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𝐸𝑠𝑜𝑙,𝑑𝑖𝑟 = 𝐸𝑑𝑖𝑟  cos(𝜃)sin(𝛾𝑠)𝜃𝜃 = cos−1(− cos(𝛾𝑠) sin(𝛽) cos(𝛼𝑠 − 𝛼𝐸) + sin(𝛾𝑠) cos(𝛽))𝛽

𝑃𝑃𝑉
𝐼𝑝ℎ 𝐼0 𝑅𝑠ℎ 𝑅𝑠 𝑎

𝑇𝑐,𝑠𝑡𝑐 = 25 °𝐶 𝐸𝑠𝑡𝑐 = 1000 𝑊𝑚2 𝑎𝑚 = 1.5  



 

52 

𝐼𝑠𝑐𝑈𝑜𝑐𝑃𝑚𝑝𝐼𝑚𝑝𝑈𝑚𝑝𝜇𝑠𝑐𝑛𝑐 𝑠𝑡𝑐𝑅𝑠ℎ 𝑅𝑠

𝐼 𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ𝐼𝑠ℎ = 𝑈+𝑅𝑠ℎ 𝐼𝑅𝑠𝐼𝑑 = 𝐼0  (𝑒𝑈+𝐼 𝑅𝑠ℎ𝑎𝑢𝑝𝑑 − 1)
𝑎𝑢𝑝𝑑 = 𝐴𝑖𝑑𝑒 𝑛𝑐  𝑈𝑇 𝐴𝑖𝑑𝑒 𝑈𝑇 = 𝑘 𝑇𝑎𝑚𝑏𝑞𝐼𝑝ℎ 𝐼𝑝ℎ = 𝐸𝐸𝑠𝑡𝑐  (𝐼𝑝ℎ,𝑠𝑡𝑐 + 𝜇𝑠𝑐  ∆𝑇)𝐼𝑝ℎ,𝑠𝑡𝑐 𝐼𝑠𝑐,𝑠𝑡𝑐𝐼𝑠𝑐,𝑠𝑡𝑐 = 𝐼𝑝ℎ,𝑠𝑡𝑐 − 𝐼0  (𝑒 𝑈𝑎𝑢𝑝𝑑 − 1) = 𝐼𝑝ℎ,𝑠𝑡𝑐 − 𝐼0  (𝑒 0𝑎𝑢𝑝𝑑 − 1) = 𝐼𝑝ℎ,𝑠𝑡𝑐∆𝑇 = 𝑇𝑐 − 𝑇𝑐,𝑠𝑡𝑐

• 𝑉 = 0 𝐼 = 𝐼𝑠𝑐,𝑟𝑒𝑓
• 𝑉 = 𝑉𝑜𝑐,𝑟𝑒𝑓 𝐼 = 0
• 𝑉 = 𝑉𝑚𝑝,𝑟𝑒𝑓 𝐼 = 𝐼𝑚𝑝,𝑟𝑒𝑓

𝐼𝑝ℎ 𝐼𝑑 𝐼𝑠ℎ
𝐼 +

−

𝑅𝑠ℎ

𝑅𝑠
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𝐼𝑠𝑐,𝑠𝑡𝑐 = 𝐼𝑝ℎ,𝑠𝑡𝑐 − 𝐼0,stc  (𝑒𝐼𝑠𝑐,𝑠𝑡𝑐 𝑅𝑠 𝑎𝑢𝑝𝑑 − 1)
0 = 𝐼𝑝ℎ,𝑠𝑡𝑐 − 𝐼0,stc  (𝑒𝑈𝑜𝑐,𝑠𝑡𝑐 𝑎𝑢𝑝𝑑 − 1)

𝐼𝑝𝑚,𝑠𝑡𝑐 = 𝐼𝑝ℎ,𝑠𝑡𝑐 − 𝐼0,stc  (𝑒𝑉𝑝𝑚,𝑠𝑡𝑐+𝐼𝑝𝑚,𝑠𝑡𝑐 𝑅𝑠 𝑎𝑢𝑝𝑑 − 1)
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�̇�ℎ𝑜𝑡 �̇�𝑐𝑜𝑙𝑑
�̇�ℎ𝑜𝑡 = 𝑐1 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 + 𝑐2 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛 + 𝑐3�̇�𝑐𝑜𝑙𝑑 = 𝑐4 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 + 𝑐5 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛 + 𝑐6𝑐1 − 𝑐6 [𝑇ℎ,𝑜𝑢𝑡 ;  𝑇𝑐,𝑖𝑛 ;  �̇�ℎ  ;  �̇�𝑐]

𝜌 𝑐𝑝  𝑑𝑇𝑑𝑡 = ℎ𝑙 𝐴𝑙𝑉𝑛𝑜𝑑𝑒 (𝑇𝑎𝑚𝑏 − 𝑇𝑛𝑜𝑑𝑒) + ( ℎ𝑑𝑖𝑠𝑛𝑜𝑑𝑒 + �̇�𝑑𝑜𝑤𝑛 𝑐𝑝𝑉𝑛𝑜𝑑𝑒 ) (𝑇𝑛𝑜𝑑𝑒,𝑢𝑝 − 𝑇𝑛𝑜𝑑𝑒) + ( ℎ𝑑𝑖𝑠𝑛𝑜𝑑𝑒 +�̇�𝑢𝑝 𝑐𝑝𝑉𝑛𝑜𝑑𝑒 ) (𝑇𝑛𝑜𝑑𝑒,𝑑𝑜𝑤𝑛 − 𝑇𝑛𝑜𝑑𝑒) + (�̇�𝑒𝑛𝑡𝑒𝑟 𝑐𝑝𝑉𝑛𝑜𝑑𝑒 ) (𝑇𝑒𝑛𝑡𝑒𝑟 − 𝑇𝑛𝑜𝑑𝑒).
ℎ𝑙ℎ𝑉𝑛𝑜𝑑𝑒 𝐴𝑙

𝑇𝑐,𝑖𝑛 𝑇ℎ,𝑜𝑢𝑡

𝑇ℎ,𝑖𝑛𝑇𝑐,𝑜𝑢𝑡 𝑉𝑛𝑜𝑑𝑒
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ABSTRACT Building Information Modeling (BIM) is a process that collects building data in a central
data model. This data can not only be used to plan and construct a building but to design the controls for
heating, ventilation and air conditioning (HVAC) systems. The relevant information about the building and
its systems is used as the base for controller design, opening new opportunities like the automated testing and
optimization of control strategies, both for energy efficiency and user comfort. This paper shows how the
information in the BIM is used to design control strategies, including a completeness check and a resulting
data set enhancement of this necessary information. It also shows a way, how a building, which is already
operating, can be optimized using the operation data from energy systems to modify the existing controllers.
The methodology is executed using a ventilation system that provides air quality by means of CO2-driven
control.

INDEX TERMS Automated control strategy development, building information modeling (BIM), controller
optimization, HVAC control, industry foundation classes (IFC).

I. INTRODUCTION

When a building is planned by means of an integrated,
digital approach, it is most commonly a process based on
Building Information Modeling (BIM). A common model
is used by architects, structural engineers, building services
and other industries; all work contributes to the same data
model (the BIM), filling it with data on the building envelope,
the indoor design, the energy systems, the installed heating,
ventilation and air conditioning (HVAC) components etc.
and use this data to create a detailed model of the building.
Based on this model, the planners can ensure a high level
of planning quality, using automated model checks for clash
detection (e. g. ducts that would run through walls without
a matching wall opening) and to provide a viable model for
simulations (e. g. to calculate the heating demand or analyse
summerly overheating in critical zones). It is also used during
construction to manage the progress and observe the costs of
construction to maintain the given budget and determine the
material amounts required at a given time.

The associate editor coordinating the review of this manuscript and
approving it for publication was Nasim Ullah.

Today, the core applications of BIM are planning and con-
struction; building services are currently being standardized
in Europe and facility management is also making amends
to implement BIM for addressing the operation phase of a
building. Making BIM planning data available in later build-
ing phases would be of great benefit for costs and quality
during the life cycle. Lambrecht [1], state that the cost savings
using BIM are up to 7%, considering only the planning phase.
Extending the usage of BIM data towards commissioning
and operation will further increase these benefits. This work
takes a step in this direction and shows that the structured
and consistent information, which is gathered in the BIM,
is the foundation of controller design in building energy
systems [2], [3].

Basically, this paper focuses on the work flow of an
automation algorithm to create control strategies for venti-
lation systems only using data from BIMmodels. Controllers
used within these strategies, are adjusted with well-known
methods and their parameters are adapted within the updating
process for improving the baseline control strategy. So called
control strategies consist of a set of control blocks. With
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these blocks a building is controlled on two levels: automation
level (activation time of the system, time schedules, etc.) and
process level (mostly PID controllers or On–Off controllers).
Thereby, a control block is a function with inputs, configura-
tion parameters, and outputs.
This paper shows a workflow for the automatic design

of control strategies for building energy systems. It focuses
specifically on indoor air quality by means of CO2-based
control of a ventilation system and uses BIM model and
additional data sources (e.g. national regulations and stan-
dards regarding indoor air quality) to gather the relevant
information needed to design a control strategy. After this
strategy is committed, it can be further optimized using the
operation data of the ventilation system and on indoor air
comfort to avoid peaks in CO2 levels or on counteract against
equipment failure like sensor failures.

The work is organized as follows: Chapter II gives an
overview of the relevant state of the art, Chapter III shows
and describes the workflow of the development of a basic
control strategy for ventilating systems, Chapter IV gives an
insight into fetching necessary data from Industry Foundation
Classes (IFC) files and extending missing information with
additional data as well as allocating geometry to given room
zones, Chapter V shows how a working baseline control
strategy is derived from this above-mentioned geometric data,
in Chapter VI and VII some approaches to update and extend
this baseline strategy are presented, Chapter VIII shows some
results from the co-simulation process and Chapter IX gives
an conclusion about this paper and an outlook for further
work.

II. STATE OF THE ART

The digital, integrated BIM process is currently being estab-
lished in Europe [4] and the US [5], having different levels
of maturity in different countries: For example, BIM is
standardized in the UK in the standard series BS1192 [6],
whereas Austria has adopted the ÖNORM A-6241 [7] stan-
dard [8] to standardize properties that are used in BIM,
e.g. material properties. In December 2018 the new ISO
standard ISO 19650 [9] has been published, which pro-
vides international definitions of core BIM concepts like the
Common Data Environment (CDE), the Exchange Informa-
tion Requirement (EIR) and a Project Information Model.
The Information Delivery Manual (IDM), which shall pro-
vide software interoperability during construction phase is
standardized in ISO 29481 [10]. While standardization for
planning and construction is well-developed, building ser-
vices (planning and commissioning) and facility management
are still in an early phase. Anyway, the basic definitions
for building service components like sensors, actuators and
controllers on which this paper relies are available.

To cooperate in a common planning and construction pro-
cess, the BIM data needs a common data format to store
the information. This data format is important for this work,
since it provides access to the source of information. Different
software manufacturers have defined proprietary data format:

Revit [11], Allplan [12] or ArchiCAD [13] all have their own,
incompatible data formats. Since this work intends to be inde-
pendent of vendor specific formats, it has not been attempted
to access these data formats. Instead, we focus on an open
industry standard that allows the interchange of building data,
namely the Industry Foundation Classes (IFC) [14] and the
buildingSmart Data Dictionary (bsDD) [15]. IFC is a data for-
mat to describe, exchange and share building specific infor-
mation. It covers physical and spatial components, resources,
controls and actuators. Their naming is well defined in the
IFC standard. bsDD builds on top of IFC and defines a
library of objects together with their attributes. All common
BIM software tools can export an existing model into IFC,
which is the common denominator between different pro-
prietary software tools. Therefore, we use IFC models in
this work that have been exported as the BIM information
source.

An IFC data file contains IFC entities with predefined
structures. Some of this information is optional and can be
skipped (using a dollar sign as a placeholder). This required
data is either entered by using inverted commas or referring
to another IFC entity, which has different labels, followed
by a definite naming, e.g. IFCSpace. All IFC functions
receive their own, unique number indicated with a hashtag,
e.g. #11265, which provides a unique identification within
an IFC model. An instance of IFCSpace can, for example be
defined as:
ifcSpace(IfcGloballyUniqueId, IfcOwnerHistory, IfcLabel,

IfcText, IfcLabel, IfcObjectPlacement,
IfcProductRepresentation, IfcLabel,
IfcElementCompositionEnum,
IfcInternalOrExternalEnum, IfcLengthMeasure)

[12]
All crosslinks need to have a specific IFC type. Thus,

the very first task for reading data from the IFC standard
is to identify all necessary IFC entities and their related
IFC entities for reading out necessary indoor room and
HVAC data. Hence, it is possible to identify, which of the
above-mentioned optional data is used and which elements
can be ignored. By defining both necessary IFC functions and
their included types, the first task is completed, defining an
ifcSpace example as:
#11265= IFCSPACE(’1l0Tb5MkzETxhlKNe2L0xv’,#7,’RG

28’,$,$,#11267,#11298,
’TOP 359’,.ELEMENT.,. INTERNAL.,0.);

which represents the following data
globalId 1l0Tb5MkzETxhlKNe2L0xv
OwnerHistory #7
Name ’’RG 28
Description $
ObjectType $
ObjectPlacement #11267
Representation #11298
LongName TOP 359
CompositionType ELEMENT
InteriorOrExteriorSpace INTERNAL
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ElevationWithFlooring 0

The entity also contains cross-links: For example, the prop-
erty ObjectPlacement, links to #11267, where the object
coordinate system is defined; this system defines, whether
the axis are absolute (relative to the world coordinate sys-
tem) or relative (relative to the object placement of another
product).
Today, most of the information in an IFC model is related

to architecture and building geometry. As stated earlier,
building services like a ventilation system also require the
definition of components like fans, controllers, sensors and
actuators. These components are partly already available in
IFC version 4, with significant extensions currently being
standardized.
IFC has been defined for about 18 years, and standardized

for about 13 years [16]. However, neither IFC nor bsDD
define a complete set of HVAC component and therefore also
no automation components like HVAC controllers. A method
to extend IFC files with control functions descriptions was
defined by Benndorf et al. [17], which could be a simplifica-
tion for obtaining necessary HVAC data.
Automatic generation of ventilation controllers from

IFC data has great significance also. Different IFC
parsers exist, such as IFCOpenShell [18], BIMserver [19],
FZKViewer [20], although, partially they are only for
3D-representation of IFC data or do not provide an API that
allows to link other programs for developing HVAC control
strategies. Even if these parsers could provide necessary
BIM data, no method has been developed to create control
strategies for ventilation systems yet. Basically, three types
of classical control methods for regulating the CO2 level in
buildings exist:

1. Constant volume flow controllers are the simplest ones,
which are available in office buildings. Either con-
trolled manually or within a fixed time, for example
7am to 8pm, a constant volume of fresh air is distributed
into the supplied rooms.

2. On-Off controllers are mostly equipped with CO2 sen-
sors and hysteresis. If the given CO2 set-point is
exceeded, the volume flow controller is activated and
will be deactivated as soon as a threshold is undercut.

3. PID controllers are demand controlled and need the
current CO2 concentration of a room also. In contrast
to On-Off controllers, they allow a continuous control
of the CO2 level instead of a binary one. However, their
parameters need to be defined. Equation (1) shows the
control equation of PID controllers:

u(t) = KP



e (t) +
1

TI

t0
∫

0

e (τ )dτ + TD
d

dt
e(t)



 (1)

with the error e, the proportional gain KP, the integral time TI
and the derivative time TD.
Based on the given information about sensors and actu-

ators from the IFC file, one of these basic controllers are

used for controlling the CO2 concentration of the rooms
in the given building. For improving the behavior of stan-
dard CO2 controllers, different methods have been published:
Federspiel [21] described an on-demand control strategy,
which requires the number of occupants for controlling the
CO2 level of a single room. This method would have to be
adapted per room by hand, which is very time-consuming in
larger buildings and does not include the interaction between
all controlled rooms. So, even if the number of occupants is
known, the strategy may fail, i.e. because of undersizing of
the ventilation system. Shi et al. [22] described a method,
which is based on direct feedback linear (DFL) theory and
put forward in demand controlled ventilation (DCV). Again,
this method was used for a single room and is not automat-
ically created. So, for every single room, a new controller
is necessary, which raises the developing effort significantly.
Dasi et al. [23] described a method to update PID parameters
by using fuzzy logic, however, they had to identify necessary
parameters using the trial-and-error method, which again
would need to be done for every single room separately.

Other methods, as described by Wang et al. [24] or
Gu et al. [25], are using real-time data for adapting the con-
troller’s behavior. They are not appropriate to be used within
the present task, since the developed algorithm is mainly used
offline but in reality, the control strategy will be adapted quite
often by changing BIM models.

Thus, none of these methods is appropriate for including
them into an automation algorithm for ventilation systems,
since the main advantage of the method presented in this
paper is the automated update process for control strategies,
whenever the BIM model changes.

III. WORKFLOW FOR CONTROL STRATEGY CREATION

As mentioned before, BIM is one of the most promising
developments in the architecture, engineering and construc-
tion industry. For the current work, the biggest benefits

FIGURE 1. Workflow.

are the accurate model of a building, which allows control
strategies for indoor air quality to be developed quite early
during the planning phase and to show potential needs for
improvement. The flowchart in Fig. 1 shows the workflow
for automated controller design that uses IFC data as a base
for the creation of control strategies.
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TABLE 1. Required data for automatically developing an air conditioning
controller.

In the first step the IFC data is parsed to extract relevant
information for the ventilation control: room dimensions,
volume flows, available actuators and sensors, window and
door sizes, the controller type and the occupancy profiles for
each space in the building that shall be ventilated. IFC allows
to store this information as IfcPropertyValues. Table 1 lists
the necessary data; ‘‘assessable’’ refers to the possibility that
a parameter can be estimated in case it is not given in the
model.
Available data is extracted from the BIM model and aug-

mented with additional data, if the model does not provide
the necessary information. Since we seek a control strategy
for a ventilation system, the system requires a CO2 model
that regards ventilation, natural dissipation and occupancy.
Missing data like the occupancy profile can be derived from
the definition of the room function: an office, for examples,
provides 8m2 for the first person plus additional 5m2 per addi-
tional person, while a class room provides about 2,5m2 per
student. This allows to estimate the maximum number of
persons; using the estimate for CO2 production per person,
which is defined in ÖNORM EN 16798-3:2017 [26], gives
a baseline for air exchange rates. Other information that is
commonly not available in a BIM are the overall opening
hours of a building. This information must be provided so
that the system can consider closing times with a different
operation mode like nightly setback.
HVAC data and indoor data is used for developing a

baseline control strategy.Within this process, every room gets
its own specific ventilation controller that provides appro-
priate air flow and makes use of the available sensors and
actuators (given that they are feasible for ventilation control).
This baseline control strategy is based on the CO2 model
created from geometric data and does neither involve possible
influences between different rooms nor occupancy variations.

FIGURE 2. IFC data preparation flowchart.

FIGURE 3. Building model for testing the allocating algorithm.

For optimizing the results, the controller will be updated
during the runtime of the systems. Hence, variations of dif-
ferent occupancy profiles and appropriate controllers will be
tested within a co-simulation environment and the results are
saved in a data base for real time usage in the step.

