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1 Introduction

1.1 Background

Increasing environmental awareness and climate change have pushed the EU towards
climate neutrality. Renewable Energy Directive [1] will force member states to fulfill at
least 32% of overall energy needs with renewable energy by 2030. Furthermore,
the provisional agreement is to increase the share of renewable energy goal from 32 to
42.5%. The European Green Deal [2] states that the long-term strategy will become the
first climate-neutral continent by 2050. According to the Eurostat [2], the share of
renewable energy consumption in gross final energy consumption during the period from
2010 to 2021 has increased from 12.5 to 21.8% in the EU, while in Estonia, renewable
energy share during the same period has increased from 24.6 to 38%. Increasing the
share of distributed volatile renewable energy generation makes maintaining the
equilibrium between supply and demand increasingly challenging. It raises the importance
of demand response and energy flexibility managed by aggregators, as described in [3].
Furthermore, the Baltic desynchronization of the IPS/UPS synchronous area will be
conducted by 2026 [4]. It will further increase the importance of grid services, which
Baltic electricity consumers could provide to system operators by taking advantage of
their flexible loads.

According to the European Commission [5], buildings consume around 40% of the
total energy produced in the EU, being the largest energy consumers in Europe. It is
applying pressure on building more energy-efficient buildings and raising interest in
flexible loads inside a building. In Estonia, all new buildings must be nZEB from 2020
onwards, which means that the building must not exceed the set energy performance
indicator value, which for multi-apartment and office buildings is 100 kWh/(m?-y) [6].
Another aspect is the demand-side flexibility inside a building. According to Eurelectric
[7], flexibility is the modification of energy generation or consumption in reaction to an
external signal to provide a service to the grid. Flexibility can be characterized by the
following parameters: the amount of power modulation, the duration, the rate of
change, the response time, the location, etc.

Typical flexible loads in buildings are heating, ventilation, air conditioning, lighting,
appliances (e.g., laundry, dishwasher, tumble dryer), and electric vehicle chargers [8]-[10].
The study in [11] showed that HVAC systems account for up to 62% of overall electrical
energy consumption in a building. In contrast, ventilation system fans can have up to 20%
of the share. Therefore, ventilation systems are the biggest electricity consumers in a
building after heating, cooling, and lighting. While heating, cooling, and lighting electricity
consumption relies on ambient conditions and has high seasonal dependence, a ventilation
system operation correlates with building usage, thus making it a valuable flexibility source
throughout the year.

Ventilation systems can be characterized by their system type or control topology
(Figure 1.1). There are two types of ventilation systems: natural and mechanical. Natural
ventilation systems rely on airflows driven by gravity forces without electricity
consumption [12]. Therefore, natural ventilation systems have no value from an energy
flexibility standpoint. Mechanical ventilation systems depend on airflows generated by
fans and can be divided into four: exhaust, supply, balanced, and energy recovery [13].
Exhaust and supply ventilation systems commonly use only one extract or supply air fan.
Balanced ventilation systems use at least two fans, one installed in the exhaust and the
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other in the supply air duct. It gives better indoor climate control and is universally
applicable to all climates. The energy recovery ventilation type also has at least two fans
but includes additional equipment to provide energy recovery that is essential for
constructing nZEB. Energy recovery can be in the form of heat recovery or enthalpy
recovery. Both have a heat exchanger, but the enthalpy recovery system retracts some
water vapor from the exhaust air and transfers it back to the supply air.

From the control perspective, a ventilation system can be divided into a constant air
volume (CAV) and variable air volume (VAV) type of a system. CAV system has the
simplest control topology and commonly operates in an open loop configuration without
feedback. This system type does not change its ventilation rate and has power
consumption with low fluctuation. CAV is controlled by switching the system on, off, or
between operation modes. Only adjustments are made in temperature control where
the temperature can be regulated in a single point (single-zone) or multiple points
(multi-zone). VAV system has a more complex system control topology and can handle
the ventilation rate according to indoor air quality (IAQ). A single-zone VAV ventilation
system adjusts its ventilation rate mainly by changing the fans’ rotational speed directly
through IAQ parameters (e.g., pollutant concentration, temperature, humidity).
A multi-zone VAV type system has multiple dampers that adjust their position according
to the zone’s IAQ parameter, and the fans' rotational speed is changed through pressure
shifts in air ducts.

[ VENTILATION SYSTEMS ]

SYSTEM TYPE CONTROL

' 7
NATURAL MECHANICAL CONSTANT AIR VOLUME VARIABLE AIR VOLUME
o BlE: » . Singlfz-zone . Singlfe-zone
"lu e Multi-zone e Multi-zone
I
e Supply E‘> /r‘
e Balanced E\> /‘
e Energy Recovery ol
J

Figure 1.1. Characterization of ventilation systems by system type and control.

