and optimization 
scheme. In the following sub-sections, a list 
of possible discrepancy causes and their 
corresponding actions are discussed in 
detail.  
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       Figure 2 Reactive configurations                                                            
Reacting in case of failure 
In case of different failures, reactive energy 
management need to perform a series of 
actions to get the desired comfort level. 
Every failure may correspond to some 
discomfort for occupants. To detect the 
discomfort symptoms, a thresholding 
approach is used by the reactive energy 
management to trigger reactions. In this 
approach, acceptable comfort ranges are 
used to detect the comfort violations. This 
detection method is popular in decision 
theory, which is common in fault detection 
and diagnosis (FDI) community. Let's say 
that each measurement !!  is related to a 
simple detection test: 

!! = 0!!!!!!"# ≤ !! ≤ !!"# 
                      1!!!!!!"ℎ!"!"#$                   (1) 
Here !!"#  and !!"#  are maximum and 
minimum threshold for detection. In the 
context of thermal comfort, these thresholds 
are 17°C-21°C for occupied buildings in 
winter. The French building research 
regulatory company Centre scientifique et 
technique du bâtiment (CSTB) has 
performed several studies over indoor air 
quality and it shows, maximum CO2 
concentration level should not exceed 1700 
ppm limit (Jacques et al, 2012). These  
constraints are also used by anticipative 

energy management and reused by reactive 
energy management to achieve the same 
comfort level. In order to identify the causes 
of discrepancies, signature table method is 
used here.  
                Table 1 - Signature Table 

  s/c !! !!! !!! 
!!     1     1     1 
!!     1     0     1 

 
All major discomfort symptoms and their 
associated causes are considered as rows 
and columns of a signature table. If 
symptoms are detected, it is 1 otherwise, it 
is denoted by 0. The major causes are 
considered as ventilation failures, failures in 
the heating and cooling system, and sensor 
failures. They are denoted by !!, !!, and !!, 
respectively. While !! and !!  represents 
symptoms for indoor thermal comfort, and 
indoor air quality. Additional sensors are 
used to measure the occupant’s discomfort, 
and also detect these symptoms in case of 
sensor failures. Above signature table 
suggests that a discomfort symptom could 
occur because of more than one failure 
causes. In order to isolate them a causal OR 
rule is used (Antoni et al, 2008). It describes 
the fact that a single cause may cause the 
discrepancy symptoms. However, it is 
possible to have an AND relation between 
causes, makes isolation process more 
difficult in the context of building operation. 
For simplicity, it is assumed that 
discrepancy symptoms are explained by 
simplest causes, i.e. by the minimum 
number of causes. Row signatures for 
discrepancies are given by: 
!!!!!!!!!!!!!!!!!!!!!!!!!!!! != ! !! ∨ !! ∨ !!                     
!!!!!!!!!!!!!!!!!!!!!!!!!!!!! = ! !! ∨ !!  
A minimal diagnosis set is defined as 
(Koscielny  et al, 2008): 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"# = {!!, !!}            (2) 
It is difficult to isolate causes further due to 
lack of other information such as time delay, 
intensity, and occurrence time, etc. On the 
basis of minimal diagnosis reactive energy 
management takes different corrective 
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actions. A series of corrective actions with 
associated causes and symptoms are 
depicted in figure 3.  
There could be more than one possible 
corrective action for one cause. Relevant 
action is decided after consulting the 
occupants. In the following section, 
requirements of thermal model for reactive 
mechanism is discussed in detail 

 
              Figure 3 Corrective actions     

MODEL REQUIREMENT 
Reactive energy management requires a fast 
dynamics thermal (see figure 4) model to 
take the reactive actions under the thermal 
discomfort. Slow dynamics can be 
approximated by constant values in order to 
make the initialization possible although the 
current status is not known because of 
discrepancies and possible failures. This 
model can be derived from a more precise 
model, called fine simulation model in this 
paper. Fine simulation model is a 3R-2C 
second order model (see figure 5) and stands 
for the reality in Predis/MHI. Predis/ MHI is 
a dedicated platform for building energy 
management. It is located at ENSE3, 
Grenoble-INP. It allows studying several 
aspects of smart homes including the 
analysis of differences between prediction 
and reality. Predis/MHI is equipped with 
communicating sensors to monitor the 
occupant’s presence, indoor temperature and 
CO2 concentration as well. This is a multi 
input single output (MISO) model. It 
considers indoor temperatures as input and 
internal heat flow as output, in order to 
estimate resulting HVAC system energy 

costs. Fine simulation model is used to 
detect the thermal discomfort under the 
unplanned scenarios. In order to perform the 
reactive actions, it is difficult to initialize 
fine simulation model at each hour because 
the inner wall temperature cannot be 
measured even within short reactive time. 
Designing an estimator could be a possible 
solution, but still it is difficult to estimate 
the inner wall temperature at short reactive 
period.  Simplified model is 1C-1R first 
order model. It ignores all kinds of slow 
thermal variations inside the wall and 
considers only the surface temperature of 
walls as approximation of inner layer slab 
temperatures. The surface temperature of 
wall is given by: 

!! = ! + !!!
! !! !!!! −

!!!
! !!" !!!!  