IV. VENTILATION-SPECIFIC BUILDING MODEL

Depending on the buildings structure and on needed IFC
data, different constant IFC entities are defined (Define
ifc functions). With this information, the IFC parser can
identify which entities are necessary for fetching data. The
readIFC algorithm is shown in Fig. 2:
To create a control strategy, the room layout needs to be

known. This information is stored in a room list, which con-
tains all relevant ventilation information i. e. room sizes, wall
properties, windows sizes and u-values, and relevant actua-
tors and sensors for the ventilation system. Since BIMmodels
are created in different authoring tools, the creation of the
room geometry requires a separate algorithm (see Fig. 5),
since relevant air (and heat) flows cannot be calculated if
the function ifcRelSpaceBoundary does not exist. Typically,
an air conditioning controller only improves the air quality of
specific rooms, including offices, meeting rooms and lecture
rooms. Hence, only these rooms need to be identified and
their data fetched. Other rooms, such as corridors, lobbies,
etc., get area-based volume flows, which do not require spe-
cific parameters. This simplifies the parsing process, since
common office and lecture rooms mostly have quite simple
room shapes (note that complex room shapes are not pursued
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FIGURE 4. IFC wall allocation example.

FIGURE 5. IFC wall allocation flowchart.

further in this paper). The resulting algorithm to allocate all
walls to a specific room is discussed based on the building
given in Fig. 3.
There, two rooms are taken, to show the algorithm’s

operating principle, see Fig. 4.
Two different spaces (blue) have their individual walls

(green) and a single shared one. For understanding the
following algorithm, it is necessary to know how such a space
will be defined. Within IFC, room definitions start with the
IFC entity ifcCompositeCurveSegment. This entity defines an
ifcPolyLine, which creates a line between two points with
ifcCartesianPoint. For example, Room112 is defined with
six and Room113 with four poly lines. The same applies to
the walls, which are defined with four poly lines. The flow
chart in Fig. 5 shows the algorithm.
First, the rooms and the walls poly lines are used to create

two dimensional lines:

gi:Xi = Pi + v
−→
Vi (2)

for {i ∈ N|i = [1; imax]} with the total number of room
boundaries and walls imax . gi represents the specific line
name, Xi any lines’ point, Pi is a known point and

−→
Vi is

the direction vector. All following calculations are based on
vector algebra.

FIGURE 6. IFC wall allocation with shifted locations.

Equation (3) describes the calculation of the enclosed
angle between the mth wall w and the nth room r , which is
needed for identifying whether a wall is a possible boundary
of a room:

cosϕ =

−−→
Vwm

−→
Vrn

∣

∣

∣

−−→
Vwm

∣

∣

∣

∣

∣

∣

−→
Vrn

∣

∣

∣

. (3)

Deviations could occur through a high number of decimals,
whereby a hysteresis of ±0,5◦ is an acceptable angle devia-
tion between the room’s boundary and the wall. After identi-
fying all possible boundary appertaining walls, the condition

Pwm + v
−−→
Vwm = grn(u= 0)+w−−→nVrn (4)

Pwm + v
−−→
Vwm = grn(u= 1)+w−−→nVrn

0 ≤ v ≤ 1 (5)

needs to be checked. Thereby, all wall points between its
beginning, v = 0, to its end, v = 1, need to be part of the
rooms boundary. This additional check is necessary because
of the infinity of a line. Otherwise, parallel lines without any
contact point could be identified as boundary appertaining
walls, see Fig. 6.

The wall with the shortest distance d to the room’s
boundary is the appropriate one, which will be calculated by

d =
|(Pcwm − Pcrn)| ×

−→
Vrn

−→
Vrn

(6)

whereby Pcwm is the center from the wall and Pcrn those from
the rooms’ boundary.

After identifying all walls for every room, the room list
can be filled. For a well-mixed space, the mass balance of
CO2 concentration can be calculated by

V
dCO2

dt
= ĊCO2 +

(

CO2,out − CO2,in
)

nV (7)

with
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V Air volume of the room in m3

dCO2
dt CO2 level change within the next time step in

ppm/s
ĊCO2 CO2 production inside the room in ml/s
CO2.out CO2 level from outside in ppm
CO2.in CO2 level from inside in ppm
n air change rate caused by windows, doors and

the ventilating system in 1/s

This approach can be frequently found in different ref-
erences, as in [27]. Based on this non-linear equation and
the maximum number of people allowed inside the room a
linear PT1 element is estimated. This is an eligible simpli-
fication, since the CO2 level, where this equation is used,
is within a limited range: the indoor CO2 level will normally
change within 400ppm and 2000ppm. After approximat-
ing the PT1-element, the parameters KP (proportional gain)
KI (integral time) and KD (derivative time) were identified
using the general guidelines for the Ziegler-Nichols tuning
method, [28].

Depending on IFC data, the ventilation systems type is
defined, too. Basically, two different systems exist:

• Centralized and
• Decentralized.

The main difference is the number and size of installed
ventilators. While a centralized system has a single venti-
lator for fresh air and one for exhaust air, the decentralized
system has one ventilator per room or zone. That leads to
higher installation efforts and costs, though Variable Air Vol-
ume (VAV) controllers are not needed, and the amount of
fresh air is easier controllable. VAV controllers are needed
in decentralized systems, because the ventilation system only
provides a maximum amount of fresh air and does not control
the volume flow by room. So, VAV controllers are needed,
which change the flap position to affect the volume flow into
a room. Based on this information, different control strategies
are defined in Chapter V.

V. GENERATING A BASELINE CONTROL STRATEGY

After the BIM model has been parsed to extract relevant
geometry and component data, it is possible to create a base-
line control strategy that ensures comfort in each room and
makes use of the available sensors and actuators. The creation
process relies on a library of control blocks that are used to
compile a control strategy, which has been defined in this
work by means of Simulink blocks. The most relevant blocks
of this library are shown in Fig. 7.

The ‘‘PAR_’’ inputs are used for configuration of parame-
ters, the other inputs are connected to sensors or other given
values, whereas the outputs are connected e. g. to actuators.
Air Quality Controller represents a controller with a fixed
volume flow, this is the simplest controller and can be used
for a baseline control strategy. AirQualCtrlPres is a linear
PID air quality controller that uses a CO2 sensor (Q_ROOM)
and has an additional presence sensor (P_AUTO) whereas
AirQualCtrlNoPres is an air quality controller without pres-

FIGURE 7. Simulink library of control blocks for air conditioning.

TABLE 2. Default parameter values for an office building.

ence sensor. MFC is a mechanical flow controller that
provides a constant volume flow. Presence Detector was
introduced for clarity, to show that such a sensor exists in
the real system. Follow Up Time is a block that delays its
output signal for a given period after the input has been
disabled and can be used for a fixed period of ventilation after
the last presence detector was triggered. SchedulerDoW is a
time scheduler block which can be configured individually
for each day of the week. This component is commonly
used in building SCADA systems for setting global operation
schedules.

Before these controllers can be used, they must be con-
figured using the ‘‘PAR_’’ inputs. Depending on the differ-
ent room sizes and workloads, these parameters need to be
updated. Thus, these blocks will be used within the optimiza-
tion of the baseline control strategy. The configuration of con-
trollers like the AirQualCtrlPres require to set ‘‘PAR_VF’’,
which is the maximum volume flow that this volume flow
controller can provide. This information typically is one of
the IFC properties that describe the ifcController object. Note
that such parameters need to be standardized before becom-
ing broadly accepted; this standardization process is currently
not finished.

As explained earlier, data which cannot be extracted from
the BIM model has to be filled by default assumptions.
Similarly, most of the parameters for the control library
blocks have default values. For example, in case of an office
building, the values are set, as seen in Table 2.

Within the first steps of the control strategy generation,
a general HVAC template is defined, which contains the basic
structure of the air ventilation system. That simplifies the
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FIGURE 8. First steps of generating a baseline control strategy.

control strategy definition significantly and serves as a basis
for identifying necessary control blocks. As a second step, all
available sensors and actuators, as well as parameters, are
identified per controller. That leads to related HVAC blocks
and necessary sensor-inputs, actuator-outputs and constant
blocks for parameter definition, see Fig. 8. Finally, this new
control strategy is compared with existing, which are stored
in the data base. There, the rooms and windows sizes as well
as the maximum allowed number of persons and available
actuators and sensors are matched, and possible updated
parameters are adopted.
After identifying all subcomponents of the air ventilation

system, they are processed separately and connected in a gen-
eral control environment. As an example, VAV_3 is discussed
in more detail.
Depending on unassociated inputs of the controller block,

related extension blocks are inserted and connected. For
example, B_ON expects a binary signal from any block,
which (de)activates it. In the present case a time-scheduler is
added, since the building type is a university and this specific
room a lecture room. That leads to the assumption, that during
weekends and nights, no CO2 emission is emitted, and the
room does not need to be ventilated at all. Another extension
block implements a so-called follow-up time. This block is
combined with available presence detectors for (de)activating
air conditioning for a more energy efficient operation.

When every blocks’ input is connected, either with an
extension or with a constant block for parametrization,
the parametrization process starts. Thereby, every room’s
air quality controller is either parameterized for the maxi-
mum number of people, which are present in this specific
room, or depending on given information, which was fetched
from an IFC or csv file. Therefore, the parameters of the
CO2 room model are set using the information about room
size, the number and size of windows and doors, and an occu-
pancy profile with the above-mentioned number of people.
Afterwards, the fixed volume flow from 15m3/h per person
will be determined, [26].

Fig. 9 shows such an automatically generated SIMULINK
model for air conditioning a single room.

FIGURE 9. Automatically generated SIMULINK air conditioning controller
for a single room.

FIGURE 10. Final baseline controller.

Blocks with brown background color originate from the
control block library, cyan blocks are sensors and actuators
and white blocks are adaptable parameters. The complete
ventilation system controller for this simplified example is
shown in Fig. 10.

VI. UPDATING THE BASELINE CONTROL STRATEGY

The previously described process provides a building with a
control strategy from the first day of operation and without
the need for human interaction. During operation – once
the building has been constructed – it may be feasible to
re-evaluate the control strategy and react on different usage
scenario or equipment failure.

The system presented here has potential to further optimize
operation using measurement data. It is assumed that the opti-
mization is executed regularly e.g. once a day and evaluates
the recent historic data.

A first check is for equipment failures: Plausibility
checks on the presence detectors reveal if a sensor is
malfunctioning, e.g. by providing no occupancy informa-
tion in a room or claims constant presence (although the
CO2 measurements indicate otherwise). In this case the
system can replace the controller block for the respective
room with a controller that does not use presence detection
(AirQualNoPres).
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FIGURE 11. Updated rule strategy generating flowchart.

TABLE 3. Fuzzification table.

Plausibility checks on the CO2 sensor values can indicate
that a CO2 sensor is faulty (e.g. due to lack of calibra-
tion or interrupted communication). In this case the system
can replace a controller block with a constant air volume
controller that disregards the CO2 level in the room. While
not as energy efficient, it is still a resilient solution that keeps
the system operational.
The next ability requires the analysis of CO2 levels in all

rooms supplied by the same ventilation system. In Fig. 11,
the workflow of a parameter updating algorithm is shown.
First, the comfort level and the energy consumption are

weighted. Thereby, the correlation between dissatisfied per-
sons (DP) and the difference between the inside and outside
CO2 level (CO2,diff) is calculated by [29]:

DP
(

CO2,diff
)

= 395e−15.15CO−0.25
2,diff . (8)

Using the CO2 limits from [30] and [31], Table 3 and
Fig. 12 were created for weighting the usefulness of improv-
ing the CO2 level in a specific room:

These fuzzification values can be manipulated during
real time operation, e.g. fed with survey data, whereby the

FIGURE 12. Area of unsatisfied persons depending on the CO2 Span
which is set for fuzzifying.

FIGURE 13. Result of identifying ranges, where people are inside the
specific room.

whole updating process restarts. Basically, the results of the
fuzzification process are used for defining acceptable limits
for the CO2 set-points; in the present example these limits
are set to 1000-1500ppm. Thus, the algorithm focuses on
improving the indoor comfort level and sets different CO2
set-points for reaching an energy-efficient and convenient
operation. Furthermore, during the improving process, values
within these fuzzified limits are compared between all rooms
and it is checked whether a comfort level reduction in one
specific room is in an appropriate relation to the comfort level
improvement in another one.

After fuzzifying the CO2 values, the range of interest (ROI)
needs to be defined to identify violations of the comfort zone.
This range subjects to certain conditions:

• CO2 value is higher than 800ppm and
• persons are inside the room.

First, measured data needs to be smoothed because of par-
tially erroneous measurements. Therefore, locally weighted
linear regression with a span of 12 measured points is used,
where outliers are deleted, though the original shape of the
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curve has not changed significantly, see Fig. 13. Present data
is taken from a CO2 sensor, which is installed in an existing
ventilation system. For better readability, only a single day is
shown.
Fig. 13 shows all sensor data during a time of occupancy

with a CO2 concentration above the user-specified threshold
of 800ppm. As a test sample, data is taken from an earlier
project called ARIS, [32], where CO2 levels were measured
during lecture time in an university.
After these pre-calculations, the algorithm follows the

flowchart shown in Fig. 11. First, the total volume flow
from this ventilation system is compared to the maximal
possible volume flow. If the ventilators’ workload is nearly at
maximum, the comforts improvement is very limited. Hence,
resources are released by globally optimizing the air volume
flow: by raising the CO2 set points from less occupied rooms,
the algorithm trades lower comfort in little occupied rooms
(but still in accordance with Table 3) with a reduced comfort
violation in highly occupied rooms.

VII. FURTHER OPTIMIZATIONS BASED

ON EXTENDED DATA

Another possibility for optimization is to examine the con-
troller dynamics compared to the occupancy and room
dynamics. If an overshoot in the CO2 level of a room is
detected, which is only temporary before a high-load situa-
tion, it may be due to reasons:

• The starting CO2 level is too high
• The controller reacts too slowly

For solving these issues some programming solutions are
presented. If the starting value is too high, the systems
workload is checked before this specific and the last range
of interest (ROI). Given that the controller has access to pre-
defined room schedules, assuming the expected occupancy in
near future is possible. Thus, either a pre-air conditioning or a
follow up time is implemented (i. e. the ventilation system
maintains operation even if there is no more occupancy until
the minimumCO2 level is reached). If the controller response
time is too low, the systems workload is checked before and
during this specific ROI. Either a pre-air conditioning or a
lower CO2 set point is implemented. All solutions lead to a
better CO2 level within the ROI, as shown in Chapter VIII.
After solving occurring comfort violations, a method for

improving the comfort level was developed. For that, the fan
characteristic is read out from the available IFC file. The
manufacturer typically provides some operation point mea-
surements, as shown in Table 4.
This data is taken from [32] again and is approximated

with a third order polynomial function, as shown in Fig. 14.
Cubic order was chosen because of the idealized power
consumption (9), [33].

P1

P2
=

(

n1

n2

)3

(9)

TABLE 4. Measured volume flow over power consumption data.

FIGURE 14. Comparison between real ventilator characteristics and
approximated 3rd order polynomial function.

FIGURE 15. Automatically identified rooms.

with the power consumption P1, P2 at the rotational speed n1,
n2 and the relation

V̇1

V̇2
=
n1

n2
(10)

with the volume flows V̇1 and V̇2.
All these controller updates are stored in a data base

depending on different occupancy. If any unforeseeable
events occur, the controller chooses the best fitting control
strategy from the data base. This leads to greater freedom and
better results during real time usage.
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FIGURE 16. Automatically developed air conditioning controller for a
single room.

VIII. RESULTS AND DISCUSSION

We validate the proposed methodology using a BIM model
from a real-world planning process, which is available
in IFC4. As expected, the model did not contain the
required building service components, especially VAV con-
trollers, ducts and fans were missing – this information
had to be added as a separate data source. The IFC parser
identifies all available rooms and filtered non-ventilated
spaces (e. g. halls). Fig. 15 shows all 13 rooms, whichwere
identified.
The rooms’ walls were not allocated to the room’s bound-

aries, therefore the algorithm for wall allocation as described
in Chapter IV, was applied. Their properties were filtered
from the basic IFC file and stored in the database. For
example, room ‘TOP 336’ has the following properties:

Area 52,08 [m2]
Height 2,77 [m]
Window 1 3,52 [m2]
Window 2 5,28 [m2]
Door 1 1,80 [m2]
VFC yes
Presence Detector yes
Max. number of people 20

and the room definition ‘‘seminar room’’. With this informa-
tion a controller was automatically developed (see Fig. 16),
which includes all available sensors and actuators. For first
estimations of the results from a real system, a simulation
environment was built up. For that, the co-simulation pro-
gram PTOLEMY [34] was used. There, the controller was
developed as a SIMULINK [35] model and the simulated
real world was modeled in TRNSYS [36]. The simulation
with two different programs is performed in order to clearly
separate the automatically created controller and the virtual
real world.

For the sake of clarity, the following figures show the
results of only a single day and 7 of 13 rooms.

Fig. 17 shows the simulation results of the automatically
generated basic controllers. During this day the ventilators
workload is not reached, wherefore all controllable (lecture)
rooms reached their desired CO2 value. Office rooms have
built in a mechanical volume flow controller, which can only

FIGURE 17. Simulation results, using an automatically generated basic
CO2 controller.

FIGURE 18. Improving comfort by using pre-air conditioning.

be turned on or off depending on the overall ventilation
systems status. Fig. 18 shows the simulation results of the
automatically generated basic controllers. During this day the
ventilators workload is not reached, wherefore all control-
lable (lecture) rooms reached their desired CO2 value. Office
rooms have built in a mechanical volume flow controller,
that can only be turned on or off depending on the overall
ventilation systems status.

Even though the controller works fine during standard
situations, on the one hand problems could occur, on the other
hand the comfort level and the power consumption could
be optimized too. First, a quite common occurring problem
is discussed: the ventilation systems workload is at nearly
maximum and some of the rooms do not get as much fresh
air as needed for reaching their desired CO2 level, as can be
seen in blue in Fig. 18.

Therefore, pre-air conditioning was implemented, and
the starting CO2 level was reduced from about 700ppm to
600ppm. Thus, within the first 30 minutes a much better
comfort level was ensured. At about 12:50, the systems work-
load dropped, and the considered room was able to reach the
desired CO2level in both cases again.
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FIGURE 19. Improving comfort by changing other room’s CO2 set-points.

Another approach includes the total air volume from all
rooms and their specific CO2 levels. For providingmore fresh
air in undersupplied rooms, well supplied rooms’ set points
could be raised. Thus, their CO2 level worsens, even though
another rooms’ CO2 level may drop into an acceptable range,
as seen in Fig. 19.
These two methods were developed for avoiding bad com-

fort levels in undersupplied rooms caused by an undersized
ventilation system.
The approach, which was presented in Chapter VII,

was used to improve the comfort or decrease the energy
consumption by comparing the CO2 level improvement /
deterioration and the resulting higher / lower power
consumption.

IX. CONCLUSION AND OUTLOOK

The development of international standards for BIM model-
ing is currently at an advanced stage. Thus, advantages of
such a standardization can be used for developing air quality
controllers. Within this continuous development, potential
for improvement can be identified. This paper shows a
way of identifying and completing missing information,
which is necessary for developing air quality controller,
from IFC data-sets and extending these partially incomplete
sets. Different basic prerequisites need to be satisfied within
a geometrical model. Due to the lack of standardization,
missing data for HVAC components had to be added from
additional data sources.
Based on this prepared information, HVAC control strate-

gies are developed, which can be implemented in real
systems. The greatest advantage is the direct impact of
changes in the geometrical model on the controller’s devel-
opment and behavior, which is independent on human action.
However, the main disadvantage is apparent: The controller
development is dependent on the data quality of the given
IFC file and additional information. Mistakes during model
generation or incorrect data may cause the controller not to
work appropriately. Even if these errors occur, fault detection
and fixing them is easier and much less expensive than within

construction phase. Additionally, the basic building’s behav-
ior on changing occupancies and different controller data is
verifiable. Varying room sizes with different occupancies can
be compared, as well as different controller types and their
impact on total energy consumption, as well as on the comfort
level.