=

The installation and electrical loads of a building can be considered one nanogrid [14].
As proposed in studies [15]-[17], a central controller is used to manage nanogrid’s
energy flows and flexibility, which in this thesis is denoted as a flexibility management
system (FMS). Changes in the ventilation system structure must be introduced to provide
flexibility service to the grid. The concept of flexible control is explained in Figure 1.2,
where the structure is divided into four hierarchical layers: ventilation system,
measurement, management, and aggregation. No changes are needed on the ventilation
system level if connecting the control with FMS is possible.

Based on the system type, an appropriate flexibility management algorithm is chosen.
On the measurement level, power metering must be achieved. It is required to install an
electricity meter to measure the power consumption of a ventilation system, or an existing
meter will be used if available. Air duct sensors are needed to boost the performance of
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the flexibility estimation algorithm, and room IAQ sensors are recommended for
improvements. The flexibility can also be estimated in a sensorless mode, increasing the
uncertainty in flexibility estimations. On a management level, an FMS must be installed.
It can also be a remote server communicating with the building management system
(BMS). If the building has no BMS, the FMS must directly control the ventilation system
and acquire sensor data. Depending on the system configuration, a ventilation system
can be controlled through switches or frequency converters. The aggregation level
consists of the aggregator communicating with different FMSs and providing services to
the transmission system operator (TSO).

% Aggregator
=
<
U]
L
o
D]
0]
<
Flexilibity management
% Building management
s _ _system _
5 | —
{ | [
= | I1
< | I
= I |
> - ———————- )
AT T[T A |
| | |
E | | . I
] Power I | Air duct | Room
E metering | | _sensors_ | _sensors
o« 1 (R I A |
= | 1 °C, ppm, | [ S
E W I 1 %, m3/s, : | ppm, %!
S | ' _Pa__1 el i
I I
E 1 h
E GRID CONTROL
-
("]
Z
o OUTDOORS
= 1
g P 4
=
-
w
>
Connections: — power air duct < data < control signal
Fm—=n

Optional devices and data connections:

Figure 1.2. The concept of flexible control of a ventilation system.
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1.2 Motivation

The author of this thesis carried out a comprehensive study on ventilation systems and
addressed restrictions that can jeopardize the use of these systems in the flexibility
service. The motivation to conduct this research came from the lack of appropriate
methods that could be used to assess and include ventilation systems in the flexibility
service. This research will bridge the gap in research by proposing appropriate methods
for ventilation system flexibility management. The developed methods are modeled and
tested in simulations, and experiments have been conducted on an actual building to
verify the applicability of the developed method. Based on the results presented here,
it is possible to assess the flexibility potential of the selected system and select an
appropriate control algorithm to include the ventilation system in the flexibility service.
The thesis can also be a source for future developments and research topics in the field
of energy flexibility and load aggregation. This research was supported by the Estonian
Research Council grant (PUT1680), Estonian Centre of Excellence in Zero Energy and
Resource Efficient Smart Buildings and Districts ZEBE (grant 2014-2020.4.01.15-0016)
funded by the European Regional Development Fund. Additional support was received
from the European Commission through the H2020 project Finest Twins (grant no 856602).
This doctoral thesis was supported by the project “Increasing the knowledge intensity of
Ida-Viru entrepreneurship” co-funded by the European Union (2021-2027.6.01.23-0034).

1.3 Aims, hypotheses, and research tasks

The main aim of this Ph.D. research is to study and develop methods for harvesting
mechanical ventilation system flexibility on the building level to ensure electricity cost
reduction, create conditions for wider use of renewable energy in buildings, and provide
services to a balancing authority.

Hypotheses:

1. Combining mass and energy balance analysis with sensor data will enable
estimating forced ventilation rate duration.

2. The forced ventilation rate duration methods will forecast the maximum
delivery period, wherein, in at least 95% of cases, the requirements for
indoor air quality are guaranteed.

3. With the implementation of ventilation system flexibility management
methods, it is possible to provide up-regulations for at least 30 min without
exceeding set requirements for indoor air quality in at least 50% of the cases
where the reserve is activated.

4. Using flexibility management methods to provide the flexibility service with
a ventilation system will reduce the total energy cost of ventilation by at least
5%.

Research tasks:

e Analysis and classification of approaches for managing ventilation system
flexibility to develop novel mathematical methods to quantify the flexibility.

e Development of novel ventilation system flexibility management methods to
consider different system configurations and available sensor data.

e Improvement and validation of developed flexibility management methods
on a simulated building model to analyze the performance characteristics
and behavior of these methods.
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e Improvement and validation of the developed flexibility management
methods on a test building to test these methods under the conditions that
would occur in actual use.