       ≈ !!"(!!!!)                                   (3) 
Here !!, !!!, !!!! are the outer, inner surface 
temperatures of wall and !!" is the indoor 
temperature at reactive sampling instant !. 
Simplified model is initialized at the 
beginning of real temperature profile. 
 
Simplified model do not take into account 
the inner slab capacity (C) of wall, and 
consider only the air capacity (Cair) to 
measure the indoor temperature because it is 
responsible of fast dynamics. Reactive 
energy management update the future 
anticipation set-points based on current 
discrepancies in reality. 
                     

 
                     Figure 4 Simplified model 
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    Figure 5 Fine simulation model   

     Figure 6 Model approximation result   
 
Figure 6 illustrates comparison between fine 
simulation model and simplified model 
(Reactive model).  In order to detect the 
discrepancy during each reactive period, 
simplified model gets initialized with 
current temperature and a comparison is 
made between both models. A zoomed 
portion in figure (6) shows the variation in 
reactive profile with corresponding fine 
simulation model for an anticipative period. 
Using above comparison it is easy to say 
simplified model is a relevant 
approximation for higher order (3R-2C) 
model under similar conditions but it has to 
be reinitialized at each reactive period.    
An application for sensors failure 
In this section, a CO2 sensor failure (erratic 
output) scenario is presented. This case 
study is derived from the Predis/MHI 
building platform. Indoor CO2 
concentration depends on occupant’s 
activity level (Metabolic equivalent value in 
MET) and ratio of CO2 exhaled to O2 

inhaled i.e. respiratory quotient. For average 
person MET value varies in between 1 and 2 
for normal activity such as office or 
classroom. This application considers 
classroom activity with MET value 2. 
Figure 7 shows an anticipated CO2 
concentration for Predis/MHI. A sensor 
failure is detected during the 10h-11h time-
period of the day. This failure is detected 
with the help of other sensors, used to 
monitor sensors failures. This failure could 
lead to wrong anticipation for the next hour. 
Reactive energy management detects a CO2 
sensor failure and update the current hour 
air quality requirement to anticipative 
energy management, following maximum 
CO2 concentration constraints i.e. 1700 
ppm.   
In the context of Predis/MHI, every person 
is supposed to consume an average 15-watt 
power for the laptop consumption (see 
figure 8). Reactive energy management 
estimate the average number of occupants 
by estimating the current hour power 
consumption and send this information to 
anticipative energy management. Moreover 
average number of occupants is given as: 
  !!""#$%&"' !"# = !"#$%&'(!!"#$%

!!"#    (4) 
Here ,!!"#! is defined as power consumed 
per person by laptops. 

 
        Figure 7 Anticipated CO2 profile   
 
Using current occupancy plan, anticipative 
energy management re-computes or adjusts 
the new set-points for ventilation system 
controlling thus the CO2 concentration. 
Finally, figure 9 shows how the reactive 
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energy management update the CO2 
concentration for a faulty hour.  
 

     Figure 8 Anticipated power consumption        
 

 
         Figure 9 Updated CO2 profile     
Reacting in case of unplanned context 
Unplanned situations can also cause 
discomfort for occupants. Such kinds of 
situations could occur because of unplanned 
occupations. Unplanned occupation may 
induce thermal discomfort and degrades the 
air quality. In such situations, reactive 
energy management has to consider the 
whole comfort criterion and needs to find an 
optimized solution for both comfort 
criterions. For example, changing the 
ventilation speed can improve the air quality 
but at the same time, it cools down the 
indoor temperature. To find out the best 
compromise between the both comfort 
criterions, reactive energy management 
solves an optimization problem and send the 
updated dwelling state to the anticipative 
energy management for recalculation. The 
objective of the optimization problem is to 

maximize the overall comfort without 
consideration for the cost. The corrective 
action considers not only the automated 
controller actions but also involves human 
actors as well. For example, short term 
discomforts can be avoided by turning on 
extra heating or cooling systems. Raising an 
occupancy alarm can be also used as 
reactive actions in case of maximum limit 
occupants.  
CONCLUSION 
The contribution of this work is to introduce 
a reactive energy management scheme. It 
considers the anomalies that occur in short 
time period. Reactive energy management 
uses a simplified thermal model that makes 
initialization of a reactive model easier in 
unknown contexts. Furthermore, a reactive 
mechanism is proposed with all possible 
reactive and anticipative actions. A case 
study shows how reactive management is 
able to manage the discrepancy caused by 
sensor failure. Future prospects for this 
work is to develop more efficient detection 
and diagnosis technique, to deal with 
complex situations. Proposition of reactive 
optimization with objective, maximizing the 
over all comfort is also considered as future 
work. Building energy management system 
(BEMS) with proposed energy management 
scheme will able to improve the occupant’s 
well- being. 
NOMENCLATURE 
∆a     =  Anticipation period 
∆r      =  Reactive period 
HVAC = Heating, ventilation and air  
                conditioning  
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