Based on the creation of basic control strategies, we have
shown additional approaches to improve the air quality and
the controllers’ performance using occupancy profiles in dif-
ferent rooms. Different alternative controllers are stored in a
database and can be used for comparing different controller
combinations within the ventilating system.

These approaches require very precise data-sets, since
every mistake influences the control strategy development
directly. This requires international standards and highly
experienced BIM developers for avoiding additional efforts.
Additionally, BIM acceptance needs to be increased in com-
merce, where automatically generated controller may con-
tribute as another advantage in addition to more obvious
advantages as less mistakes during construction process.

Within this paper the focus was on fetching data from IFC,
checking and extending them with necessary additional data
and automatically generating a control strategy for venti-
lating systems, basically. Though, a more complex part of
HVAC controllers is the development of controllers for pro-
viding and distributing heat in a building. Especially, the
rapid growth of renewable energy systems and their energy-
efficient operating without violating the comfort zone leads
to problems, which could be solved by using automati-
cally generated control strategies within the planning process
with BIM.
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Abstract: Building Information Modeling (BIM) data are typically exchanged using the Industrial
Foundation Classes (IFC) standard. An IFC-based BIM model is a container for data that is
created during the design and planning phase and is therefore a rich source of information for
the commissioning phase, in which building services are brought to operation. This paper examines
the use of BIM data for automated generation of control strategies for energy systems, thus simplifying
and accelerating the commissioning phase. We present a methodology to create control strategies of
a building heating system with several variations of renewable energy systems and include both heat
provisioning and a distribution system. The control goals include favoring the use of non-fossil energy,
which is provided by a combination of photovoltaic system (PV), heat pump (HP) and industrial
excess-heat source. Thermal energy storages are integrated for load shifting purposes and the control
of the heat distribution system is designed towards the requirements of building physics, occupancy
and outside climate conditions. A validation of the approach is presented in a combined SIMULINK
and TRNSYS simulation environment.

Keywords: automatically generated heating ventilating and air conditioning (HVAC) controllers;
Building Information Modelling (BIM); Industry Foundation Classes (IFC); advanced building controls

1. Introduction

Automatic creation of control strategies is an approach to derive the operation of building
systems using the information about the building’s spatial information, its physical information (e.g.,
thermal properties) and the energy systems. These data are typically created in the planning phase
of the building and can be stored in a BIM model, where all involved stakeholders can access and
modify it. Well-known BIM planning tools such as Revit [1], Allplan [2] or ArchiCAD [3] use different
proprietary data formats for internal storage, which makes accessing the data unfeasible. However, all
of the above tools are capable of exporting data using the Industrial Foundation Classes (IFC) data
format, standardized as ISO 16739 [4]. Therefore, this work uses IFC-based BIM data as its main
data source.

Buildings are controlled on two levels: process control and building automation. While
process control is mainly implemented by means of continuous, linear controllers (such as
proportional-integral-derivative (PID) controllers), building automation implements discrete control
strategies using textual or graphical programming tools to define system states and the conditions
of when to enter and leave states, including definitions of setpoints for PID controllers and enabling
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conditions for sub-systems. Both building automation and control (BAC) systems are implemented in
the commissioning phase and require information about the building and its system. The development
process today foresees a control engineer to implement the BAC system based on the planning state
that is handed over from the heating, ventilation and air conditioning (HVAC) planner. BIM has
the potential to make this process far less tedious and erroneous. At the same time, a well-maintained
BIM model contains the information that is needed to automate the implementation of a BAC system.

This work derives the BAC creation process using IFC data as a foundation. It is based on the results
of a previous paper [5] and extends the control strategy development beyond mere room automation
to a more sophisticated and flexible system. Here, a thermal provisioning and distribution system for
buildings is taken into account, where control strategies are developed for variable combinations of
renewable and fossil energy sources. First, the IFC data are processed, including room properties such
as volume, window positions, floor heating installations, etcetera. This information is used to create
a control strategy, which consists of two parts: the energy provisioning system control that contains
controllers for various energy provisioning components, and the distribution system control.

2. State of the Art

2.1. Building Automation and Control Strategy Creation

Building automation originates from industrial automation and had its earliest building
implementation in heating, ventilation and air conditioning (HVAC) systems—the American ASHRAE
Society is still the prevalent organization with regard to standards, methods and protocols in the area of
building systems, indoor comfort and energy efficiency of buildings (see e.g., [6]). Building automation
operates on linear controllers, as process controllers, with an automation layer to implement supervisory
control by defining system states and the transitions between them by means of logic conditions. This
combination of traditional logic and continuous control is at the center of this work. In recent decades,
approaches were made to develop self-adjusting controllers, such as adapting two-point controllers [7],
though this method neither considers the great impact of solar radiation nor can it be used for testing
the controller′s performance during planning phase. That may lead to a too high temperature yield
and thus higher energy consumption [8].

Developing and parametrizing control strategies for HVAC systems of larger buildings make
for a complex topic. Katipamula et al. [9] investigated the influence of different control strategies,
including varying indoor temperature setpoints and pre-cooling, which were based on a state-space
model of a single-family house. However, they focused on another type of building, and did not
inspect the provisioning side of a heating system and their strategy as well as its parametrization
needed to be made by hand. Song et al. [10] discussed different control systems for improving
indoor air quality, but did not take care of the overall control strategy to reduce the buildings’ energy
consumption and the interaction between different sub-systems within the overall HVAC system. Yang
et al. [11] described a method to improve the energy efficiency of a ventilating system by using swarm
intelligence. However, within this method the temperature and the indoor air quality of a single room
is controlled by the ventilation system, which is uncommon for modern buildings. Further, the results
of this method are non-classical control strategies, much more a single room controller and based on
a handmade room model. Erickson et al. [12] implemented a control strategy based on a Markov Chain
Occupancy Prediction Model. Using this method, two main problems may occur: if the prediction fails,
the control strategy will not be able to perform as wished and the desired results will not be reached.
Furthermore, the model was handmade too, which is not useful for the task within the present work.

While the existing methods for improving control strategies of HVAC systems provide good
results, there is still a need for further research to address the following challenges that the combined
provisioning and distribution sides face:
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• Handmade models and optimizations, as well as manually parametrized controllers, are not
feasible for broad diffusion into the wide variability of existing automation systems due to
cost reasons.

• An automation methodology needs to be able to handle different HVAC variants. This calls for
a generalized approach to efficiently implement this automation.

• Fallback solutions need to be implemented in order to provide a stable control strategy; otherwise,
the development will not be appropriate for usage within existing real-world buildings.

• The current state of research does not discuss the automated development of control strategies for
the provisioning side with different variants of renewable and non-renewable energy systems.

• The distribution side influences the provisioning side directly. Therefore, a control strategy needs
to regard this physical feedback in its design.

2.2. BIM Data Availability and Organization

Standardization of BIM data has advanced in recent years and covers architectural design
information as well as building physics data. Architectural design is well-developed, focusing on
geometric properties to create the building envelope as well as the floor-plan layout of a building. A
key factor for extending the use of BIM beyond mere 3D-modeling is the use of the meta-data that is
defined for each IFC element. Basic elements such as an IFCWall have geometric properties including
NominalLength, NominalWidth, NominalHeight or GrossVolume [13]; but they also have, for example,
thermal properties, which are required when running thermal simulations on a BIM model: in an
attached IfcThermalMaterialProperties element, an IFCWall can define thermal transmittance, specific
heat capacity and other parameters. Similarly, lighting simulation requires the definition of additional
properties for windows and artificial light sources.

For energy provisioning systems, the geometric properties of components are negligible compared
to the meta-data that define the functionality of a component. Since BIM-based modeling has its origin
in 3D-drawings, this aspect is not yet as developed as geometric properties are. However, development
and standardization are continuing. The core standard is IFC [4], which is extended by libraries such as
the buildingSmart Data Dictionary (bsDD) [14] on ISO level or national dictionaries such as the Austrian
ON A 6241-1 [15]. The latest standard is the ISO 23386 standard, which was published in 2020 [16] and
supports the definition of data templates, which contain relevant information for components and
cover a broad range of building service components. For the time being, this shortcoming is addressed
by augmenting the IFC data with additional auxiliary data (Section 3).

Still, this collection of standards does not fully specify the information of a BIM model; it merely
defines the structure of data, but not the content. Material properties, for example, are defined as
opaque strings, leaving the content open to the defined by the person or the authoring tool. Planners
and architects address this issue by defining modeling guidelines on how to set parameter values and
how to name components. These guidelines are proprietary to one architectural office or one developer
and therefore cause problems when cooperating over company borders in an open BIM planning
and construction process. At the moment, this problem remains unaddressed and would require
much more elaborated standardization. An upcoming development is the Employer’s Information
Requirements (EIR), which shall define standard methods regarding how information is created and
named. A first coverage of the EIR is available in ISO 19650 [17], an ISO standard that was derived
from the British publicly available specification (PAS) 1192 that provides a general description on how
to manage information in BIM over the lifecycle of a building.

2.3. Potentials for Optimization

As elaborated in Section 2.1, current HVAC systems are usually developed based on the expertise
of HVAC planners and control engineers and do not have a high degree of automation. Cost planning
often follows a standardized costing scheme, such as the German Deutsche Industrie Norm (DIN)
276 [18] or the statement of work for building services by the Austrian Ministry of Digital and Economic
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Affairs [19]. In this cost schema the distribution side is described in view of room automation, regarding
costs, e.g., for the commissioning of data points and definition of setpoints, but not for the programming
of control strategies. On the provisioning side there is a need for freely programmed control strategies
for the energy system, which is reflected as a separate cost item. This is where the control engineer needs
to analyze the schematics (hydraulics, sensors, actuators, etc.) and derive a feasible control strategy.

The costs for building automation depend on the type of project, the involved companies and
the level of automation. According to [20], costs in the commissioning phase amount to 2–3% of
the total costs of the mechanical systems. Based on the information gained from expert interviews,
the costs for building automation range between 2% and 9% of the overall project volume. As an
example: a typical office building with 2000 m2 office space, 600 data points and a total volume of
6 million EUR requires approximately EUR 450,000 for automation hardware and software, with
the costs being roughly equally split between hardware and engineering (including 60% budget for
programming, 30% for commissioning and 30% for integration). The methodology presented in this
paper automates the control strategy programming by using building model data and thus reduces
programming efforts. In addition, it is possible to quickly react to changes in the specifications by
triggering a rerun of the algorithm based on the updated model data.

3. Model Development

The provided IFC model is the base for the subsequent control generation. Using this data,
different heating zones are identified as well as the heat provisioning systems therein. As shown
in Section 2.2, the energy distribution side is quite well described within the current IFC standards,
however, the provisioning side is still barely defined. Hence, auxiliary data are needed for filling these
information gaps. For the scope of this work, the necessary information about energy provisioning
systems, such as a heat pump or gas burner, are therefore defined in an auxiliary data file. This will
collaborate well with future workflows, since the standard ISO 23386 [16] provides an excellent template
for building service components once manufacturers have adapted their product data to the new
standard. For the scope of this work, we have defined auxiliary data to provide this information for
the following components: heat pumps, thermal energy storages, natural gas-fired boilers, photovoltaic
systems, valves, pumps and their interconnection as well as their integration into the overall heating
system. It is expected to use the current workflow and abandon the auxiliary data file with only minor
adaptations once the ISO 23386 standard is fully adopted. Section 3.2 describes the provisioning system
components and their necessary parameters in more detail.

Aside from this component-related information, the creation of control strategies needs additional
auxiliary data:

• Setpoints for room automation and energy provisioning systems: These data are typically created
during detailed planning phase and implemented in the commissioning phase. Each room is
assigned setpoints for temperature, humidity, airflow, etcetera. Additionally, the supply and return
temperatures for the heating and cooling system, as well as the ventilation system, are defined.

• Occupancy profiles: Offices, meeting rooms, common areas and other zones have specific usages
that have to be defined in terms of “persons per room”. This also includes the typical occupancy
periods reflected as time schedules for the different zones.

• Outside climate data: Temperature and humidity profiles for the given location are required
for defining the default operation of the room controllers and the controllers of the energy
provisioning system.

The data provided here reflect only the design guidelines for a building, i.e., the heating system
has to be dimensioned so that it can provide indoor comfort on the coldest day at the building location.
In daily operation, it is the task of the building automation system to react to the actual conditions in
terms of outside temperature or occupancy.
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3.1. Building Physics and Distribution System

An earlier publication deals with filtering the IFC data to obtain the necessary information about
the floorplan, the separation into rooms and thermal zones, and the information on how the distribution
system is linked to the floorplan [5]. Since the BIM models that were examined have proven to be
incomplete and inconsistent, an algorithm was developed to create a consistent floorplan layout and
distribution system. Within this algorithm, data gaps were closed and the walls (ifcWall) were aligned
to rooms (ifcSpace). Using the material information in the IFC elements, it was possible to create
a thermal model of the building.

Based on this previous work, the heating distributing system was identified by extending
the algorithm to extract also the heating system components, taking the following steps:

1. Separating data by floor (e.g., ifcSpaces, ifcPipeSegments, . . . )

2. Creating a 3D net based on the geometric data of the specific floors for the whole heating
distributing system. A parental net is defined by the first pipe element found on this floor. Two
levels are spanned, defined by the highest and the lowest points of the net including a determined
hysteresis. All elements located between these two points are assigned to the respective net

3. Subdividing the net based on the geometric data of ifcSpace elements. This division is named
children nets

4. Assigning pipes and relating elements as actuators (e.g., valves), sensors (e.g., temperature),
fittings, etc., to rooms by using parental nets

5. Fitting the identified elements into the children nets to check for gaps

6. Integrating all children nets into the parental net

7. Checking for vertical pipes, which are connecting different floors with each other

8. Subdividing into heating zones by using the origin of the energy provisioning system

9. Assigning setpoints and occupancy profiles to heating zones based on ifcPropertySet elements and
corresponding entities.

The result of these steps is a net describing the heat distribution system, which contains all relevant
components; it also identifies which heating zones belong to which heat supply components. Secondly,
all heating zones are detected by the position of the actuators and the sensors: all rooms that are
supplied after the last flow-regulating actuator are combined into one heating zone, since these rooms
cannot be controlled separately afterwards. This results in a set of data for all existing heating zones,
which contains all available sensors, actuators, setpoints and occupancy profiles. In combination with
the heat provisioning system, this set is used to create control strategies fully automatically, as shown
in Section 4.

3.2. Energy Provisioning System

Building energy systems consist of a combination of energy provisioning and storage components
which are physically connected by a transport medium (typically water, with a link to the air-based
ventilation system). The components can be classified into different, common types, which are found in
many buildings. While the components are rather standardized, the hydraulic connections depend on
the design intent of the planner and can vary in their realization. Figure 1 shows a superstructure which
covers all feasible variants of heat provisioning systems. For the sake of brevity, a few assumptions
had to be made in the scope of this work; for once, only the heating case without hot tap water supply
is regarded. The cooling case is intentionally left out, since it would require too many additional
components and hydraulic connections to be covered here. With regard to distribution systems,
only a low-temperature floor heating system is available, leaving out high temperature radiators.
In addition, only the most common energy components are included in order not to inflate system
complexity. That being said, the superstructure in Figure 1 and its variations cover a broad set of
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real-world energy system configurations: different components can be removed to achieve the desired
configuration, i.e., the energy system at hand is created by removing components that are not needed.

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1. Superstructure of energy provisioning system.

Decisive for the control is the flow of the supply (orange) and the return (blue) as well as the power
supply for heat pumps (green). Different configurations are possible: heat pumps that feed a thermal
energy storage network of parallel and/or serial storage tanks and use air, brine or an alternative
energy source such as industrial waste heat as a source, as well as gas-fired boilers that use the raised
temperature of a heat pump as a return source instead of the return flow of the thermal energy storage.
Sensors and actuators are not shown since they may differ depending on the configuration. Section 4
then explains how a control strategy is created based on a derivative of this superstructure.

While IFC exports contain most of the required data of the distribution system, the energy
provisioning system requires additional data. Basically, three different types of information are needed:

1. Equipment types (heat pumps, thermal energy storages, natural gas-fired boilers, photovoltaic
system, actuators, sensors, etc.).

2. Equipment data

a. Design points of heat pumps (electrical as well as thermal source and sink power at specific
input and output temperatures)

b. Basic information of heat pumps (maximum thermal power, used liquid on both sides
including their thermal data)

c. Basic information of thermal energy storages (heat loss coefficients, conductivity,
volume, diameter)

d. Basic information of natural gas-fired boilers (efficiency curve, maximum thermal power)

e. Basic information of photovoltaic systems (open circuit and short circuit voltages and
currents, maximum power data, number of cells, number of modules)

f. Positions and types of actuators as well as sensors and their parameters (maximum volume
flow, etc.).

3. Equipment connections (both physical flows and information flows).
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If this information is available in IFC and is in accordance to standardized naming, it is fetched
from the IFC file. Otherwise, the elements and their interconnections need to be defined separately in
auxiliary data.

The general structure in Figure 1 allows for various permutations of energy components, where
only a subset is viable regarding economic and technical feasibility (a supply that relies only on
industrial excess heat is, for example, not regarded, since it is only implemented together with a backup
heat pump). These combinations are shown in Table 1. Overall, the presented algorithm can be used to
automatically develop control strategies for a total of 26 different configurations.

Table 1. List of feasible combinations of heat provisioning elements based on the superstructure.

Variant
Heat

Pump

Natural
Gas-Fired

Boiler

Industrial
Excess Heat

Photovoltaic
System

Thermal Energy Storage
in Series/Parallel

Variant A X (X) X
Variant B X (X) X
Variant C X X (X) X
Variant D X X (X) X X
Variant E X X (X) X
Variant F X X X (X) X X

Elements marked with X are required for a variant. For thermal energy storages, different
hydraulic combinations are possible; in general, multiple heat storages can be connected in parallel or
serial in both positions in Figure 1 with high and low temperature setpoints. A combination of serial
and parallel storages is only possible for variant D and F because of the high temperature, which needs
to be provided by a gas-fired boiler for filling multiple storages. Although heat pumps can also provide
temperatures above 50 ◦C, most heat pumps in buildings are designed for lower temperatures. Hence,
to reach a higher temperature level, cheaper gas boilers are used. To improve temporal flexibility,
any number of stratified heat tanks can be specified, and the control strategy algorithm will combine
the given heat producing elements with the storages.

The photovoltaic system (PV) is optional for all variants, since the renewable electricity of
the photovoltaic system (PV) can always be integrated. The system is controlled with a simplified
energy-balance approach: if electricity is needed and the PV can provide it, it is used for covering parts
of the load. If the PV provides more energy than can be used on site, it is fed into the electric grid.
For that, different regulations need to be fulfilled: the electricity price is higher than the feed-in price,
whereby increasing the share of on-site usage of renewable energy is an important action to improve
cost saving.

Despite the advantage of heat pumps of producing an output of about four units heat energy per
one unit electricity (coefficient of performance (COP) of brine-water heat pumps equals to about 4 [21],
their maximum achievable temperature is at about 80 ◦C). Even though high-temperature heat pumps
exist, their prices are relatively high and their COP is much lower compared to lower temperature heat
pumps, [22]. Thus, if higher temperatures are needed or if independency from electrical power sources
is desired, the possibility of adding gas-fired boilers is included.

Control of oil-fired boilers is not discussed within this paper, since heat production using this
type of technology was banned in Denmark in 2013, [23], and partially in Austria in 2019 [24], and
bans will be necessary for reaching the climatic targets of the European Union (EU) [25].