1.4 Contribution and dissemination

This thesis addresses comprehensive research on demand flexibility in ventilation
systems, focusing on quantifying this flexibility and integrating the selected system into
the flexibility service. The author proposes flexibility management methods that consider
system type, available sensor data, and layout, covering most of the ventilation systems
used in buildings. Knowledge and results included in this research have increased the
awareness of ventilation system usability in flexibility service programs and facilitated
the integration of these systems.

The findings of this research have been introduced in six research publications. Five of
the papers have been published at Scopus-indexed conferences. One of the articles was
published in a peer-reviewed journal. Intermediate results of the research have been
presented in four sequential doctoral schools.

Scientific novelties:

e Anovel method for calculating forced ventilation rate duration that considers
sensor data, building size, and ventilation system parameters without the
need for complex system models, large training datasets, and tuning of the
hyperparameters. The method is applied to different pollutants to calculate
changes in their concentration.

e A novel approach to cope with limited or nonexistent sensor data in
applications where it is impossible or infeasible to install additional
measurement devices.

e Definitions of ventilation system flexibility characteristics, instructions to aid
the recognition process of these characteristics, and specification of ventilation
system parameters that affect the flexibility.

Practical novelties:

e A set of methods developed from an aggregator’s viewpoint enables
integrating most ventilation systems into flexibility service.

e Comprehensive guidelines on integrating a ventilation system in a flexibility
service include the needed parameters, sensor data, sources of the input,
and algorithm selection procedure.

e Calculations made on the 2022 energy prices and reserve activations provide
a clear picture of how the ventilation system exploitation in the flexibility
service can reduce energy consumption and most importantly, the total
energy costs.

1.5 Application

Within the last decade in Estonia, 212 new office buildings, 583 new commercial buildings,
and 46,723 new dwellings were built, which corresponds to a floor area of 794,800 m?
for office buildings, 1,038,300 m? for commercial buildings, and 4,571,600 m? for dwellings
[18]. According to the Estonian regulation [19] the airflow rate for office and commercial
buildings is 2 I/(s'-m?). The same regulation states the airflow rate for dwellings, which is
0.5 I/(s'-m?). The total calculated airflow rate is 5,952 m3/s for all the office, commercial
buildings, and dwellings built within the last decade. The average specific fan power is
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between 2.0 and 2.7 kW/(m?3/s) [20]. Therefore, the total installed power for selected
buildings built during the last ten years is 11.9 MW and 16.1 MW. The share of total power
consumption of the ventilation system of each building type is roughly equal (Figure 1.3).
Considering building size, office and commercial buildings have larger ventilation
systems, which makes them preferable in the flexibility service. It does not mean that
dwelling ventilation systems should be set aside. If many dwelling ventilation systems
are concentrated under an aggregator, considerable power for the flexibility service can
be harvested. According to the study [22], up to 15% of the rated fan power can be used
for flexibility services without substantially affecting the IAQ of the building. The total
available power for the flexibility service in the selected buildings is around 2.1 MW.

3.2 MW
Office
27%

4.6 MW
Dwelling
38%

4.2 MW
Commercial
35%

Figure 1.3. Share of the installed power of the ventilation system for each building type during the
last decade.

According to Estonia’s 2022-year manual frequency restoration reserve (mFRR)
activations, the average energy utilized during up-regulation was around 8.7 MWh [22].
During the same time frame, regulations consumed a maximum of 98.9 MWh of energy.
According to Elering AS [23], an Estonian transmission system operator (TSO), the average
hourly energy usage in 2022 was 934 MWh. Since ventilation systems are known to use
at least 2% of the energy generated in the EU, their greatest potential is to provide about
19 MWh of energy for the flexibility service. Therefore, ventilation systems use more
energy than is needed during most regulations. As a result, the potential for the flexibility
offered by ventilation systems is rather significant.

1.6 Thesis outline

The thesis is divided into four main topics and sections. Chapter 2 covers the previous
research on demand-side flexibility and gives an overview of ventilation types and
relevant parameters. Chapter 3 discusses the development of ventilation system flexibility
management methods where different system types and available data are used to
propose an appropriate flexibility management algorithm. Chapter 4 presents modeling
and assessment of the flexibility management methods developed in Chapter 3 based on
the results acquired from simulations. Chapter 5 addresses case studies with flexibility
management methods on a test building to evaluate the performance of the method
under real conditions. Finally, Chapter 6 concludes all the results gathered during this
research and recommends future research topics.
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2 State of the art

This chapter presents a background study of flexibility, characterization of demand-side
flexibility, flexibility management algorithms, and ventilation system control from a
flexibility standpoint. The state of the art study is based on various research papers to
give insight and an overview of current trends and relevant research results. Firstly,
energy flexibility definitions and relevant research are addressed, with the focus mainly
on buildings and demand-side flexibility. Secondly, the characterization of the flexibility
algorithm is given, and the main approaches are discussed. Lastly, ventilation systems
and their control discussed in research papers are studied.

2.1 Energy flexibility

Energy flexibility in the context of electric system flexibility is the system’s ability to
adjust generation or consumption to maintain a secure system operation considering
grid stability constraints and volatile renewable energy sources [24]. By Eurelectric [7]
definitions, the modification of generation or consumption is done through an external
signal, which can be price or activation. Electric system flexibility can be divided into
demand-side and generation flexibility (Figure 2.1). Demand-side flexibility can be
differentiated into explicit and implicit demand flexibility. Implicit demand flexibility uses
different electricity tariffs to stimulate prosumers to consume or generate at certain
hours [24]. With advancements in smart grid technology and distributed energy
generation, a passive energy consumer can become an active energy prosumer [25].
Explicit demand flexibility considers committed prosumers who increase or decrease
consumption or generation in response to the system’s needs [24].
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Figure 2.1. Classification of energy flexibility and main sources of flexibility [24].
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Generation flexibility has been the main source of system flexibility long before the
cost-effectiveness of changing demand patterns was evaluated [26]. The primary sources
of generation-side flexibility have been:

Thermal generation uses fossil fuel-based power plants to provide flexibility
to the system. If there is a need for more energy, then more fuel is burned
and vice versa [24].

Cross-border interconnection enables large-scale sharing of energy, ancillary
services, and backup resources [27].

Large energy storage can adapt its energy production and consumption
according to the system’s needs. Hydroelectric plants have been the main
energy storage for a long time but are limited by the location where they can
be installed [28]-[30]. With the advancements in battery technology and
increased efficiency in production, energy storage can have a significant role
in providing stability to the energy system if safety and environmental
aspects are addressed [31], [32].

2.1.1 Demand-side flexibility

In 2019, the total electricity consumption in the world reached 22.8 PWh, with a 1.7%
increase compared to the previous year. In the same year, the total electricity consumed
in OECD countries was 9.7 PWh, around 42% of the total electrical energy consumption
in the world. Compared to the previous year, electricity consumption in OCED countries
decreased by 1.1%. The main sectors where electricity is consumed are residential,
industrial, commercial, and public services (Figure 2.2). Under others, electricity
consumption in agriculture, forestry, fishing, and other non-specified sectors is
presented [33].

Others
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Figure 2.2. World electricity consumption by sector in 2019 [33].

According to the Global Alliance for Buildings and Construction, nearly 55% of global
energy consumption is represented by buildings. A share of energy consumed by
residential buildings is around 73%, and non-residential buildings are around 27%.
In Estonia, 76% of the floor area in the building stock comprises residential buildings.
Annual energy consumption per floor area in Estonian residential buildings is around
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270 kWh/m?, while the same parameter for non-residential buildings is around
400 kWh/m?. Non-residential buildings in Estonia by floor area are about 20% wholesale
and retail trade, 18% hotels and restaurants, 18% health care, 19% education, and the
rest of 25% are used by other non-residential sectors. Residential buildings can be
classified into multi- and single-family dwellings, where the share of the residential
building stock is 75% and 25%, respectively. In summary, buildings can be considered
valuable assets in demand-side flexibility programs [34], [35].

Flexible loads in buildings play a crucial role in the demand-side flexibility. Flexible
loads are differentiated from all the other devices and systems by the ability to vary
power consumption over their baseline demand without jeopardizing their Quality of
Service (QoS). The amount of deviation from the baseline demand requested by an
aggregator or balancing authority (usually TSO) is the reference signal [36]. Buildings,
devices and systems that correspond to flexible loads have electrical storage, discrete
(on/off) and dimming control of the lighting system, discrete and variable frequency
control of the components in an HVAC system, and shiftable appliances [37]. According
to the study [11] where electricity consumption in two office buildings was measured,
it can be stated that most of the energy in office buildings is consumed by HVAC systems
(Figure 2.3). The mentioned study was conducted in Estonian office buildings where the
need for building cooling is around 3% of total electricity consumption, which is
insignificant compared to the heating load. Ventilation systems with air heaters account
for about 31% of total energy consumption in the monitored buildings. In the residential
sector, space heating has the highest share of total electricity consumption in Estonian
dwellings, while cooling load is non-existent in residential buildings (Figure 2.4) [35].
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Figure 2.3. Weighted distribution of electricity consumption in two office buildings [11].
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Figure 2.4. Distribution of electricity consumption in Estonian residential buildings [35].