4. Controller Block Library

Once the data of the building energy system has been collected, the control strategy can be
created. As a first step, a library of control blocks for the energy components has to be defined.
These control blocks are then interconnected and parameterized based on the interconnection of
the energy provisioning system. The distribution system and the heating zones that are supplied by



Energies 2020, 13, 4403 8 of 19

this provisioning system are also relevant for the parameterization. This information is used both to
estimate any missing parameters (e.g., temperature setpoints of the thermal energy storage networks)
and to ensure efficient control of the heating zones.

For the energy components that are listed in Section 3, a controller block and, if necessary,
a switching block is created, as shown in Figure 2. These blocks are stored in a library and are
automatically imported by the generating algorithm, depending on the energy system structure
and the hydraulic circuitry. Depending on the connections between different elements, such as
serially connected heat storages, the algorithm changes the controller′s behavior. This ensures
efficient operation.

 

 

 

 

 ∆ = 4

Figure 2. Developed SIMULINK blocks for different types of heating.

The control blocks have three types of variables: design parameters, process variables and dynamic
outputs. Design parameters are unchangeable during the runtime of the control strategy and include,
for example, the orientation and positioning of the PV system, as well as its inclination and size,
window location and sizes, etcetera. Process variables and dynamic outputs may change any time and
affect the overall system dynamically.

SchedulerDoW represents the time scheduler of the overall system. Based on the current time
D_Act and a predefined list of on–off times, which are represented as the input PAR_WSCH, this block
(de)activates the HVAC system. Specific on–off times are given by underlying occupancy profiles
or the type of use of the building, i.e., office buildings are operating within normal business hours,
hospitals all day and night long. Every block that has an input named B_ON can be (de)activated by
SchedulerDoW.

Some buildings’ inner room temperatures are reduced outside operation times. Therefore,
the block NightSetBack is used for setting this temperature setpoint to a given value while the overall
system is deactivated (B_ON = 0). If the inner room temperature reduces too sharply, the system
is reactivated.

HeatPumpAct and GasFiredBoilerAct are used for HVAC systems, where heat pumps, as well as
natural gas-fired boilers, can heat up the same heat storage. Their inputs B_HP and B_ON_GFB are
switched by the block SwitchGasFiredBoilerHeatPump. Basically, this block defines the need of a natural
gas-fired boiler and the usefulness of activating the heat pump based on different conditions:

• Setpoint temperature of the heat storage: If the heat pump is not able to reach the needed
temperature, it is only used when the lowest node temperature is lower than the provided one,
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and energy from the photovoltaic system is available. After reaching the maximum possible
temperature, the heat pump is deactivated, and the natural gas-fired boiler is activated.

• Needed energy from the distributing side: If the heat pump is not able to provide this energy,
either due to errors during design phase or if the heat pump is only used for partial-load operation,
the natural gas-fired boiler is used for provisioning.

HeatPumpCtrl is used to provide a pre-defined flow temperature, which can be the target
temperature of the underfloor heating or of the storage tank. The target temperature of the underfloor
heating is determined by Figure 3. In the test case shown later in Figure 4, Pump Brine and Pump Storage

are used for controlling the mass flows of the source and the sink side of the heat pump. On both sides,
PI-controllers are used. Pump Brine changes the mass flow for reaching a specific temperature difference
between brine intake and return: ∆Tbr = 4K. A higher temperature difference than 4 K may lead to
environmental problems. Thus, the pumps energy consumption increases. Depending on the power
usage on the heat pump’s hot side, the extraction of heat from the ground changes and the controller
tries to compensate this load change. For that, a PID controller is used, which compares the flow and
the return temperatures on the cold side to be able to guarantee the temperature difference: ∆Tbr.
The controller can either be used for regulating the mass flow by using a valve or a pump directly.

 

 ∆

=   ℎ , − ℎ ,

Figure 3. Heating curve based on pre-defined support points.

 

′

 
 
 

Figure 4. Heating system derived from the superstructure, including actuators.
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For designing the hot side controller, two different situations are compared: if industrial excess
heat is available, this energy is used to fill the thermal energy storage. Though, if this temperature is
too low, the heat pump needs to be activated—switching between these two variants carried out by
the valve Valve Switch (Figure 4). Since the industrial excess heat does not need an additional pump for
passing water through the thermal energy storage, the hot sides’ water needs to get pumped through
the storage and the heat pump. Pump Storage is controlled using a PI-controller, which compares
the return temperature with the flow temperature and tries to reach the given flow temperature setpoint.
Depending on the heat pump’s nominal output, this maximum temperature difference is calculated
using Equation (1).

.
Qnom =

.
m cp

(

Thp, f low − Thp,ret

)

(1)

Thus, the heat pump’s performance is limited, and possible miscalculations are avoided. Finally,
the heat pump’s activation period depends on the thermal energy storage temperature and its se-point.
Attention should be paid to the heat pump’s duty cycle, because of the high start-up current and
the high stress during the start-up phase.

The input variable B_Dist decides, if industrial excess heat is currently used; T_Source_In and
T_Source_Out gives information about the temperature on the brine side, which is necessary for
controlling the mass flow of the heat-pump’s cold side; T_Sink_In and T_Sink_Out are necessary for
controlling the mass flow on the hot-side to set the correct temperature difference. The output variables
m_Source and m_Sink are the mass flow control inputs for the installed pumps or valves, which are set
by PI-controllers. The setpoint of the heat pump depends on the following components, which are
connected, and is set by using the input T_HP_Setpt.

If a natural gas-fired boiler is part of the system, the block GasFiredBoilerCtrl is used for controlling
the boiler. This controller is simple, since neither energy from the PV system needs to be considered,
nor two hydraulic sides must be controlled. Hence, the mass flow m_Gas for heating up the heat
storage depends on the difference between return temperature from the heat storage T_GFB_In and
flow temperature into the heat storage T_GFB_Out and the temperature setpoint of the heat storage
T_HS_SP as well as the current temperature T_Storage. The circulation pump is regulated by a PI
controller, using m_Sink as the control variable.

HeatStorageCtrl switches between using industrial excess heat B_Add_Source and using another
heat providing component B_HP as a heat-pump or a gas-fired boiler. Depending on the temperature
T_Add_Source and mass flow m_Add_Source of the industrial excess heat and the other heat providing
component, free energy from industrial excess heat can be used. If the storages’ temperature T_Storage

is higher, or a higher setpoint T_Storage_Setpt must be reached, industrial excess heat may be used till
the transferred energy is non-economic.

The blocks FloorHeaterCtrl and HeatingCurve are used for controlling the temperature within
a single room, which can be affected by changing the flow temperature and the mass flow from the floor
heating system. The first parameter is outside temperature-regulated and the second is constant. In
real systems, a constant mass flow is reached by using a valve at the heating manifolds return flow.
The valves position will normally not be changed within the building′s lifetime. The flow temperature
can be calculated using a heating curve (example shown in Figure 3).

The configuration of the heating curve is provided by an expert and depends on different
parameters, which can be changed for improving the energy efficiency and the comfort level, as:

• Inclination (V_Incl)

• Level (V_Level)

• Room temperature change (V_RTC)

By changing these parameters, the curves shape and the heating systems behavior change. Usually,
they are adjusted once depending on experience and are constant during the heating systems life cycle.
Partially, these values are time-dependent, e.g., if night setback is activated.
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The output T_HC relates to the same named input from FloorHeaterCtrl. Within this block,
the valve position V_Mixer of the mixing valve is set depending on the storage, the return T_Return and
the heating curve T_HC temperature. Depending on the current temperature of the storage, the valve
may mix liquid from the return flow. The room’s temperature is controlled based on the room’s
temperature setpoint T_Room_Setpt and the current room temperature T_Room by changing the mass
flow using a PI-controller.

5. Topology-Aware Algorithm for Control Strategy Assembly

The workflow so far has collected all relevant information from an IFC-based BIM model and
has augmented it with auxiliary data. A library of controller blocks has been designed to support
the control strategy creation for a superstructure of feasible energy system variants. This chapter
now covers the creation of the control strategy for a given system. The algorithm that has been
developed is capable of creating valid control strategies for all variants of the superstructure, including
the management of different combinations of serial and parallel storages. For the scope of this paper,
one test case variant of the energy system is selected, which contains PV, heat pump, natural gas-fired
boiler and industrial excess heat as sources, one storage tank, and a simplified distribution system
with only one thermal zone (Figures 4 and 5). The resulting control strategy at the end of the workflow
is shown in Figure 6.

The system shown in Figure 4 also corresponds to the simulation setup used for the plausibility
check. The models for the supply side are based on already validated ones, such as a heat pump model,
whose thermal output power is calculated based on the thermal input and the electrical power as well
as the temperature spread between source input and sink output temperature. In this test scenario,
the thermal storage corresponds to a decoupling of the supply and distribution side. The calculations
of the interior temperature are obtained by the Heating Load Calculation. The heating system in use,
in this case underfloor heating, is simulated and the heat losses and gains are taken into account. A
certain inertia results from the storage mass of the installed screed and the heat transfer of the heating
pipes to the screed. This inertia is considered in the design of the controllers, since a more inert system
requires a different control system than a highly dynamic one.

 

 

Figure 5. Example of typical sensors and actuators within a heating zone or room.
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Figure 6. Automatically created baseline rule strategy for the heating system of a single room.

Based on the test case information, a topology map shown in Table 2 is created; the inputs and
outputs of the provisioning components are derived based on the definitions in Section 4 and are
matched with the component names in the topology map in order to reflect the hydraulic connections.
The provision side is represented from Pump Storage Out to Photovoltaic System and the distribution
side from Thermal Energy Storage Discharge Out to Pump Heater Out. A distinction is made between
inputs and outputs, which also define the flow direction of the liquid used.

Table 2. Topology map.

Source Sink

Pump Storage Out Heat Pump Hot_In
Pump Storage Out Natural Gas Fired Boiler In

Heat Pump Hot_Out Valve HP GFB In
Natural Gas Fired Boiler Out Valve HP GFB In

Valve HP GFB Out Valve Switch In
Industrial Excess Heat Out Valve Switch In

Valve Switch Out Thermal Energy Storage Charge In
Thermal Energy Storage Charge Out Pump Storage In

Photovoltaic System Heat Pump Power In
Thermal Energy Storage Discharge Out Valve Mixer In

Heating Zone Out Pump Heater In
Valve Mixer Out Heating Zone In
Pump Heater Out Valve Mixer In
Pump Heater Out Thermal Energy Storage Discharge In

5.1. Provisioning Side

Figure 4 shows components highlighted in green, which require an according control block, while
blue components are directly controllable actuators, such as valves and pumps. In the next step, their
interconnections need to be implemented using the topology map in Table 2. The algorithm terminates
when all inputs and outputs are connected.

The algorithm starts at the source side; in this test case, this is the brine side of the heat pump
connecting the Pump Brine pump with the heat pump. Thus, the control blocks HeatPumpCtrl and
HeatPumpAct are used. The hot side of the heat pump (on the right) leads into the first valve, Valve HP
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GFB. Its outlet leads to the next valve, Valve Switch, and then to the thermal energy storage tank Thermal

Energy Storage. Thus, the HeatStorageCtrl control block is required. A further inlet of the valve Valve HP

GFB corresponds to the Natural Gas Fired Boiler, whose flow is fed by the Pump Storage and is connected
to the return flow of the storage tank. Thus, the blocks GasFiredBoilerCtrl and GasFiredBoilerAct are used.
The Pump Storage also feeds the heat pump, which means there is a direct link between the heat pump
and the gas boiler. Therefore, the block SwitchGasFiredBoilerHeatPump is required. The discharge side
of the storage tank is connected to valve Valve mixer, which leads directly into the heating zone. Since
this is part of controlling the distributing side, no further control of the provisioning side is required.

5.2. Distribution Side

The distributing side is simplified to only one thermal zone. Figure 5 shows the placement of
the sensors, valves and pumps that are necessary for maintaining indoor comfort in the thermal zone.

The algorithm starts by identifying all rooms within a building. They are represented by ifcSpace.
Based on this information, all sensors, which are represented as IfcDistributingControlElement and
IfcSensorType “Temperature Sensor”, within the rooms’ boundaries are identified. Either they are
directly linked to this room within IFC, or they are assigned to a specific room by knowing its
three-dimensional coordinates. Then, all room-depending sensors need to be assigned to one specific
room. Referring to the example from Figure 5, Temperature sensor I and Temperature sensor II are
assigned to the Heating Zone (Room).

Second, all components, which are used for heating the specific heating zone are identified.
Initially, heating pipes, represented as ifcPipeSegment, are identified. Using their location, they can be
assigned to a specific room, too. Then, all connected pipe segments are traced, which leads to a net of
the heating system and an easier assignment of sensors, valves and pumps. Using this net, all further
elements are assigned to specific rooms by using the nearest ones to the first room-exiting pipe. Finally,
the sensors Flow Temperature Sensor and Return Temperature Sensor, as well as the Mixing Valve and
the Heating Pump, are assigned to the same Heating Zone (Room). This procedure is performed for every
room. The piping map has, of course, only be created once.

5.3. Control Strategy Synthesis

Depending on the identified components, the according control blocks and their sensors as well
as actuators are added to the control strategy; they are highlighted in blue in Figure 6.

The connection of the provisioning side with the distribution side is controlled by a Pump Pump

Heater and the mixing valve Valve Mixer. Due to this, the control block FloorHeaterCtrl is added and
both outputs (m_Floor, V_Mixer) are connected. If there is no back mixing of the return flow, the output
V_Mixer of the control block FloorHeaterCtrl would not be connected. This would affect the entire
control strategy, since the flow temperature of the heating system can no longer be controlled by
the flow temperature sensor, which is located at the entry to the room, but by the setpoint of the thermal
energy storage. Changing this would force a change in the heat pump and gas boiler setpoints. Thus,
the interconnection of the individual components is influenced by both the source and the sink side.

In Figure 6, all predefined parameters are highlighted in grey (boxes with constant values).
The storage’s setpoint T_Storage_Setpt is calculated for the known nominal temperature of the heat
pump and the known flow temperature of the heat distributing side. Using the storage and the zone
sizes, which need to be supplied with hot water, the temperature threshold T_TH_Storage is calculated.
So, the storage will always be able to provide enough thermal energy and is refilled early enough
without stressing the heat pump more than needed.

Other configuration parameters, such as V_Incl, V_Level and V_RTC, are either given or calculated
by provided measured values for the outside and the associated flow temperature. Scheduler values
need to be defined or are assumed depending on the building’s usage, e. g., an office building’s
operation hours for the energy systems between 7:00 and 20:00 during workdays are assumed as
default values.
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As referenced earlier, Figure 6 shows the complete control strategy for the system in Figure 4,
including both provisioning and distribution side. This structure is created fully automated by
the topology-aware algorithm.

The controllers for the provisioning system are in the upper area (light red) and the distribution
side controllers are highlighted with a light green background. D_ACT is an external input providing
the current time. In the present case, the additional source refers to industrial excess heat. Hence, its
inputs (temperature and mass flow) are connected to the corresponding inputs of the heat storage
control. This free energy is preferably used, if it meets the corresponding setpoints. The PV system
serves as a simple energy source, whose output is used in addition to that from the electrical grid.
Subsequently, these data can be used to change the setpoints and switch-on times, but this is not
discussed in detail in this paper.

The parameters determined were based on the interconnection and configuration of the individual
components. The heat pump was designed with a flow temperature of 55 ◦C (T_HP_Setpt), but
the thermal storage tank has a setpoint value of 70 ◦C (T_Storage_Setpt). This configuration would
give a warning in the plausibility check, which is scheduled after the control strategy development.
However, since a gas boiler and industrial waste heat are available as additional sources, this setpoint is
valid. The switchover via SwitchGasFiredBoilerHeatPump is performed via these two temperature levels.

The indoor temperature setpoint is either defined in the room model of the BIM model, or is
defined manually. The parameters for the heating curve are identified by the specified support points.

All these parameters can be adjusted in subsequent optimizations. These can be carried out
automatically or can be changed by the respective users.

6. Plausibility Check Based on Simulation Results

Control strategies should already be checked during the planning process. This allows users to
test different energy provisions and distribution systems as well as their dimensioning and to identify
the optimal system. Simulations, which can be integrated in different simulation environments, support
this process. The resulting control strategies can be tested with more complex models for fine tuning or
can be modified during the commissioning of the finalized building. The resulting control strategy is
tested in a simulation environment, which is coupled in the co-simulation environment PTOLEMY [26].
Simulink is used for the control strategy implementation that operates a thermal simulation of
the building, the provisioning and the distribution system. In this test case, the system shown in
Figure 4 is checked and the entire process described in the previous chapters is performed. If there are
changes in the interconnection or in the components, these are recognized and are already considered
in the control concept shown in Figure 6 as an example. Currently, the corresponding simulation
environment of the components is set up manually. This can be automated in subsequent work by
identifying relevant parameters in BIM models, but is not part of the present work. The simulation is
run for a period of 48 h, the results for the provisioning side are shown in Figures 7 and 8.

Plot (a) in Figure 7 shows the usage of industrial excess heat (blue), the activation of the heat
pump (green) and the gas-fired boiler (red). The storage tank temperature at the outlet and the upper
storage tank temperature (plot (b)) have an initial temperature of 20 ◦C and should be raised to 70 ◦C
(T_Storage_Setpt). Since the control strategy prioritizes renewable energy, the temperature is first raised
to 55 ◦C only by the heat pump. As the average temperature of all layers of the storage tank is relevant
for the controller, the loading by the heat pump continues until approximately 10:30. Then the heat
pump is deactivated, and the gas boiler takes over to raise the temperature from 55 ◦C to the final
temperature of 70 ◦C. Once this temperature has been reached, the boiler is deactivated and is regularly
activated for reheating. Between simulation time 24:00 and 35:00, the overall control was overruled by
a free heat source (Industrial Excess Heat). The energy is fed directly into the thermal energy storage and
the standard control takes over again as soon as the heat source has faded. The frequency of activation
can be changed by modifying the storage tank temperature hysteresis. If the target temperature of
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the storage tank was ≤55 ◦C, the gas boiler would not be activated, and only the heat pump would be
responsible for charging the storage tank.

 

Figure 7. Switching between heat pump, natural gas-fired boiler and industrial excess heat.

 

≤

Figure 8. Supply temperature and back-mixing valve position for room temperature controlling. (a)
the opening of the mixing valve to achieve the desired flow temperature; (b) the mixed flow temperature.

Figure 8a shows the opening of the mixing valve to achieve the desired flow temperature. In
Figure 8b, the mixed flow temperature can be seen. The mixing valve is responsible for providing
the desired flow temperature. The room temperature is then controlled via the mass flow rate (m_Floor),
which is provided by a separate pump.
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Figure 9 shows the indoor temperature of the controlled heating circuit as well as the floor
temperature. Similar to the discharged storage tank, the indoor temperature starts at 20 ◦C and
is controlled and kept at a constant level of 22 ◦C. The flow temperature corresponds to 35 ◦C
(Figure 9) which is controlled by the mixing valve and corresponds to the heating curve for the existing
outdoor temperature.

 

 

 

 

 

Figure 9. Room and floor temperature control.

7. Discussion

As shown in the figures, the provisioning as well as the distribution side are controlled accordingly.
Switching between the heat pump and the gas boiler works based on pre-defined temperatures and
the temperature of the storage tank is also constantly within the desired limits. The indoor temperature
is constantly controlled to the predefined value and has been quasi-decoupled from the storage tank
temperature by using a mixing valve.