Flexible loads and their usage in the flexibility service are as follows:

e  Electrical storage has increased its necessity in energy flexibility in buildings aided
by the wider use of stationary battery systems in buildings and electric vehicles
with bidirectional charging possibilities, e.g., vehicle to load (V2L), vehicle to grid
(V2G) [38]. One of the research topics is to use electrical storage to increase the
share of locally produced electrical energy from on-site renewable energy
generation, also called self-consumption. Luthander et al. [39] have reported that
a battery storage system of 0.5 to 1 kWh per kWp of PV panels can increase the
relative self-consumption rate by 13 to 24%. Kempener and Borden [40] showed
that 4 kWh electric storage with 5 kWp PV panels could improve self-consumption
from 30 to 60%. Another field of research is to optimize electrical storage’s
discharging/charging process to smoothen load fluctuations and shape load
profiles for economic benefits [41], [42]. Phan et al. [43] proposed a method to
optimize battery usage over a 24-hour period, which can achieve cost reduction
on consumed energy by 28 to 31%. Battery energy storage is also used to provide
services to the electrical system. The study [44] showed that when using batteries
in both the energy and regulation market, 12% of total revenue is gathered from
regulations.

e A lighting system in buildings has changed in the last two decades from being
manually controlled by the occupants to automatically adjusting to visual comfort,
efficiency, and economics [45]. Compared to other flexible loads in buildings,
a lighting system’s power consumption can be altered within seconds [46].
In the study [46], it is reported that for large California buildings (i.e., more than
4645 m?), a 25% reduction in lighting system power consumption could provide a
2.5 GW regulation reserve. The same report found that when the lighting system
operates around 80% light level, then +8% power consumption can be altered
without notice.

e HVAC systems are the largest energy consumers in a building, and through
demand-side management, substantial environmental and economic benefits can
be gained [47], [48]. Nyholm et al. [49] showed that pre-heating and operation
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duration of 5.5 GW of peak-load shifting can be achieved by optimizing an electric
heating system in Sweden based on the Swedish electricity prices during the
study. The study [51] analyzed load shifting for a heat pump and a thermal storage
tank by considering different temperature setpoints and tank sizes. The results
showed that the proposed method can save 10% of annual costs. During
up-regulations, when air-conditioners are switched off, the delay after giving the
activation signal (to switch off) is around 12 to 60 s until the final load curtailment
[50]. Bode et al. [51] made a similar study about shutting down and cycling
air-conditioning compressors, which responded within 60 s after the activation
signal was given and reached total capacity within 6 min. Cai and Braun [52]
proposed a control method for a rooftop unit with a variable speed supply fan,
compressor, and condenser fan to provide frequency regulation service, reducing
the energy cost for buildings by 12 to 26%. Authors of the study [53] reported
that 15% of the ventilation system-rated power could be used for the flexibility
service without jeopardizing occupants’ thermal comfort.

e Shiftable appliances have a significant potential to provide flexibility in the
residential sector where washing machines, dishwashers, tumble dryers, and other
similar home equipment time of use can be altered [37]. According to the study
[54], an average maximum down-regulation of 430 W at midnight on the
weekend and an average maximum up-regulation of 65 W during the weekend
can be achieved per household. The study in [55] used a mixed-integer nonlinear
optimization model to control shiftable appliances and reduce the cost of
electricity by 25%.

Nearly half of the global energy consumption is represented by buildings, making
them valuable sources for the demand-side flexibility. In Estonia, around 60% of energy
consumption is represented by the HVAC systems, and when comparing different flexible
loads, they can provide cost-effective capacity to the flexibility service.

2.1.2 Aggregation and explicit demand flexibility

The explicit demand flexibility approach involves re-scheduling consumption or onsite
generation with a specific objective. For example, to stabilize the electric system, lessen
the effect of peak electricity prices, or deal with congestion problems [24], [56].
Therefore, offering competition to power plants in the form of Virtual Power Plants
(VPP), which aggregates distributed energy generation and flexible loads to participate
in the wholesale market, balancing markets, reserves markets, and providing grid
services [24], [57], [58]. For large prosumers, individual participation in the mentioned
markets can be considered. In all other cases, aggregation is needed to concentrate
multiple prosumers’ ability to change their consumption or generation to fulfill all the
requirements stated by the market operator [59], [60]. Aggregators concentrate and
manage the flexibility offered by buildings or other sources and make a combined offer
to the balancing authority or transmission system operator (Figure 2.5) [61].
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Figure 2.5. Concept of aggregating flexible loads in buildings.

An independent aggregator manages prosumers’ flexible loads without being the utility
that supplies energy to prosumers [60]. Therefore, an independent aggregator must be
able to harvest the flexibility without signing a contract with an energy supplier servicing
the same prosumer [62]. The following difficulties are encountered that impede an
aggregator’s actions:

e The bulk energy issue is a problem caused by the difference between actual
consumption and the forecast made on the previous day. The retailer will not
invoice the total electricity procured cost [63].

e The imbalance issue is a problem where retailers are reacting to the
activation of the reserve. Volume correction or energy transfer is essential
for imbalance settlement. The aftermath of the activation can cause a
“rebound effect” where the consumption is less or more than usual, which
causes a second imbalance problem [63].