The present simulation results were generated by coupling the automatically generated control
strategy with manually created, classical provisioning and distribution systems. These results can be
used for comparison with other systems or for comparison with changed building or system parameters.
These include, for example, different thermal energy storage tank sizes, heat pumps with different
performance levels, other interconnection variants or fundamental changes to the building in terms of
thermal insulation or windows. The benefit of this approach is that provision and distribution systems
based on empirical values can be tested using dynamic simulations. The results will change in each
planning stage, as the first BIM models will have a lower quality than those in the later planning phase.

The strategy creation process is expected to reduce development costs in different areas; we
estimate that the highest impact on cost and resource savings will be the following:

• A priori testing and optimizing of control strategies before a building is commissioned: this
increases the overall quality of the building operation and will reduce operation costs.

• Automatic creation of control strategies: our BIM-based approach is expected to cut the costs for
programming in half. In the example building shown in Section 2.3, this would address the 60%
programming part of the building automation share of EUR 450,000.
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• Evaluation of different HVAC configurations in early design stage: while this is possible today
by thermal simulation, our approach refines the accuracy of simulation by automatically adding
a control strategy to an HVAC system, thus providing high indication on dynamic behavior in
high time resolution.

• Fast reaction to changes during planning by triggering reruns of the control strategy creation
process: upon significant changes in the system, a manual reprogramming of control strategies
can be replaced by our automated approach; we expect that each of these events is halved in its
resource demand.

In the presented method, simulations are performed with widely used models. These include,
for example, the Carnot model of the heat pump or room temperature calculations based on heat
flows through walls and windows. However, an exact representation of reality is not possible with
current models, so a validation based on real data would provide a further benefit. The control strategy
development described above was tested based on different BIM models of real planned buildings;
this led to promising results. However, no building could yet be accompanied from the planning
to the construction phase. There are various reasons for this: Building data have to be provided in
early planning phases. However, the BIM models have to be of a certain quality in order to obtain
satisfactory results. Since BIM is still in its infancy in the Mechanical, Engineering and Plumbing (MEP)
industry, projects have yet to be acquired in which not only BIM models can be obtained, but also
the entire planning and construction process can be monitored. Since these processes can take years to
complete, validations based on real data will only be able to be submitted later.

8. Outlook

The new methodology presented in this paper allows the automated development of
a general-purpose building energy provisioning and distribution system; it uses both IFC-based
BIM data and auxiliary data to extract the hydraulic structure of the energy system and derive a control
strategy from it. While this new approach is capable of solving a broad variety of energy component
combinations, it is limited to a subset of applications, namely, only addressing the heating case,
not the cooling case. Future research will extend in this direction, so that it is possible to apply
the methodology to the areas of cooling and, consequently, control of air humidity.

Furthermore, the created controller strategy can be used to perform online optimization, i.e.,
tuning the controller parameters while the system is in operation. This would allow users to further
increase energy efficiency of the building energy system.

In further work, the developed methods will be tested on buildings designed and constructed using
BIM. Since BIM has yet to gain a foothold in most of the construction industry and the model quality
has to meet certain standards, validations must be carried out based on direct and intensive cooperation
with building contractors. This also increases the likelihood of acceptance to use the developed
methods and validates the results by comparing them with older buildings. However, the developed
methods offer a solid basis for acquiring partners for the validation, as they can already be tested on
BIM models and show feasible results.
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Abbreviations

The following abbreviations are used in this manuscript:

B Binary signal (-)
cp Heat capacity (kJ/kg·K)
.

m Mass flow (kg/s)
PAR Parameter (-)
.

Q Heat flow (W)

∆T Temperature difference (K)
T Temperature (◦C)
ACT Activation
Add_Source Additional Source
br Brine
Dist Disturbance
GFB Gas-Fired Boiler
hp Heat pump
In Incoming
Incl Inclination
Out Outcoming
RTC Room Temperature Coefficient
ret Return
Setpt Setpoint
TH Threshold
WSCH Weekly Scheduler
BIM Building Information Modelling
bsDD buildingSmart Data Dictionary
COP Coefficient of Performance
EIR Employer’s Information Requirements
HC Heating Curve
HP Heat Pump
HVAC Heating, Ventilation and Air Conditioning
IFC Industrial Foundation Classes
PV Photovoltaic
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a  b  s  t  r a  c t

In ventilation systems a considerable  amount  of energy  is  used for  mass  transport of conditioned  air

to  provide the requested  volume  flows.  Reducing  volume flow while  maintaining  indoor air quality  has

leverage  on energy  efficiency  and  is  commonly  known  as  Demand Controlled Ventilation (DCV). Current

implementations require  Variable  Air Volume  (VAV) controllers  to provide a defined volume  flow to

each  room. The controllers  measure  the  pressure difference and adjust the  motor flap  accordingly. This

paper  examines  an  approach  that  achieves  DCV,  but  replaces  the  VAV-boxes  with  simple motor flaps.

The  missing  pressure-drop measurements  that  allow calculating  the  volume  flow are substituted  by  a

model  of the  ventilation system. The  authors  develop  a method  for  calculating  the  pressure  drop  in the

ducts  of a  ventilation system that  regards  the  topology and  the  components of the  duct  system. This

model  is  coupled  with  a model  for  the  CO2 concentration  in the  rooms for  all conditioned  rooms in  order

to derive  the  required  air volume flow.  Using  this model,  a  linear controller  is developed  that  operates

the  ventilation system.  It  is shown that  the presented approach operates  the  ventilation more efficiently,

while  maintaining  comfort constraints and  saving  installation costs.  The modeling effort  of the  current

approach is expected to be  reduced  with  the  introduction of the Building  Information  Model  (BIM)  into

building  operation.

© 2017 Elsevier  B.V.  All  rights  reserved.

1. Introduction

Energy consumption in buildings represents 40% of the final

energy demand in  Europe –  and they consume more energy than

any other sector of the European economy [1]. About half of the

energy consumed in building operation is invested into heating,

ventilation and air conditioning (HVAC) [2],  whereby in  the US

ventilation represents about 61% of the total electric power con-

sumption in office HVAC systems [3]. In many modern buildings the

air conditioning system does not  contribute significantly to  heat-

ing or cooling, but shall rather condition the indoor air  to be at

the right level of CO2 and within the comfort zone in the Mollier-

h-x diagram. In this work, the authors therefore focus on energy

optimizations based on volume flow reductions and disregard the

energy needed for heating or cooling the air as well as the energy

for adjusting the humidity – based on the valid assumption that

∗ Corresponding author.

E-mail address: gerhard.zucker@ait.ac.at (G. Zucker).

reduced volume flow will in parallel also save energy for heating,

cooling, humidification and dehumidification.

At the same time, buildings need to balance between maximum

energy efficiency and optimal indoor air composition and quality

(IACQ). IACQ has gained great importance due to the significant

increment of illnesses reported by building occupants, referred as

sick building syndrome (SBS) [4,5].  Z. Lin et al. [6] suggest that

multiple factors are involved in this syndrome, including indoor

air quality (IAQ) such as microbiological and chemical exposures

not adequately characterized by current assessment approaches.

This study also shows that with proper design, installation, mainte-

nance and operation, the ventilation mechanisms of buildings can

maintain satisfactory levels of IAQ and therefore reduce the SBB

incidence. Today there is  no real integration of IACQ and energy

efficiency, being mainly the domains of different communities

working independently. Different studies [7,8] have shown that

some energy efficient buildings reduce the conventional energy

consumption by means of reducing volume flow with a  number

of ventilations below the standards, and therefore a  reduction on

IACQ. By observing how HVAC designers commonly address the

above 40% of energy use for space heating and cooling, it is found

http://dx.doi.org/10.1016/j.enbuild.2017.09.041
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Nomenclature

Abbreviations

CSP Constant static pressure

DCV Demand controlled ventilation

HVAC Heating ventilation and air conditioning

IACQ Indoor air composition and quality

NOAA National oceanic and atmospheric administration

SPR Set-point reset

VAV Variable air volume

Latin Symbols

a  [-] Constant

b [-] Constant

A [m2] Cross section of the duct

ĊCo2 [ppm/s] CO2 production per hour of the persons

C  [ppm] CO2 level

d [m]  Duct diameter

l [m] Duct length

L [Pa s2/m3] Hydraulic inductance

n  [1/h] Air change rate through windows and the ventila-

tion system

p [Pa] Pressure

R  [�]  Electric resistance

R [J/(kgK)] Specific gas constant

Re [–] Reynolds number

V̇  [m3/h] Volume flow

Greek Symbols

�  [deg] Flap angle

� [1] Difference

� [m]  Friction factor

�  [kg/m3] Density

ϑ [m/s] Velocity

� [m2/s] Kinematic viscosity

ς [-] Pressure drop coefficient

Indices

a Outside

i  Inside

w Window

out that the design focuses on minimizing energy use/cost, which

often leads to  unhealthy indoor comfort conditions.

2. Motivation and technical concept

Providing indoor air quality and minimizing the energy demand

for the ventilation system are contradictory goals. An  optimization

needs to be well-designed in order to provide the same, if not better,

services than conventional buildings and to reach the same comfort

parameters and indoor air quality. The main electric consumers are

the fans in the duct system, namely the supply air fans and exhaust

air fans. Therefore the first motivation is to find an appropriate con-

trol strategy for controlling the fans. Volume flow and pressure have

a  quadratic relation, volume flow and power consumption have a

cubic relation as shown in  Fig. 1.  A  reduction of the volume flow by

10% results in an electric power reduction of 27%, thus giving a  sig-

nificant leverage for energy savings. This both applies to reduction

of the overall volume flow that is required to  meet the comfort cri-

teria, but also to avoiding periods of high volume flow followed by

periods of low volume flow, if it is possible to level out these periods

to an average volume flow. An energy efficient control strategy for

a given ventilation system shall attempt to keep the volume flow

Fig. 1. Cubic relation between power consumption over volume flow  for a

Robatherm RMC  06/12 fan.

as low as possible, as seen in Fig. 1,  while maintaining the indoor

comfort.

The second motivation is  to exploit the designed systems for

reducing costs. While the operation costs are automatically reduced

by  the targeted optimization of volume flows (which reduces con-

sumption of electric energy, of thermal energy due to reduced

volumes that need to be conditioned and of maintenance costs due

to  reduced stress on the mechanical fans), the installation costs are

not addressed. In order to also reduce investments when construct-

ing the building, expensive components can be replaced. In the case

of ventilation systems, these are the VAV boxes. In principle, the

VAV boxes can be replaced by motor flaps, which are also able to

adapt the volume flow for each room, but  lack the additional sen-

sory equipment to  measure the volume flow: a  VAV controller can

maintain a  given volume flow set-point, so the volume flow into

the room is  known. A motor flap can only control the flap position

to  open and close between 0% and 100%. The volume flow, how-

ever, is unknown, since it depends not only on the flap position,

but also on the current pressure in  the duct system. By introduc-

ing a  model for the motor flap that contains the dependencies of

flap angle, pressure and volume flow, we  can use the flap model to

derive the volume flow, given that the pressure in  the duct system is

known. This way the construction costs for the building are  reduced

in both hardware costs and installation costs by performing a  shift

from hardware to control design and plant modeling.

Analysis of indoor air quality issues in  national regulations are

commonly addressed by measurement of CO2 levels, based on its

association with human body odor and other pollutants [9], not

with any health or comfort effects of CO2 itself. This approach relies

on the fact that CO2 detection technologies are well established and

it is common knowledge that this technology provides quite good

indicators of IACQ, which in  turn are used for operating the building

ventilation system.

This paper is organized as follows: Section 3 discusses the exist-

ing state of the art in  control strategies for ventilation systems,

Section 4 describes the models that are needed for the design of

the new control strategy, which is then described in  Section 5.  The

results are  presented in Section 6,  followed by the Conclusions in

Section 7.

3.  State of the art

Fig. 2 shows the control scheme of a  CO2 room control: the linear

PID-controller Control maintains the CO2 level in a room, it receives

the difference between the CO2 set-point and the current CO2 sen-

sor value; its controlled variable is the volume flow V̇ .  The VAV

box modulates an internal flap (using the flap angle �)  to deliver
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Fig. 2.  Ventilation model and room models of the controlled plant.

the requested volume flow, the internal controller VAV Control uses

the pressure difference �p  to operate the flap, resulting in  the vol-

ume  flow reaching the room and affecting the CO2 level in the room

(a modified control strategy shall achieve the same, but without the

internal VAV controller, solely operating on the flap angle).

In a ventilation system the pressure set-point of the fans is  often

fixed and does not regard the current demand situation. This con-

trol strategy is referred to  as Constant Static Pressure (CSP) [7].

It is commonly used, due to its simplicity and its low costs: CSP

does not require communication between the supply air fan and

the VAV controllers, thus saving equipment and installation costs.

Consequently, fan control and room control cannot cooperate; this

implies that the supply air fan provides a pressure in the ducts of

the system, which may  be  too high for the current demand. The

excess pressure in the duct system is  compensated by the VAV

controllers at the room inlet by  closing their flap and reducing

the aperture in order to compensate for the high pressure. In CSP,

the pressure of the fan  is  calculated once (usually during commis-

sioning) for one specific occupancy scheme and is  scarcely adapted

during operation. CSP has two significant disadvantages: firstly it

runs the risk of violating the comfort zone by  providing low IACQ,

if the fan pressure is  too low; secondly it may  suffer from excessive

energy demand due to an over-pressured duct system. Static Pres-

sure  Set-point Reset (SPR) [8] is  a  control strategy that addresses

these disadvantages: it allows reducing the fan pressure set-point

based on the required volume flow. SPR requires VAV controllers

in each room, which have to communicate with the fan controller.

The pressure is reduced until at least one VAV box is  fully open (i.

e. the flap that is controlled by the VAV controller, respectively). At

this point any further reduction in pressure would cause too low

volume flow in the room. Then the pressure is slightly increased

again. This is necessary to detect, if a VAV box needs to open beyond

100%. SPR needs to have a  relaxed timing regarding the modifi-

cation of the pressure in order to  avoid oscillations between fan

control and VAV controller reaction. Thus the VAV boxes cannot

react on fast occupancy (e.g. beginning of a  lecture) changes, which

can cause violations of the comfort. SPR is used in different VAV

controller types like the Belimo VAV compact controller [10] and

other controllers.

In [11] the authors extend the SPR approach and suggest a  CO2-

based and occupancy-sensor-based dynamic reset of volume flow

for multiple zone HVAC systems and indicate cost savings due to

reduced outdoor volume flow. The system still depends on con-

trolled volume flow by VAV controllers. The impossibility of setting

an accurate volume flow by  motor flaps, does not allow a  replace-

ment by them. The Trim-and-Respond control strategy [8] is similar

to SPR in that it attempts to reduce the volume flow and save

energy; it differs in implementation by  “trimming” the pressure

set-point until a  supplied room or zone issues a  request that it

needs more pressure to fulfil its requirements for IACQ. While trim-

ming has slow dynamics, the requests for more pressure are rapidly

executed in order to stay within air  quality constraints.

4. Plant modeling

The schematic in  Fig. 3 shows a  topological model of the plant

that shall be controlled. The supply air fan receives a set-point for

the differential pressure that it shall provide to the duct system. The

volume flow into the different rooms is  controlled either by  setting

a  set-point for the volume flow in a  VAV controller or by setting the

flap angle of a  motor flap. Each room is  equipped with a CO2 sensor

that provides the current CO2 concentration (CO2 level).

The model follows an application oriented design, since it shall

be applicable to  building energy management applications. There-

fore the model uses only available data from sensors and actuators

that are commonly installed in a  ventilation system and are accessi-

ble by the supervisory control system. It  does not require additional

invasive sensor placement in the duct system. Therefore, the pres-

sure in different segments of the duct system cannot be measured,

but is calculated using schematics of the duct system as shown in

Section 4.1.

The duct system (including the supply air  fan) and the CO2 mod-

els for the rooms are the foundation for the controller design that is

covered in detail in Section 5.  The duct system model is  a  pressure

drop model,  which derives the pressure drops for all paths between

supply air fan and room supply outlets as well as the volume flow

in  each segment. The relation between volume flow and CO2 level

is calculated in the CO2 room models, which assumes that supply

volume flow and exhaust volume flow are the same, thus only the

supply side is modelled, and the exhaust fan is operated identically

to  the supply fan.

Fig.  4 shows the dependencies of the sensors and actuators in

the system: The supply air fan  receives a set-point. While it tries to

reach this set-point, it passes the current pressure to  the duct sys-

tem model in the dynamic calculation. Afterwards the VAV boxes

receive their volume flow (or their flap angle set-points, respec-

tively) and the current volume flows from the duct system model.

The dotted line indicates that all of the VAV boxes/CO2 room models

receive their different set-points and pass on their current volume

flows.

The following sections elaborate the details on the models for

the duct system (Section 4.1), the pressure characteristics of the

VAV controllers and motor flaps (Section 4.2) and the model for the

CO2 concentration in the rooms.

4.1. Modeling the duct system

The pressure drop model of the duct system calculates the cur-

rent volume flow into the rooms at any moment. This model is

based on the pressure drop of the ducts and reflects the topology of

the duct system. According to [12] and [13] the pressure drop �p

in  a  duct segment is  calculated as:

�p  =  �
l

d

�

2
ϑ2 (1)
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Fig. 3. Ventilation model and room models of the controlled plant.

Fig. 4. Electrical substitute circuit diagram (left) for a  ventilation system with three rooms (right).

�p  = ς
�

2
ϑ2 (2)

In Eq. (1), l is the length of the duct segment, d the diameter, � the

density of the supply air  and in both equations ϑ  is the air  velocity.

For each straight duct segment Eq. (1) can be used, with � being the

friction factor [13–16], which describes the friction losses in pipe

flow, depending on the Reynolds number (Eq. (4)) as well as on the

roughness and on the diameter of the duct. The pressure drop of

special duct types (bifurcations, elbow ducts and other non-straight

ducts) can be calculated using Eq.  (2),  where ς  is a  coefficient that

depends on the shape of the duct and can be found in  well-known

literature [12,17]. An important conversion is the relation between

volume flow and velocity as

ϑ =
V̇

A
=

1

A

dV

dt
(3)

since the sensor readings in the building automation system

provide volume flows. The flow’s Reynolds number Re  is  defined

as

Re =
ϑd

�
(4)

with � being the kinematic viscosity of the supply air. The dynam-

ics of the duct system can be modelled using the electric analogy

of an inductance. The hydraulic (or pneumatic) inductance accord-

ingly stores kinetic energy of the volume flow and consequently

prohibits instant changes of the volume flow (which is  the elec-

tric current in  the analogy). It reflects the dynamics in the pressure

drop model and allows solving it for the different volume flows. The
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hydraulic inductance L for a  duct segment is used in  the pressure

drop equation as:

�p  = LV̈ = L
d2V

dt2
with L =

l�

A
(5)

Using the dynamics of the ducts, a dynamic simulation can be

used to calculate the controller coefficients (see Section 5). The duct

topology in the building has to be compiled using a combination

of duct segments, each causing a  certain pressure drop. As a  start

the building schematics and the floorplan can be used to  estimate

the number of supply inlets and exhausts. However, the schemat-

ics typically reflect only the as-planned state, but not the as-built

state; therefore there should be a  visual inspection of the duct sys-

tem to verify the topology and the components that were used.

Since the pressure drop is  not overly sensitive on the length of seg-

ments, as the pressure drop per meter ducts is low, the focus of the

visual inspection is  on  the installation location and completeness

of the different pipe parts and components like dampers and bifur-

cations. Also, any possible leakages shall be recorded to improve

the reliability of the model.

After the definition of the different pipe paths, the static and

dynamic pressure calculations have to be combined. This is  done in

the electric analogy using the electric current I  as volume flow V̇ ,

the resistance R  as  � l
d

�

2A2 (or ς �

2A2 , respectively) and the inductance

L as l�
A

. Note that in  the hydraulic system the volume flow V̇ has a

squared ratio to the pressure drop instead of a linear one like the

current to the voltage.