Aggregation is essential to the flexibility service to take advantage of explicit demand
flexibility inside buildings. If the aggregator is independent of the energy-supplying
utility, problems that require tight cooperation with different parties can arise.

25



2.1.3 Virtual energy storage

Renewable distributed power generation causes high and rapid fluctuation in the net
demand, which is a concern from the grid stability perspective since the frequency
nominal value of 50 Hz is more challenging to sustain with conventional generators [64].
There are three possible ways to mitigate the volatility in the electric system:

e Standby generation in the form of hydro or fossil fuel-based power stations.
Hydroelectric power stations are limited by geographical location and
environmental restrictions. Using fossil fuel-based power stations as a backup will
harm the goal of changing energy production to fully renewable [64]. Also,
keeping these power plants on standby will cause a situation where the plant
does not sell enough energy to cover basic costs, and it must be closed, as is
happening all around Europe [65].

e Energy storage by using pumped hydro, batteries, compressed air, and flywheels.
The major downside of using and implementing energy storage is the cost of
building this system [64]. With the increasing use of Li-ion technology-based
mobile and stationary energy storage, concerns about safety and environmental
aspects are still topical and need to be addressed before large-scale storage can
be built [66]-[70].

e Virtual energy storage (VES) is a concept where flexible loads can manipulate
demand around a nominal baseline so that power consumption increases or
decreases, like charging or discharging a battery. The use of flexible loads to
provide grid services has an accelerating interest in research and among parties
of an electric system. The significant advantage of VES is its lower cost of
implementation compared to a real BES since there is little change in hardware
and most of the work revolves around software and communication [64].

The QoS constrains the full exploitation of VES. QoS is a parameter or a group defined
through the flexible load’s primary purpose. For the HVAC system, the QoS can be
measured through IAQ parameters (e.g., temperature, humidity, CO2 concentration)
[64]. For the pool pump, QoS can be defined through the water circulation pump running
time, which is a surrogate for water cleanliness [71], [72]. Also, under QoS, running costs
of flexible loads and equipment lifetime are considered independent of the sector (e.g.,
residential, commercial, industrial) [64].

The grid authority can activate the VES reserve through a reference signal, expecting
loads to track it with sufficient accuracy. Loads that fail to do so are considered unreliable,
e.g., loads that violate their QoS unilaterally abort the regulation. Therefore, the reference
signal must be crafted according to the capacity of flexible loads. The capacity of a flexible
load represents limitations in aggregate behavior caused by the required QoS for this
load [73]. The most widely used approach to determine flexible loads’ capacity is to
develop a group of necessary conditions that ensure that the flexible load can track
reference signals and provide the required QoS [74], [75]. Kundu et al. [76] proposed a
geometric approach to characterize the flexibility of distributed energy resources. Lin
and Adetola [77] proposed a load-centric approach for characterizing flexible loads.
Barooah [64] proposed a power spectral density (PSD) approach that does not rely on
the knowledge of a specific reference signal but only on its statistics. According to this
approach, the grid-level demand of PSD can be allocated to resources (Figure 2.6).

VES is an approach that can exploit flexible loads similar to battery energy storage.
There are different approaches to characterize the flexibility of VES, but QoS is the most
essential group of parameters used.
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Figure 2.6. Example of power spectral density of net demand and allocation of resources to cover
the electric system needs [64].

2.1.4 Balancing services in Europe

Balancing services restore the frequency to the nominal value of 50 Hz and maintain
equilibrium between active power demand and supply within the electric system.
The Transmission System Operator (TSO) procures and manages balancing services [78].
There are four balancing services (Figure 2.7) that differ from each other by the response
time and activation method:

Frequency containment reserve (FCR), a primary reserve, is usually activated
automatically within milliseconds in response to the frequency deviation.
For a long time, thermal power plants have been the only party in the electric
system supplying FCR. However, with the increase of connected, flexible loads
(e.g., electric heaters, electric vehicles, energy storage, etc.), their importance
in FCR is decreasing. Fast ramp rates and frequency-based activation are
causing aggregators difficulty in participating in this service [79].

Automatic frequency restoration reserve (aFRR), or a secondary reserve, will
be activated if the frequency has not returned to its threshold. The activation
is done automatically between 30 s and 15 min after the frequency deviation
[80]. The primary purpose of aFRR is to replace FCR and release the capacity
for the following situations.