The following example is developed for three rooms (Fig. 4). It  is

simplified just to show the coherence between the different volume

flows in these rooms.

Using Kirchhoff’s second law we can derive the following for-

mulas:

pfan = R1V̇2
fan + L1V̈ fan + (RP1 + R2 + RVAV3) V̇2

3 + L2V̈3 (6)

(RP2 + R111 + RVAV1) V̇2
1 +  L111V̈1

=

(

RJ2 + R12 +  RVAV2

)

V̇2
2 + L12V̈2 (7)

(

RJ2 + R12 + RVAV2

)

V̇2
2 + L12V̈2 +

(

RJ1 + R11

)  (

V̇1 + V̇2

)2

+L11

(

V̈1 + V̈2

)

= (RP1 +  R2 +  RVAV3) V̇2
3 + L2V̈3 (8)

The size of the set of formulas increases with the number of

rooms and duct segments. In order to  visualize the dynamics of

the system and to have a  test-bed for the controller, the system

is simulated in a time-continuous simulation tool, for which the

authors chose Simulink. To do so the differential equation system

need to be solved for V̈1, V̈2, V̈3 and simulated using an S-function1

for the system. The resistance of a  VAV box is calculated using the

characteristics taken from literature, as explained above. Its  main

parameter is the opening angle of the internal flap, which is  also

the main actuator for the control system.

There are some parameters, which need to  be calculated every

time-step, for example the hydraulic resistance R. This value is  cal-

culated by using the parameter Reynolds number, which depends

on the current volume-flow V̇ (and on  the roughness and duct

diameter, which are  both constants). For  the calculation, the

volume-flow from the previous simulation step is  used, which leads

1 A description of  a Simulink block written in C,  C++ or Fortran that is compiled

and  allows interacting with the  Simulink engine in a  programming language other

than Simulink.

to a small simulation error. Within the time period in which the

controller is tested, the amount of error is irrelevant and thus can be

neglected. During “real-time” operation the controller frequently

obtains new volume flow values from the VAV boxes, which elim-

inates aggregation of errors over time.

After validating the model it is possible to replace the model of

the VAV box with a  motor flap model. For this case the model is

redefined as a  static one and the dynamic parts (i.  e. the change in

volume flow V̈) are deleted, looking only at a static pressure drop

model. In a  realistic operation environment this is  a  valid assump-

tion, since the control does not require continuous strong changes,

but rather remains on a  static set-point. Then the total pressure

drop between supply fan and each room is calculated, except for

the flap pressure drop. The pressure, which needs to drop at the

flap, is  the difference between this calculated pressure drop and

the provided fan  pressure. By using reference data, the controller

can calculate backwards, which opening angle is  needed. Occur-

ring model inaccuracies will be compensated by the controller once

it is  operating on the real plant (i.e. the ventilation system). The

controller uses the difference between the CO2-set-point and the

current CO2-value for calculating the required volume flow. After-

wards it uses the abovementioned dependence between opening

angle and volume flow to calculate the needed angle, if the equa-

tions are solved for RVAV1, RVAV2, RVAV3.

4.2. Motor flap and VAV-box characteristics

One of the most common flaps are  so-called Butterfly flaps. They

have a moveable part in the middle of the duct, which can be con-

trolled to  adapt the volume flow for different pressure conditions.

There are different ways to  calculate the pressure drop of these

flaps: preferably the manufacturer publishes a  datasheet, which

includes the characteristics for pressure drop depending on the vol-

ume flow. If this is not the case, literature provides measurements

and equations to  calculate the required characteristics [17–19].

VAV-boxes are similar in design and can therefore be modelled the

same way. As  opposed to VAV boxes, a  motor flap does not mea-

sure the pressure and thus cannot derive the current volume flow.

VAV controllers usually work with pressure drop calculations. They

measure the pressure before and after the motor flap. It is possible

to  calculate the velocity and consequently the volume flow. It is pos-

sible to calculate the velocity, as seen in Eq. (3), and consequently

the volume flow depending on the Bernoulli-equation:

p +
�

2ϑ2
= const. (9)

If the measurement happens at a location where the air is  unim-

peded, we can convert the equation to

pbefore = pafter +
�

2ϑ2
(10)

and in the following to

ϑ =

√

2 (pbefore − pafter)

�
(11)

By simplifying pbefore − pafter to �p  and assuming � = 1, 19kg⁄m3

(for air with a  temperature at T=293 K) it is  possible to calculate the

velocity. The assumption is  valid as shown in  Fig. 5,  since the density

of air  barely changes at constant temperature in  the pressure ranges

that are  relevant for ventilation systems (up to 500 Pa).

A  temperature change would have a  bigger influence to the den-

sity � depending on the converted formula of ideal gases

� =
p

RT
, (12)
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Fig. 5. Ratio between density and pressure.

with the specific gas constant R  =  287, 058J/(kg K) and the tem-

perature T.

Due to additional sensory and communication equipment, a

VAV-box is more expensive than a  motor flap. Therefore it is

possible to reduce the costs of a  ventilation system by replacing

VAV-boxes with motor flaps. The implication is  that the volume

flow at the VAV outlet is no longer known and therefore cannot be

used for control purposes. The approach presented in this paper fills

the gap of missing sensory equipment by using the pressure drop

model of the duct system to derive the according volume flow into

each room, which is  done by  calculating the pressure drop from the

fan to the rooms as shown in Section 4.1.

4.3. Room model for CO2 concentration

The previous sections defined the plant under control up to the

inlet into the room. To complete the plant, it is necessary to model

the CO2 level in a  room depending on the incoming volume flow.

This is done under the assumption that supply and exhaust volume

flow are identical, since there are  no significant pressure changes in

the building. The CO2 room model needs to be initialized with the

basic room geometry to derive the total air volume. Every room is

assumed to have 395 ppm CO2 as a typical outside air concentration

at the beginning of the simulation.

The CO2 room model is used for controls and therefore is  subject

to the following simplifications:

• The CO2 level of the room is stable. That means that the gas

doesn’t coalesce with other gases.
• CO2 doesn’t adhere at any furnishings, walls, etc.
• The CO2 level is evenly distributed throughout the room, i. e. the

room is a well-mixed and mechanically-ventilated space

Since a controller cannot change the physical setup of the air

supply system, it can only attempt to control the plant using the

given sensor information. It  is  therefore assumed that the design of

the ventilation system and the sensor placement ensures that with

the given equipment the air quality can be maintained throughout

the room.

The simplifications allow to calculate with a  zero-dimensional

mass balance using CO2 sources and sinks. The only source is  the

number of persons in  the room. Sinks are given by  the exchange

with outside air through windows and the volume flow of the ven-

tilation system. The resulting mass balance is:

V
∂Ci

∂t
= ĊCo2 + (Ca − Ci) nV (13)

Table 1

Air exchange rates for windows.

Window position Air exchange rate  [1/h]

closed, class 3 0,2–0,4

closed, class 2 0,5–0,8

Tilted 3–10

opened 10–20

Table 2

Tidal volume of people depending on the age and the  activity.

Age [Years] Rest [l/h] Less  activity

[l/h]

Average

activity [l/h]

Intensive

activity [l/h]

>14 22 43  85 152

V is the air volume of the room, ĊCo2 the CO2 production per hour

of the persons, Ca the outside CO2 level, Ci the inside CO2 level and

n the air change rate through windows and the ventilation system.

The air  exchange rate is  calculated by

n = nW +
V̇

V
(14)

The air exchange rate for windows nW is estimated as shown

in Table 1. These values represent a  summary from standards and

literature that were surveyed [20–23].

The exchange rate depending on the volume flow V̇ is  based

on the ratio between the volume flow into the room and the total

one of the room. The current CO2 level, which is  needed for the

calculation, was  taken from the National Oceanic and Atmospheric

Administration (NOAA), [24].

Every person produces about 4000 ppm CO2 per breath in rest

[25], the amount of exhaled air  depends on age and the activity and

can be  estimated according to  Table 2. Thus it is  possible to approx-

imate the concentration change rate ĊCo2 given that the number of

people in the room is known and derive the current CO2 level. The

number of people may  be derived from mechanisms such as people

counters, calendars in case of meeting rooms or lectures timetables

in  case of universities. Based on these variables, it is possible to pre-

dict the indoor air  quality at time  step t and calculate the optimal

volume flow needed to maintain the CO2 level for every room. Since

the number of persons, the activities and the window air exchange

rate are only estimates, the calculation is  valid only with a  cer-

tain confidence. However, the ventilation system is  operated in a

closed control loop, which tolerates plant-model mismatches and

uses the controller design shown in  Section 5 to compensate the

model errors.

5. Controller design

Conventional ventilation control strategies set a constant pres-

sure difference at the supply air fan and control the CO2 level using

the volume flow controllers. The volume flow controller closes the

motor flap in  order to provide the required amount of volume flow

to a  room. In situations with low volume flow demand, most of

the volume flow controllers may  be closed, thus creating a high

pressure drop at the motor flaps. The supply air fan then has to

work against this pressure drop, although the pressure is not nec-

essary, which results in  unnecessary electricity demand for the fan.

As shown in  Section 3,  SPR, Trim-and-Respond and other extended

control strategies address this problem, but require costly volume

flow controllers. The control design in this work approaches the

problem by utilizing the plant models for duct system, flaps and

CO2-level in order to  improve energy efficiency and air quality and

at the same time make way  for an implementation with reduced

component and installation costs by replacing volume flow con-

trollers with motor flaps.
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Fig. 6. Schematic of the ventilation controller.

For a given building it is first of all necessary to  design and

parameterize the pressure drop model of the duct system and the

CO2 models of the rooms. Reference values for average volume

flows are taken from literature (see Section 4). For a  given volume

flow set-point it  is  then possible to calculate the pressure drop in

the duct system from the supply fan to the room outlet of each room

(see Section 4.1). This is done for each path from fan to every room

outlet, resulting in a  list of pressure drops. The highest of these

pressure drops defines the maximum pressure the fan has to pro-

vide, and it will then provide the sum of all volume flows that the

VAVs request. This means that one of the VAV controllers will have

its flap fully open (the one with the highest pressure drop), while

the other VAVs will react to the given pressure drop by closing their

flap so that the requested amount of volume flow is provided for

the according room. This procedure is similar to the SPR and Trim-

and-Respond strategies. However, if  the characteristics of the flap

are added to the plant model, the VAV boxes can be replaced with

motor flaps as argued in Section 2, without affecting the controller

design structure.

The approach depends on the knowledge of the volume flow

set-points for each room, these are derived using the CO2 room

model and an estimated occupancy, which can be taken from a

room booking schedule or from the design values for room occu-

pancy. The volume flow set-point for each room is calculated by

means of a linear PI-controller that uses the current CO2 levels and

the CO2 set-points as inputs.

There is an additional caveat that the ventilation controller has

to regard: the first is that the calculated volume flow will most

likely not be sufficient for supply. A real-world ventilation system

is not airtight and may  have suffered leaks during construction or

due to aging (e.g. installation faults causing leakages). Similarly,

the demonstration system (Section 6.1)  showed to contain outlets

without controlled airflow, which results in losses of volume flow

that is unknown, since it could only be measured with significant

effort. This implies that the controller has to  provide more vol-

ume  flow than the model calculations require. Due to the nature

of building design, these factors cannot and shall not be measured

(for cost reasons), therefore the controller design has to foresee a

safety margin to ensure proper air supply.

Fig. 6 shows the controller schematic with the measured val-

ues (suffix meas) and the set-points (suffix sp).  The calculations

described above are located in  the Pressure set-point calculation and

the Volume flow set-point calculation block. Necessary (measured)

input values are the CO2 level CO2,  the volume flow dV,  the pressure

p and the flap position (or flap angle, respectively) ˛ (alpha).

In a first step the necessary set-points are calculated: the pres-

sure set-point uses the pressure drop calculation of the duct system

as shown in Section 4.1.  The result is  the identification of the

highest pressure drop and therefore the needed fan pressure. The

volume-flow set-point calculation is based on the CO2 room model

described in Section 4.3,  using the CO2 production and air exchange

to derive the needed volume. The calculated set-points are the

inputs for the Pressure controller and the Flap controller, respec-

tively. The pressure controller is  configured using the measurement

data that identifies the fan characteristics i. e. the correlation

between pressure, volume flow and rotational speed. The flap con-

troller is actually a  set of PID-controllers, one for each room that is

controlled by a  VAV controller or by directly controlling the motor

flaps.

6.  Validation and results

The presented approach consists of models for the ventilation

system and its components, the CO2 room model and the newly

developed ventilation controller. The validation of the complete

approach focuses on an existing demonstration system that is  used

as a  data source for operation data and as a template for the con-

troller design. The most critical control actuator, the motor flap

inside the VAV box (or as a stand-alone component), is  validated

separately using the recorded operation data. Finally, the newly

designed controller is  compared against an advance state-of-the-

art controller.

6.1. Demonstration system

The ventilation system, which is used to validate the models

supplies lecture halls, IT labs, seminar rooms, offices and the cor-

ridors on two floors in  a  passive house office building in  Vienna,

Austria. The provisioning system consists of the supply air fan, a

heating and a  cooling register. The differential pressure is measured

downstream of the heating register; therefore the pressure drops in

the provisioning components are  not relevant, since the supply air

fan controller maintains the pressure difference between outside

air pressure and the measurement downstream of the provisioning

system.

The volume flow into the entrance hall and the offices is fixed by

one constant volume flow controller with a  volume flow set-point

of 580 m3/h for the entrance hall and a  second controller with a

set-point of 600 m3/h for the volume flow for all offices. The vol-

ume  flow into the corridors is neither controlled nor measured,

which is a common design decision based on lower costs for sim-

ple mechanical outlets in the corridors. The IT labs, lecture halls

and seminar rooms are equipped with Variable Air Volume (VAV)

controllers that receive set-points for volume flows from the build-
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ing management system. The VAV controllers do not communicate

between each other or the supply fan. In the scope of this paper

a subset of the demonstration system with a topology shown in

Fig. 4 provides the data needed for plant modeling (see Section 6.4

for the detailed parameter specification). In the following sections

the pressure drop model of the ventilation ducts and the motor

flaps are the key components that  have to be  validated.

6.2. Validation of pressure drop model

The pressure drop model of the ventilation duct system that  is

described in Section 4.1  has to be validated by comparing the model

data with experimental data, this is, against the behavior of the

demonstration system under real conditions of use. The recorded

operation data includes the current volume flow into each room,

the volume flow set-point for each room, the volume flow of the

supply fan and the provided pressure of the supply fan. In a  first

step the pressure drop model for the duct system was created, using

the available schematics to  determine duct diameter, shape, length

and geometry (including 90◦ turn, bifurcation and other geome-

tries that affect the friction in the ducts). This model reflects the

as-planned state of the duct topology and was implemented in

MATLABTM.

The pressure drop model receives the measured volume flow

into each room as input data. As an output, the model calculates all

pressure drops for all segments in  the duct topology and allows to

determine the pressure drop between supply fan and every room

outlet, including the total pressure drop that  is  needed to properly

provide the required volume flows. Fig. 7 shows the procedure for

comparison and validation between the total differential pressure

from the measured system and the calculated pressures for every

room.

Fig. 8 shows the recorded operation data. The purple line shows

the differential pressure directly at the fan i.e.  the intensity how

much the fan pressurizes the duct system. The other lines show

the output of the pressure drop model including the flap model.

The validation procedure shows relative good agreement to the

measured total differential pressure. While ideally measurements

and simulation should match perfectly, this would require signif-

icant efforts in measuring the duct system, providing differential

Fig. 7. Validation of the pressure drop model.

pressure sensors at the essential parts of the ventilation system,

which could not be argued cost-wise. The model returns confident

results about the pressure in  the duct system that can be used in a

real world environment. Possible violations of the comfort zone by

reason of potential plant-model mismatches can be compensated

by the closed-loop controller. This kind of controller feedbacks the

current CO2 level, compares it with the CO2 set-point and tries to

compensate this difference.

6.3. Flap identification

In  a  ventilation system the motor flap located at the room inlet

is the main actuator for controlling the volume flow into a  room.

Using a given pressure in the duct system it is  the task of  the flap to

reduce this pressure so that  the required volume enters the room.

The remaining pressure difference is  taken by the flap. As shown

earlier, an efficient controller shall keep this pressure difference

low, in  order to operate energy efficiently. Modeling of the char-

acteristics is  a crucial part for both  VAV controllers and direct flap

control. However, as the flap opening is usually not known, since it

is not recorded by the building automation system which controls

the ventilation system. Therefore, other methods have to be inves-

tigated to fulfil the requirements for the overall modeling quality.

Therefore, the VAV box (or the flap inside the VAV box, respectively)

characteristics are described on the basis of three major parame-

ters, which are the (actual) volume flow rate through the VAV box

Fig. 8. Operation data of the pressure in the duct system.
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Fig. 9. Characterization of the  VAV flap with regards to the flap  angle and the volume

flow  rate.

Fig. 10. Characterization of the VAV flap with regards to the pressure drop and the

volume flow rate.

(flap) unit, the pressure drop across the VAV (flap) unit and the

flap opening which is expressed in  terms of an opening angle (in

degrees, with 90◦ being fully closed). As  only the volume flow rate is

recorded by the building automation system, the parameters pres-

sure drop and flap angle need to be calculated. For that reason a

hybrid composition of a physical pressure drop model as shown in

Section 4.1 and the available monitoring data served as the basis

for the identification of the VAV’s flaps.

Figs. 9 and 10 show the validation of the flap characteristics

using the mathematical model and overlaying it with measurement

data. Apart from the linear approximation, we  also performed curve

fitting using exponential functions and multiple order polynomials.

However, these did not show any improvements compared to  the

linear fit. It is obvious that the measured data have a  high ratio of

noise, which is due to both dynamic effects of laminar air flow as

well as design constraints of the duct system, which also explains

e.g. the plateau in  Fig. 10 between 10◦ and 40◦. A further analysis

of the dynamic effects would better explain the measured data, but

would require additional effort in modeling and instrumentation.

Therefore, a linear model was selected to  approximate the charac-

teristics and was therefore used for further processing. Using curve

fitting algorithms led to the following linear equations:

 ̨ =  −634.6 ∗ V̇ +  92.88 (15)

�p  = 1.112 ∗  ̨ +  109.9 (16)

The linear approximation also allows the transformation of the

above equation in case a  flap angle is  known at a  certain pressure

difference and the volume flow shall be validated. For volume flow

rates that tend towards zero, logic is  implemented to  constrain Eq.

(15) such that the angle is limited to 90◦. The same is done for

very high volume flow rates, meaning that the flap is fully open,

therefore making � = 0◦.

This flap characteristic completes the pressure drop model of

the duct topology and allows having a  complete description of  the

controlled plant from the supply fan to the room outlet.

6.4. Comparison of ventilation controllers

Out of the different air  quality controllers in Section 3 the

authors have selected the Trim-and-Respond controller as a base-

line for comparison with the controller presented here. It is  more

advanced than the Constant Static Pressure (CSP) and thus provides

a fair baseline for the work in  this paper. The  Trim-and-Respond

reduces air  pressure until the first VAV controller has an opening

angle of 90%; this is the trigger to increase the pressure again to pre-

vent under-supply. As  stated earlier, rapid changes of the IACQ are

compensated only with a delay before the requested volume flow

is provided. The comparison of the Trim-and-Respond controller

and the new controller described in  Section 5 had to be done in a

simulated setup in order to eliminate the disturbances described

earlier (leakages, occupancy, window air exchange rate), which

would have provided results with high noise and potential biases.

The noisy data result from the setup in  an operational building and

would require to collect a large sample of data to  make statistically

significant statements on the improvements, which again requires

a tight integration into the building automation system that needs

to be run in  closed-loop operation with an (experimental) innova-

tive  controller. This could not be established within the scope of

this work, therefore a simulation setup had to be chosen, which

matches a  section of the demonstration system described in  Sec-

tion 6.1. This setup consists of three rooms, as shown in  Fig. 4, two

offices (both of size 6 × 4 × 2.8 m)  and one conference room (size

4 × 4 × 2.8 m).  The maximum volume flow for air supply is designed

to  be 800 m3/h, the occupancy profiles were selected to be constant

during office hours with two people in  the offices and five people

in the conference room.

As  shown in Fig. 11 the set-point of the CO2 level (800 ppm)

can be  reached at about time  t  = 500 s (before that  time there is no

need for the controllers to act, since the CO2 level is below the set-

point) by both the baseline Trim-and-Respond controller and the

controller developed in this work with about the same dynamics

and accuracy. The CO2 level of room 3 rises slower due to the rel-

atively lower occupancy (i.e. less people per cubic meter air) and

starts closing as soon as a volume flow in the duct system is recog-

nized so that the overshoot is  reduced (shown as a  knee time t  =  600

for room 1 and 2).

With regard to  indoor air quality Fig. 12 shows that the newly

developed controller reaches the comfort zone with comparable

dynamics, but  achieves this with lower power consumption: Fig. 12

shows the volume flow into the three rooms, indicating that Trim-

and-Respond needs more volume flow while having about the

same settling time. Additionally, the Trim-and-Respond controller

requires a higher fan pressure. Therefore, the built-in flaps need to

close much more to  compensate the overpressure. This happens,

because the Trim-and-Respond controller operates with a  fixed
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Fig. 11. CO2 Level in three rooms.

pressure setting that is  changed only after long time periods to

avoid oscillations in the duct system. Only when the fan begins

to  lower the pressure the power consumption reduces. The newly

developed controller, on the other side, communicates between

the fan and the flaps immediately. Because of this improvement,

the pressure can be kept quite low, so the power consumption

is lower than by using the Trim-and-Respond controller and the

system operates smoother.

Fig. 13 shows the differences in supply pressure between the

two controllers, resulting from the volume flow demands of  the

three rooms that need to be provided by the supply fan. The new

pressure controller for the supply fan is  robustly designed, so  that

short-term changes do  not affect and destabilize the system. There-

fore, the controller reacts a bit slower than the Trim-and-Respond

controller, but with a  much lower pressure peek. Since both con-

trollers maintain a similar level of air  quality (Fig. 11) it is valid
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Fig. 12. Volume flow comparison in three rooms.

Fig. 13. Comparison of pressure difference.

to compare the energy saving potential of the new approach: by

comparing the power consumption between the newly developed

and the Trim-and-Respond controller an energy saving of about 5%

could be identified due to  the tighter link between volume flow and

required supply fan pressure.

7. Conclusion and outlook

The work presented in this paper is driven by  the idea of replac-

ing hardware and investment costs with advanced algorithms that

can be implemented in  software. A dynamic pressure drop model

for the duct ventilation system and its components was  developed

together with a controller that increases energy efficiency by cou-

pling supply pressure and room volume flows more tightly. The

controller is  capable of operating either VAV boxes or motor flaps,

it only requires the additional flap characteristics, which have been

identified using operation data.

With regard to cost savings an estimate has been made for a

reference office building: the building was  built in  2015 according

to  passive house standard, has optimized daylight usage as well

as concrete core activation with a  gross floor area of 3100 m2. The

ventilation system uses a total of 100 VAV boxes of different sizes

from size DN100 to  the largest being 500 × 200 mm.  Common mar-

ket  prices indicate investment cost saving from VAV controller to

motor flap of 55%, which results in a  total investment cost saving

of about 11,000 EUR; other costs for operation and maintenance

remain approximately the same. This defines the margin how much

the additional controller software may  cost per building; addition-
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ally the presented controller improves energy efficiency by another

5%, which can be significant, seeing that the ventilation system is

one of the main energy consumers in a  building.

The  approach requires significant modeling effort, which is not

feasible for practical implementation. Also, the validation of the

controlled plant is  difficult due to its multiple disturbances (includ-

ing deviations from as-planned versus as-built system, mismatches

in  the flap model and the CO2 room model). Although the controller

is capable of compensating for these plant-model mismatches,

since it operates in closed-loop, improvements need to be made.

The main modeling effort affects the pressure drop model. Although

there is some commercial software, it may  be difficult to  combine

with some controller software, since the tools are mainly used for

planning and not for operation.

A promising approach is grey box modeling, where the model

is  created by its topology and provided with the start values taken

from literature as shown in  this paper, but  is calibrated with oper-

ation data in order to achieve an optimal plant-model fit. These

obtained models can be used as local pressure drop models for each

room/section in an office building. Thus, the determination of the

highest pressure drop is  possible and the ventilators pressure set-

point can be kept minimal. Thereby, the high modeling effort is

reduced and different errors, like leakages, are compensated. This

procedure can then be executed regularly in order to address aging,

leaks or refurbishments.

Since the way of planning buildings is  currently redefined using

digital integrated planning by means of the Building Information

Model (BIM), the modeling effort for duct system and components

will potentially be reduced significantly, once this data is available

from the planning phase and can directly be used in operation. This

may  go as far as extracting the ventilation system from a  BIM and

automatically deriving the optimal control strategy based on the

topology and the indoor comfort parameters.

The  BIM process has already penetrated the planning phase,

but has not yet arrived in  the operation phase; however, stan-

dardization activities are  taking place, for example, in  the Austrian

Standards Committee 011.09 and it is  expected that in  the near

future the necessary building data will be  available for equipment

operation.
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A Cognitive System Architecture for Building
Energy Management
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and Andreas Fernbach

Abstract—Energy systems in buildings, especially heat-
ing, ventilation, and air conditioning are often operated in-
efficiently. The key to efficiency is the building automation
and control system: this paper examines the optimization
of control strategies in building automation using a cog-
nitive system that operates on a knowledge base, which
provides the necessary semantic information. This system
shall generate, assess, and execute control strategies, and
find optimal control solutions. By introducing an intelligent
system that identifies specific control strategies for a build-
ing and optimizes toward its specific usage, we achieve the
advantage of automatically generating automation and con-
trol solutions, saving the efforts for manual adaptation. We
introduce the knowledge base and the cognitive system,
and explain the methodology and algorithms used to imple-
ment the required functions. The approach is applied to a
building energy management use case that optimizes the
operation of a ventilation system.

Index Terms—Air distribution, cognitive system, energy
efficiency, ontology.

I. INTRODUCTION

T
ODAY, building automation is responsible for the efficient

operation of functional buildings. Programming of the au-

tomation and process control is a manual process, which would

greatly benefit from support by intelligent systems. To this end,

a combination of semantic knowledge together with a system

capable of constructing valid and operational control structures

can support a control engineer in identifying solutions adapted

to the different structural and functional properties of a building.

A. Intelligent Buildings

The integration of intelligent technologies in building sys-

tems has received growing interest during the last decades [1],
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with research expanding from the development of intelligent

controllers [2] to the concept of smart buildings [3] and recently

to cognitive buildings [4]. Most of the studies focus on weak

Artificial Intelligence (AI) approaches to solve domain-specific

tasks [5], which do not require the full range of human cog-

nition [6]. Toward this direction, further systematic integration

of Artificial General Intelligence [7] is expected to increase the

spectrum of provided services through the integration of the

Internet of Things and Building Information Modeling (BIM)

technologies [8]. In this context, system intelligence accord-

ing to the model proposed by Bien et al. [9] is defined by the

following four main attributes:

1) autonomy, enabling self-configuration;

2) controllability for complicated dynamics, entailing plan-

ning under uncertainty;

3) man–machine interaction, which requires human-like un-

derstanding including the emergence of emotion;

4) bioinspired behavior, which results in biologically moti-

vated actions.

These attributes were also adopted as the basis for the eval-

uation framework of intelligent building systems developed by

Wong et al. [1]. Since they are key features of human cognition,

we believe that a successful application of a model of the human

mind in Building Automation Systems (BAS) will open up the

road for embedding human-like intelligence in this field.

B. Motivation

In this work, we propose a knowledge base (KB) and a cogni-

tive system that supports the generation of control strategies by

the use of semantic knowledge. A control strategy consists of a

set of atomic control blocks, with which a building is controlled

on both automation level (i.e., enabling logic to define when a

system is active/inactive, logic conditions, time schedules, etc.)

and process level (mostly On–Off controllers or PID controllers

[10]). A control block is a function with inputs, configuration

parameters, and outputs, that is, the programming logic; control

blocks include logic conditions, arithmetic operations, datapoint

interfaces, and controllers.

II. STATE OF THE ART

This section introduces the concepts of data-driven controller

design, knowledge-based systems, and cognitive architectures;

it also provides an overview of relevant publications in these

areas.

1551-3203 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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A. Data-Driven Controller Design

One approach to automatically create building controls is to

use AI methods that are widely applied in robotics. In this con-

text, machine learning methods assume considerable amounts

of information to create a relaxed model of a system, which they

use as a basis to retrieve the control actions that take the system

from one operation state to another. Using reinforcement learn-

ing, Costanzo et al. [11] developed an On–Off controller that

learns offline both from historical data and virtual data provided

by an Artificial Neural Network model to control the tempera-

ture in a room. The results show that the policy of this controller

approaches the optimal policy regarding energy costs after a

short period of training. They also indicate that the contribution

to performance improvement of the virtual data generated by the

black-box model is relatively small. A comprehensive collection

of data-driven controller design models can be found in [12],

discussing four different data-driven design methodologies: Vir-

tual Reference Feedback Tuning, Density Functional Theory,

Iterative Feedback Tuning, and Correlation-based Tuning.

B. Knowledge-Based Systems

An alternative approach to data-driven methods in AI is shown

by the knowledge-based systems, which select their actions us-

ing logical reasoning. Knowledge is either provided by experts

or inferred automatically by the system through data analysis.

Defined in an appropriate form, this knowledge can be shared

and reused in other applications, thus reducing the engineer-

ing effort [13]. For energy management, semiautomatically ex-

tracted rules were combined with expert knowledge to detect

and notify the user about suboptimal operation conditions in

a building [14]. The logical decisions are justified and under-

standable by a human and therefore preferences can be directly

integrated as reasoning rules [13]. To automate the design of

BAS, Dibowski et al. propose a model which initially maps

functional requirements from an ontology to valid functional

block structures using port matching and, in a next step, per-

forms optimization using an evolutionary algorithm to find a

detailed system design [15]. Doukas et al. update predefined

control rule-sets for improving the energy performance of a

building system [16]. The difference between this work and

the architecture proposed in this paper is that the latter fur-

ther generates the rule structure using predefined knowledge as

constraints.

Knowledge-based systems are computer systems capable of

solving problems for which usually expert knowledge is nec-

essary. They encompass an extensive KB, where knowledge is

stored in a declarative way, and a knowledge-processing engine

to perform reasoning and the answering of queries. The KB is

divided in a model section with a set of terminological axioms

which is called TBox (or ontology) [14] and a section of in-

stances thereof, the ABox, which describes a distinct part of the

domain of interest.

Today’s semantic Web technologies implement these con-

cepts to allow self-descriptive exposition of information in a

machine-readable form over the World Wide Web (WWW) [17].

Therefore, some of W3C standards with different expressiveness

have been developed like the Resource Description Framework

(RDF) [18] or the Web Ontology Language (OWL) [19]. OWL

can be seen as a description language, which provides a rich se-

mantics of the things present in the WWW. Reasoners allow to

process the stored knowledge and to perform logical inferences

on it to make implicit knowledge explicit. The SPARQL protocol

and RDF query language (SPARQL) [20] was designed to query

Semantic Web resources, i. e., KBs, comparable to SQL access-

ing a database. With the SPARQL Update, also modifications

can be performed on KBs.

C. Cognitive Architectures

In this context, a cognitive architecture is a software pro-

gram inspired by biological systems, which processes sensor

data and uses a KB to execute actions that enable a system to

reach its goals [21]. The cognitive architecture—State Operator

And Result (SOAR)—is an implementation of the hypotheses

of classical AI by Newell and Simon and it is characterized by

a small, general core architecture [22]. It consists of a working

memory, a procedural memory, and a decision-making proce-

dure. This procedure runs in cycles and tests rules in parallel,

until no rules fire anymore. Each rule proposes an operator,

which is compared to other operators and is applied either to

the content of the working memory or as an action to the envi-

ronment. Adaptive Character of Thought-Rational (ACT-R) is

commonly used in psychological tests, where simplified func-

tions of the human mind are implemented [23]. It also works as a

rule-based system, but it does not support the parallel execution

of operations or the use of intermediate operators, as actions are

defined directly by rules.

A Learning Intelligent Distribution Agent (LIDA) incorpo-

rates various theories of the mind [24]. Here, beliefs are activated

by perception and put into a global workspace, where they com-

pete for attention. The winning belief acquires global system

resources and activates possible actions through a procedural

memory. LIDA uses several modules, which are generated from

a configuration file. Therefore, general modules are available,

which can be instantiated with different parameters. Codelets

are used to execute the business logic, which provides the ben-

efits of encapsulated functionality. With such a design, new

functionality can be easily added to extend the model. How-

ever, SOAR, ACT-R, and LIDA provide reduced functionality

for logical reasoning, which limits their expressiveness. To gain

maximal expressiveness, the cognitive system presented in this

paper is designed to operate with a KB instantiated from an

ontology instead.

Simulation of the Mental Apparatus and Applications (SiMA)

is committed for using a bionic model of the mind [7] and was

created at the TU Wien over the last 15 years with partial con-

tributions of the authors. SiMA focuses on unconscious pro-

cesses, where both the fast processing of low-level symbols and

the extended differentiation of motivations are located. Unlike

problem solvers like SOAR and ACT-R, SiMA provides a more

functional infrastructure, which enables an attentional mecha-

nism and multistep decision-making. Its concept of episodes

makes it suited for case-based reasoning; like LIDA, SiMA
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also uses the concept of emotions for evaluating and qualifying

perceptions. It is a top-down designed cognitive architecture

that models the mental apparatus in combination with a neu-

rological model, a unified model which has been proven and

validated on the base of simulation experiments [25]. While not

all of the mechanisms of SiMA are used in this work [26], it

has been selected as the reference architecture, because it en-

sures consistency for future developments, like the defense and

self-preservation mechanisms, to support the decision-making

process.

III. KB AND A COGNITIVE SYSTEM FOR

BUILDING AUTOMATION

For the work presented in this paper, we decided to task

the cognitive system with optimizing a building’s energy man-

agement. To do so, the cognitive system has to create a con-

trol strategy that is capable of operating the building’s energy

systems for a given time period. The approach chosen here is

to operate strategically, that is, to create long-running control

strategies in the form of program logic and linear process con-

trol, and applying the control strategy to the building automation

system. This way, the cognitive system is separated from pro-

cess control and can be seen as an optimization component that

provides improved control strategies, whereas the control strate-

gies themselves match the form that is well-known to the human

operator. Following this logic, the period of validity for a con-

trol strategy has been selected to be a climatic season of three

months, allowing separate control strategies for summer, win-

ter, and the shoulder seasons; thus, following the notion that in

European climates building operation and energy management

benefit from different modes of operation in different seasons,

especially regarding heating and cooling. Note that the opti-

mization process applied by the cognitive system is not running

online. This means that it does not calculate possible actions in

a live model of the building, as would be the case with Model

Predictive Control. Instead, the cognitive system runs offline

and generates control strategies that can be used to control the

building’s energy systems.

For the generation of new control strategies, the cognitive sys-

tem uses high-level semantic knowledge, to decrease the prob-

lem space, as well as low-level information from past episodes,

to evaluate previous solutions and adapt the control strategy ac-

cordingly. An episode is a sequence of perceived states that have

been recorded in a building or a simulator. The perceived state

contains both sensor data and additional metadata. Through

the combination of predefined knowledge and recorded data,

the system can propose solutions even with limited data avail-

able.

A. KB Definition

A KB is a well-established method for knowledge represen-

tation, which can provide a comprehensive repository of infor-

mation to support the decision-making process of AI systems. It

comes with the expressive power to model the relevant issues and

it allows logical inferences and rule execution to make the im-

plicitly available information explicit. To retrieve and to modify

information stored in the KB, a semantic query interface in form

of an SPARQL endpoint is available. Through this query inter-

face, the cognitive system gains information on the optimization

problem and retrieves metadata on the involved components

to support the evaluation mechanisms. The KB contains both

static and building-specific information. The static information

includes expert knowledge in the form of rules, which guide the

generation of control strategies and handling of problems. Such

rules may suggest that cooling and heating shall not occur at

the same time, or that lowering the CO2 setpoint will increase

the room air quality. This information limits the number of pos-

sible solutions. The building-specific information describes the

context of the problem and its constraints. To this aim, an on-

tology has been defined, which originates in the ThinkHome

ontology [27] (which in turn incorporates concepts from the

DogOnt [28] and the BOnSAI [29] projects) and the SeWoA

ontology [30]. It constitutes the model behind the KB, which

acts as a central information storage for the cognitive system: it

specifies the building structure, the zones of the system and their

usage, and the building services, i.e., the sensors and actuators

that are present in a zone. In order to guide the optimization

process of the cognitive system toward a specific direction, the

concept of goals was introduced, currently implemented for air

quality, room temperature, and energy efficiency. Key perfor-

mance indicators (KPIs) reflect the conditions of building parts

under a distinct building services configuration. Among others,

metrics for comfort and energy efficiency are provided. In order

to enable the cognitive system to follow a methodical workflow

in finding the optimal control strategy, causal relations among

KPIs and goals are defined. They represent, for example, the

inverse proportional relation between CO2 level and the air vol-

ume flow of the ventilation system. The control blocks available

to the cognitive system for generating a control structure are

also part of the ontology. They can be seen as functional blocks

for designated, basic operations, and with interfaces specified in

a semantically meaningful way. The VDI 3813 [31] was taken

as a basis for the definition of these functional blocks and their

interfaces. Each block is dedicated to a distinct room automa-

tion function. The well-defined interfaces of each block consist

of input, output, and parameter ports. The used port types have

their semantics defined by unit, datatype, and value range.

Since the resulting KB consists of a combination of various

domains and different levels of abstraction, we structured the

information using different namespaces. The resulting names-

pace structure distinguishes between static, generally valid

domain knowledge like concepts to model a building topology,

functional blocks, KPI calculation, and causal relations from

use-case-specific instantiations of these concepts. The control

strategies generated by the cognitive system also have their

dedicated namespaces assigned. Fig. 1 shows exemplary KB

concepts and instances reflecting a use case of a room with a

ventilation system. The prefixes indicate whether a resource

is general domain knowledge (kore_static:) or specific

to the use case (kore_uc1a:). The goal is to achieve proper

air quality while observing energy efficiency. Therefore, the

kore_uc1a:Room111 instance is enriched with metain-

formation necessary for the cognitive system to generate a
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Fig. 1. KB excerpt for a ventilation system.

control strategy. It specifies the available datapoints like the

volume flow setpoint kore_uc1a:Room111V_SETPT, the

current CO2 level kore_uc1a: Room111Q_ACT, and the

presence state kore_uc1a:Room111P_ON including I/O

direction by means of the object properties kore_static:

hasSensorDP and kore_static:hasActuatorDP.