Manual frequency restoration reserve (mFRR) has similar reasons as aFRR
by restoring frequency to its nominal value, but the activation is done
manually (e.g., using electronic messages or calling). Since it has a longer
reaction time and slower ramp rate, aggregators have a high potential to
exploit all the available flexible loads in this service.

Replacement reserve (RR), or the quaternary reserve, is a long-lasting reserve
that releases previous reserves’ capacity after activation. It will provide the
possibility to react to the subsequent failure or disturbance in the electric
system again with faster reserves. Activation is done automatically or
semi-automatically, and the reserve must be active for 15 min up to 2 h [80].
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Figure 2.7. Activation process of balancing market reserves [81].

In Europe, harmonizing different balancing services is essential, meaning that regulatory
measures are unified and markets are extended internationally between countries.
For this balancing, service platforms are introduced:

e PICASSO is the Platform for the International Coordination of Automated
Frequency Restoration and Stable System Operation. It is a platform to
exchange balancing energy from aFRR with an activation time of 30s to
15 min. Estonia is an observer state of this platform [82].

e MARI is the Manually Activated Reserves Initiative for the mFRR service.
Activation time in this platform is less than 15 min. Estonia is a member state
of this platform [83].

e TERRE is the Trans European Replacement Reserves Exchange for the RR
service. Activation time in this platform for the RR service is up to 30 min.
Currently, Estonia has no interaction with this platform [84].

Currently, the main balancing service available in the Baltic electric system is the
Manual Frequency Restoration Reserve (mFRR). It states the limitation for the flexible
load, meaning that the reaction time with the transition from one power level to another
cannot be longer than 12.5 min (Table 2.1). Other parameters constrain the prospective
systems to be used in the flexibility service. The minimum quantity is most important,
meaning that 1 MW of ventilation systems must be combined to achieve the set
minimum power level [85].
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Table 2.1. Baltic mFRR standard product characteristics [85].

Parameter mFRR standard product requirement
Mode of activation Manual

Activation type Direct or scheduled

Direction Upward or downward

Full activation time 12.5 min

Minimum quantity 1MW

Minimum duration of the 5 min

delivery period

Price resolution 0.01 €/MWh

Preparation period Not higher than 7 min

Ramping period Not higher than 12 min

Deactivation period Not higher than 10 min

Maximum duration of the Not higher than 20 min for scheduled activation
delivery period and 35 min for direct activation

2.2 Management algorithms

Flexible load management requires algorithms and methods which consider the following:

Quantification is needed to measure the flexibility and provide metrics for
the aggregator. The flexibility can be quantified through properties such as
flexible power, delay, duration, etc [86].

The forecast is an important part of the flexibility service. Short-term forecast
(e.g., from hours to one day or a week) estimates flexibility ahead and makes
tenders to the market operator.

Delivery is part of aggregation where flexible loads are selected, and the
activation signal is sent to the selected loads. The delivery must schedule and
revise activation when needed to provide the required capacity to the grid.
The control must consider specifics of each system, usually inside a primary
controller. The control can include scheduling time-of-use, adaption to external
signals (e.g., day-ahead price, multiple tariff system), and feedback controller
such as PID.

2.2.1 Types of management algorithms
Algorithms must react to the real system behavior, and to do so, models are used for
forecasting, scheduling, and control, which can be divided into three:

White-box models are deterministic and defined through constants,
constraints, and static and dynamic equations. Modeling a complex system
with this kind of approach can be challenging. The most noticeable drawback
is the need for a detailed model and complete physical knowledge of the
system [87]. Also, using a white-box model with many relations between
different system parts can be computationally heavy, which is unsuitable for
modeling complex real-time systems [88]. Physics-based models are well
suited for simple and well-established systems such as thermal electric and
battery energy storage [89], [90].

Black-box models ignore the physics and rely on empirical data [87]. This
approach needs vast data to determine the connections and behavior of a
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system, for example, HVAC power usage, interior and outdoor temperatures,
and setpoints. Large (encompassing all seasons) and rich (covering all
conceivable operational envelopes) training datasets are required [91], [92],
which is frequently the most challenging part of creating data-driven models
for flexibility management. If there are any detailed simulation models for
the building, they can be used to generate this training data. However, they
frequently fall short of capturing the stochastic character of actual data.
Feature evaluation and selection become essential for creating an accurate
but effective model when dealing with big datasets with several features
(variables or sensors) [93]. It explains the significance of feature choice in
data-driven models for using the flexibility of building energy. Data-driven
regression-based models [94], [95], decision trees [96], and entirely black-
box models like neural networks and support vector machines [97] are all
employed to assess demand response (DR) potential.

e Gray-box models combine physics with empirical methods. One type of
the model where experimental data determine the parameters is the
resistance-capacitance (RC) (or lumped-capacitance) model. Continuous
time (stochastic) differential equations are developed here, and parameter
estimation is done using system identification approaches [98]. It focuses
primarily on gray-box models when describing a method for creating and
choosing a model appropriate for predictive control [99]. Furthermore,
gray-box models are advised for sub-space techniques and are perfect for
moderately complicated buildings. A state-space (SS) model is a class of
first-order differential equations describing input, output, and state variables.
The advantages of gray-box models are frequently described in the literature,
allowing physical interpretation of the model parameters and comprehension
of some of the underlying physical processes underpinning the behavior of
buildings [100], [101].