The instance kore_uc1a:Room111AirQualityGoal

is associated with the room to inform about the optimization

goal. In order to have a normalized quantity describ-

ing the air quality in the room, among others, the KPI

kore_uc1a:Room111CO2Metric has been included. The

KPI is calculated according to the standards ASHRAE 55

[32], EN 15251 [33], and ISO 7730 [34], using a fuzzifica-

tion model implemented in MATLAB. A causal relation to

kore_uc1a:Room111-V_SETPTP is modeled by means

of the object property kore_static:influencesVia-

PosCorrelation. The fact that an air quality goal is

achieved by optimizing the CO2 metric is incorporated by the

kore_static:achieves object property.

The part of the ontology relevant for the ventilation system

consists of 54 individuals, 62 classes, and a total of 515 axioms.

B. System Process

The presented approach has the novelty of adapting and im-

plementing a model of the human decision-making process, such

as SiMA, in an industrial domain, i. e., building energy man-

agement. The decision-making model offers a comprehensive

set of evaluation methods, which enable the selection of an ap-

propriate action among several options; the details of SiMA are

covered in [26]. To manage the adaptation of the initial model,

a generalized cognitive process was extracted from SiMA to be

used for this work.

Fig. 2 shows the main components of the system and their

basic interactions. The figure illustrates the data flow. All com-

ponents are triggered by a process controller, which is not shown

in the figure. While the KB is a passive component, the KORE

cognitive system and the simulator wait for requests by the

controller and call back, when they are finished. First, the user

requests an optimization for a particular season, building struc-

ture, and evaluation criteria (step 1 in Fig. 2). The data are

passed through the KB to the cognitive system where the deci-

sions regarding the strategy generation are made. Here, previ-

ously tested control strategies are loaded (step 2). If an existing

control strategy matches the request, the system will return this

strategy; otherwise, a new, parameterized control strategy is

Fig. 2. High-level cognitive system architecture.

generated or extracted from a similar episode. The details of the

control strategy generation process will be described in the fol-

lowing sections. After this, the new control strategy is tested in

the simulator with the given input parameters from the request

(step 3 and 4). The result of the simulator is a raw episode with

indoor comfort and energy usage levels estimated for each time

step (step 5).

The raw episode is evaluated with regard to both the goals

(indoor comfort and energy efficiency) and other predefined ex-

ternal rules in the performance assessment (step 6). External

rules introduce a predefined behavior modification of the sys-

tem, e.g., suggesting to penalize rapid changes in the inlet air

flow since this is perceived as uncomfortable by the inhabitants

and would lower the score of the control strategy with a cer-

tain set of parameters. The evaluation in the system is based on

the SiMA concept of drives [26]. They are used to provide a

common domain to which the different system demands can be

mapped to homogenize the evaluation and, therefore, simplify

the decision process. Whereas a goal represents a desired state,

which is linked to sensor data, drives are a representation of

the difference between the desired state and the current state.

After a simulator run, each perceived state of an episode is eval-

uated separately and integrated into a total evaluation of the

episode. Once a control strategy has successfully been executed

in the simulator, the cognitive system optimizes the parameters

of the control strategy, using an optimizer for the given param-

eter space. This step does not involve semantic knowledge or

the KB and is therefore omitted in this paper since the focus is

on the creation of the structure of the control strategy. Finally,

once a satisfying control strategy has been found, it is returned

to the user (step 7).

IV. TRANSFORMING BUILDING AUTOMATION TO THE

COGNITIVE DOMAIN

The application of the SiMA cognitive model in building au-

tomation requires the mapping of technical domain concepts
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to the cognitive architecture, like the transformation of sensor

values to drives. This mapping is described in the following sec-

tion. In the second section, we describe how the system actions

are triggered, once the optimization process is concluded.

A. Evaluation Mechanisms

One of the main issues that needs to be addressed is how the

cognitive model generates its goal agenda. This agenda should

include and prioritize the goals required for the operation of the

building management system, which we have selected to be:

1) maintain indoor comfort conditions, and 2) maximize energy

efficiency. To embed these demands in the system’s agenda of

goals, we define a drive for each of them. The energy drive

represents the goal of minimizing energy consumption, which

is reached when the building systems consume no energy. The

intensity of this drive is defined as the normalized power con-

sumed by the heating, ventilation, and air conditioning (HVAC)

system. The comfort drive represents the goal of preserving in-

door comfort conditions, and the goal state is reached whenever

these conditions are achieved. The comfort drive intensity mea-

sures the deviation from indoor comfort as estimated by the

Fanger indoor comfort model [35].

Following the mechanism of homeostasis, whenever a de-

viation from a specific goal state is observed, the drive inten-

sity increases, indicating the priority of satisfying the specific

demand. The drive intensities and their temporal variations in-

fluence the internal state of the system; they modify the in-

ternal evaluation mechanism, defined by the levels of pleasure

and unpleasure, aiming at maximizing pleasure and minimizing

unpleasure. Pleasure increases each time the drive intensities

decrease and decreases over time. According to the definition

provided in [36], the value of pleasure in the system at time step

t is defined as

pt = a1pt−1 − b1

∑

i

f (di) (1)

where a1 and b1 are constants, with a1 < 1, and f(d) is a

monotonously decreasing function representing the reduction

of drive intensity in drive di between two sequential states

f (di) =

{

dt,i − dt−1,i , dt,i < dt−1,i

0, dt,i ≥ dt−1,i .
(2)

The value decreases therefore with time, with the decrease

rate depending on the value of a1. Pleasure evaluates the effec-

tiveness of a strategy in handling problems, e. g., lowering the

intensity of drives. Therefore, if the system is in the optimal

state for a long time, the pleasure levels are zero. To evaluate

how close the system is to an optimal state, the unpleasure indi-

cator is used. The value of unpleasure at a given state depends

on the intensity of drives present in the system. The value of

unpleasure at each time step t is estimated as

ut = a2ut−1 + b2

∑

i

dt,i (3)

where a2 and b2 are constants, with a2 < 1 representing a de-

crease of the unpleasure value with time. Increased levels of

unpleasure indicate a deviation from system goals and are the

result of either increased energy consumption or poor indoor

Fig. 3. Exemplary problem definition with two rooms and centralized
ventilation.

comfort conditions. As the system reaches an optimal state, un-

pleasure levels will tend toward zero and unless a disturbance

occurs, which will increase the drives, the system will have no

motivation to modify its behavior.

B. Use Case Definition

The control strategy generation process is applied to a use case

for an HVAC application. A central ventilation system maintains

indoor air quality by controlling an inlet air fan, which provides

the overall volume flow, while the Variable Air Volume (VAV)

controllers provide the volume flow for each room. The use case

is a simplified ventilation problem with a ventilation system that

does not have heating or cooling function and is reduced to only

two rooms in the scope of this paper. As such, the indoor air

quality KPI is reduced to maintain the CO2 level in the rooms

while minimizing the overall air volume flow for all rooms in

order to operate energy efficiently.

We illustrate our approach using the exemplary building struc-

ture depicted in Fig. 3. Comfort and energy efficiency are as-

sumed to be equally important goals in each room. Both rooms

contain CO2 sensors and VAV controllers, room 1 is a lecture

hall and contains a presence sensor that can be used to ventilate

only on demand, thus saving energy. Room 2 is an office space

without any presence sensor. Both rooms have an occupancy

profile definition, which describes their intended usage. In the

KB, this is a tag (“lecture” for room 1 and “office” for room 2),

in the simulator, this is a time series representing the number of

persons in the room.

C. Control Strategy Generation

As mentioned in Section I, a control strategy consists of basic

control blocks, their configuration parameters, and the data-

points that are shared between control blocks (i.e., one block

uses the datapoint as a sink, whereas another block uses it as

a source, thus connecting the two blocks). Control blocks are

defined according to traditional building automation blocks and

represent an operation that the control system performs on the

blocks’ source datapoints. These source datapoints can be sen-

sor datapoints, containing measured values provided from out-

side of the control system, or virtual datapoints that are used

to connect control blocks. The results of these operations, i.e.,

the output of the control blocks, are committed to other virtual

datapoints, or actuator datapoints, which control the behavior of

devices in the BAS. The rest of this section focuses on the control

strategy generation since the process of parameter optimization

is omitted in the scope of this work.
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The goal in control strategy generation is to combine the

available control blocks in a way that the resulting control strat-

egy performs well with regard to comfort and energy efficiency.

The central aspect of control strategy generation is to determine

which blocks to use and how to connect them. This decision

needs to satisfy three different requirements imposed by the

system. First, the resulting control strategy should be optimized

toward more than one goal, in our example comfort and en-

ergy efficiency. Second, the blocks need to be compatible with

the available building infrastructure, i.e., the existing sensors

and actuators in the building. This requirement also includes

the demand to minimize the effort for integrating the blocks

wherever possible, i.e., preferring blocks that fit the building in-

frastructure without requiring additional transformation blocks,

wherever possible. Third, the resulting control strategy should

satisfy any additional semantic requirements provided by the

user in the form of external rules, e.g., minimizing duty cycling,

that is, the ON/OFF switching events on some machines to avoid

early wearout.

To address these requirements, the decision-making process

of the cognitive system is based on multicriteria evaluation. To

deal with the high complexity expected in modern buildings, we

follow a divide-and-conquer approach during the structure gen-

eration process. The division is based on a hierarchical structure

already included in the problem definition, namely the building

structure. We follow this structure from room level to building

level, treating each hierarchical layer as a single zone, where we

perform the full decision process described below. In the given

brief use case, the algorithm first visits room 1, then room 2 and

finally the building zone, see Fig. 3 for the building structure.

Within each zone, the control strategy generation process de-

termines the three evaluation criteria explained below for each

control block available to the system. This determination process

is repeated within each zone until no more blocks can be con-

nected within the zone. Any unconnected datapoints in a zone

are treated depending on their semantic information, specifi-

cally their type (input, output, or parameter). Parameter ports

only use constant inputs and can therefore always be connected

to a Const block. Unconnected input ports first trigger querying

of appropriate output ports in child zones (if such are available).

Note that this query is not restricted to open ports—all ports are

considered—which can introduce the need for additional blocks,

like the Demuxer block. If no appropriate output is found in sub-

zones, the ports are escalated to the parent zone, as they need

to be provided for the block to function. Unconnected output

ports are not escalated. However, they can be queried by parent

zones, as mentioned above. Such open output ports are con-

nected to signal sinks during a finalization step at the end of the

structure generation process. The first evaluation criterion is the

datapoint matching evaluation. The structure generation process

queries the KB for a matching value, which represents the sim-

ilarity between each control block’s source and sink datapoint

requirements, and the available datapoints in the current zone.

The similarity between ports is based on semantic information

about the data offered or accepted by a port. This information

is checked against hierarchical semantic information stored in

the ontology, which can be used to decide if a source and a sink

datapoint can be connected. In the given use case a query for

Fig. 4. Control strategy solution.

compatible blocks, based on port types, performed for room 1,

initially results in two air quality controller variants with equal

evaluations. One of them requires a presence sensor, whereas

the other works without a presence sensor. Since the datapoint

requirements for both blocks are fully met, their datapoint match

evaluations are equal. The second criterion is the goal matching

evaluation. For this, the KB provides match values, indicating

how much each block is expected to contribute toward a specific

goal. This value, which is based on explicit semantic knowledge

provided during control block specification, can also be nega-

tive, e.g., all control blocks that enable building actuators will

have a negative evaluation for energy efficiency, since including

them will lead to energy consumption. In our example use case,

this query performed for room 1 will result in a higher evalua-

tion for the air quality controller with a presence sensor, since it

is expected to have significantly lower energy consumption. All

evaluation criteria are then used to sort the available blocks. In

our example, we weighted all criteria equally, but it is possible

to adapt the weights to find alternative configurations or opti-

mize the structure generation process using traditional machine

learning techniques. Note that, even though the evaluation cri-

teria steps are presented here in sequence, they are executed in

parallel.

V. RESULTS AND DISCUSSION

To assess the performance of a control strategy, the cognitive

system uses a simulator, which feeds back the simulation results

(see Fig. 2). The simulator is a Ptolemy II cosimulation platform

[37] that links the thermal-dynamic simulation tool TRNSYS

[38], which simulates the physical behaviour of the rooms and

the ventilation system, with MATLAB/Simulink, which con-

tains the control strategy that is being executed. The simulator

is used to evaluate new control strategies and to retrieve physical

values like indoor air quality from the simulator. The internal

operations of the simulator are opaque to the cognitive system;

the simulator is used as a “What-if”-Tool for assessing and opti-

mizing operation control hypotheses. In this section, we present

the control strategy that the cognitive system generates based

on the building structure, utilizing implicit and explicit semantic

knowledge about the building automation system.

Fig. 4 shows an automatically generated control strategy for

the simplified use case introduced in Section IV-B; the control

strategy is implemented in Simulink. Note that the cognitive sys-

tem selects the control blocks and connects them, however, the

graphical layout in Fig. 4 has been done manually for demon-
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stration purposes (the cognitive system graphically places all

blocks on top of each other). The control strategy provides con-

trol logic for the rooms 1 and 2 and for the inlet air fan located

on the top zone labeled Building. The cognitive system uses the

available control blocks in the KB and instantiates blocks of the

type “SchedulerDoW” (an On–Off scheduler that allows differ-

ent schedules for each day of the week), “AirQualCtrlPres” (an

air quality controller with an input for presence detection) and

“AirQualCtrNoPres” (same controller, but without presence),

and “FanCtrlVolFlow” (a fan controller). Each control blocks’

label in Fig. 4 starts with the name of their respective location.

Room 1 utilizes the local presence sensor by using an air quality

control block with a presence sensor, due to semantic informa-

tion from the KB, which indicates a better energy performance

of this block compared to its nonpresence enabled counterpart.

The control block connects to the local sensor datapoints for

presence (“_P_ACT” postfix) and air quality (“_Q_ACT” post-

fix). Room 2 lacks a presence sensor and therefore uses the non-

presence variant of the air quality control block; this is based on

the datapoint match evaluation described in Section IV.

Both air quality control blocks are enabled or disabled by

a scheduler block (“SchedulerDoW” postfix) to avoid wasting

energy by ventilating outside office hours. The cognitive system

makes this decision based on the unconnected enabling input

(“B_ON”). As stated earlier, unconnected blocks are resolved at

the next escalation level. The cognitive system has the following

semantic knowledge available:

1) rooms have an occupancy profile (“lecture” or “office”),

which defines their typical usage;

2) occupied rooms require ventilation;

3) a control block needs a (binary) enable signal to operate;

4) a scheduler (type “SchedulerDoW”) provides a matching

enable output and can process occupancy profiles.

The KB further supports the resolution of occupancy and

operation by providing default operation profiles for different

occupancy scenarios (e.g., offices are operational on workdays

between 6:00 and 20:00). An adaptive extension of such a de-

fault schedule based on data analytics of operation data has been

presented in [39]. This information allows resolving the connec-

tion between the enabling input and the scheduler output (both

called “B_ON”), whereas the scheduler input is provided as a

default schedule for Monday to Sunday by the KB. Our approach

resulted in multiple scheduler blocks being used, one in each

room. This is due to the divide-and-conquer approach used to

break down the problem complexity and our system’s inherent

tendency to place blocks close to the datapoints that cause their

evaluation (which is a side effect of having all evaluation cri-

teria determined in parallel). This setup looks counter-intuitive

at first, but provides higher flexibility for parameterization, as

now the rooms can have differing schedules.

These come for the price of higher complexity while pa-

rameterizing, as now, the central ventilation scheduler needs

to consider the local scheduler during parameterization. Also,

note that our system uses blocks with constant output (“_Const”

postfix) to define the CO2 setpoint for the control blocks at each

room. This is based on our decision to model Q_SETPT as a

virtual datapoint instead of a configuration parameter. It repre-

Fig. 5. Simulation results (Room 1).

sents the implicit semantic knowledge that the setpoint is not

necessarily fixed over a control period, but could be adapted

(e.g., night setback for heating controllers). However, since we

did not yet provide the system with a means to determine a

dynamic setpoint, the automated generation process decided to

use a block with constant output to provide a fixed setpoint.

In the next step, the generated control strategy is parameter-

ized and applied in the simulation. The parameterization process

is, as mentioned earlier, not within the scope of this work and

not described further. To evaluate the generated strategy, we

apply the evaluation mechanisms described in Section IV-A to

the data obtained during simulation. Fig. 5 shows both the sen-

sor data (top) and the obtained unpleasure values for room 1

(bottom). It is immediately visible that the CO2 values are sub-

optimal, mainly due to insufficient use of the ventilation system.

The spikes in the CO2 values show that the ventilation system

starts too late to compensate for the very sudden rise in CO2 .

The suddenness in CO2 development can be attributed to the

fact that the room is a lecture hall and a high number of people

enter the room at the same time. The bottom graph in Fig. 5

shows the unpleasure values derived from the sensor data. In

the current version, we only present the unpleasure values and

not the pleasure values since we consider the former the more

valuable indicators. We intend to use unpleasure to guide the

optimization efforts by identifying problematic periods, so the

cognitive system can focus its attention on improving these parts

of the simulation.

The final partial problem is the fan controller, which requires

the total volume flow to be provided. The KB provides the spatial

information, which rooms are connected to the fan. Since the

cognitive system solves an air quality problem, it shall use a

summation to add all requested room values to one total volume

flow (in case of heating, the supply temperature would require

a maximum-function, in case of cooling a minimum-function);

the data are shown in Fig. 5.

In conjunction with additional meta-information from the KB,

it will be the input for the optimization process, which will again

apply semantic knowledge for problem solving in the building

automation domain. This knowledge refines the rule structure

and its parameterization. In our exemplary, brief use case, the
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spikes that appear close to enabling the ventilation system (in-

dicated by the drastic increase in energy consumption) provide

promising constellations for further improving the control strat-

egy, e.g., by including a second scheduler in this room, that is

configured to the lecture times. Also, the parameterization of

the PID controllers will have to be addressed. A promising ap-

proach is to use existing toolboxes for automatic tuning of PID

controllers, which appears feasible since the model of the plant

is given as a simulation model. This optimization step, however,

is beyond the current state of our work.

VI. CONCLUSION AND OUTLOOK

This work proposes a KB and a cognitive system architecture

that generates control strategies for building automation applica-

tions. It regards the goals indoor comfort and energy efficiency

and provides the created control strategies as a Simulink model,

which is linked to a cosimulation platform to prove functionality

and to evaluate the results. The process of generating the control

strategies by the cognitive system solves various problems, like

instantiating room controllers with simple semantic port match-

ing and escalating unresolved issues to the next level. The KB

provides the necessary semantic information to make a compre-

hensive decision on which control blocks shall be used and how

they shall be interconnected. The technology developed here is

intended to be integrated as an add-on to a conventional building

automation system of the product portfolio of a manufacturer

of supervisory control systems. The cognitive system can act as

an optimizer component being attached to existing systems.

The approach can be generalized to be used in other similar

buildings and for different environmental situations. The way

the control strategy generation is designed, it handles concepts

defined in the KB. Therefore, it can cope with variable numbers

of rooms and diverse setups of building services. For unknown

setups, the algorithm has to be extended. The cognitive system is

built as a framework which allows the extension with algorithms

or codelets for handling new types of goals or new building

elements. Finally, as parameterization requires high effort, a

case-based approach is used where parameters from similar

cases will be used as a starting point.

BIM, which is a rich semantic information source for

buildings and its systems, finds its continuation in the approach

of using a KB to model building automation components,

indoor comfort requirements, operation constraints, and other

information. A BIM, which is created during the planning

phase of a building, is considered as a valuable enabler for

efficient operation. Therefore, it acts as an information source

for the KB. Besides the building structure, it contains the

location of automation components and the infrastructure to

transport energy through the building. If adequate information

is provided in this way, the cognitive system is able to deduce

feasible control strategies to ensure efficient operation.
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