2.2.2 Algorithms used for flexible loads

Algorithms are needed to forecast, schedule, and control flexible loads. Models that
employ these algorithms are divided into three groups: white-box, gray-box, and black-box.
White-box control or forecasting models implement physical and mathematical
relationships and transfer functions to estimate or forecast one parameter out of others.
White-box modeling has the advantage of traceability and robustness, but with
complex systems, perfect behavior, and good accuracy are hard to achieve. Black-box
models typically apply machine learning to describe input and output relationships. It can
adapt to any system if set up correctly but lacks traceability and robustness. Gray-box
models are hybrids that implement white-box mathematical relationships with added
historical data-based methods to improve accuracy [102].

In the study [103] multi-criteria analysis (MCA) was conducted on eight algorithms
used in energy management systems. This study analyzed six parameters: implementation
feasibility, usability, computational time, accuracy, randomization, and adaptability.
Implementation feasibility considers the ease of implementing the technique in a restricted
amount of time and resources. Usability emphasizes the capacity to provide a condition
for its users to perform the tasks safely, effectively, efficiently, and satisfactorily.
Computational time values the time it takes for the technique to converge to an outcome.
Accuracy is the size of the dispute between the outcome of the technique and the real
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statistics. Randomization is the ability of the method to draw a pattern from a random
dataset. Adaptability assumes that the same technique can be combined with other
optimization techniques or used in a different environment. Artificial Neural Network has
the highest score based on the MCA.

Table 2.2. List of algorithms used in energy management systems [103].

Algorithm MCA score
ANFIS (Adaptive Neural Fuzzy Interference System) 187
ANN (Artificial Neural Network) 189
MLR (Multiple Linear Regression) 170
XGBoost (eXtreme Gradient Boosting) 185
WNN (Wavelet Neural Network) 181
SVM (Support Vector Machine) 169
ARIMA (Auto Regressive Integrated Moving Average) | 140
Gaussian Process Regression 144

2.3 Ventilation systems

A ventilation system is used to provide fresh air to the building and to extract polluted
air. Ventilation system operation depends on the usage of a building while providing
required indoor air quality [104].

2.3.1 Ventilation system control

The traditional ventilation system is set up to provide a fixed minimum ventilation rate
per person based on the maximum occupancy of a building or a space [105]. According
to the standard EN-16798 [106] ventilation rate for normal conditions is 7 |/s per person
and 0.7 I/s per m2. The standard ventilation rates differ based on the building type and
pollutant generation. Since the building is not occupied by the maximum number of
people daily, this ventilation rate is higher than needed. Demand Controlled Ventilation
(DCV) uses one or multiple Indoor Air Quality (IAQ) parameters to control the ventilation
system according to the setpoint or limit values where actual demand for fresh air is
estimated. It has been found that with DCV, about 62% of ventilation reduction can be
achieved compared to a system without DCV [105].

DCV can be based on temperature [107], [108] or based on CO2 concentration, which
is discussed in [109], [110]. DCV with closed-loop control needs sensors to monitor IAQ.
These sensors can be placed in rooms or air ducts. As suggested in [111], placing sensors
in both the supply and return air ducts allows one to actively see contamination or
temperature differences. The drawback of this setup is that during ventilation shutdown,
the state of IAQ is unknown, and contamination or temperature can exceed the limits.
Placing sensors in each room or space of the building requires higher investment costs
and a complex sensor network.

Closed loop control needs a regulator to control the airflow accurately. A conventional
system uses PID control to hold the IAQ within its setpoint value. The drawback of PID
control is high overshoot and oscillation. In [100], direct feedback linearization is applied
to overcome this issue to obtain a linear input-output model characterized by no overshoot
and minimal oscillation.
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Multiple studies consider temperature-based ventilation control with the thermal
comfort of occupants. Ventilation demand response is considered in [110] where a study
was made for commercial buildings to minimize the sum of HVAC energy and thermal
discomfort costs related to occupants.

2.3.2 Methods used for ventilation systems

Studies in [10], [11] focus on temperature-based ventilation control while also considering
the thermal comfort of occupants. Ventilation DR is considered in [10], where the study
was made for a commercial building to minimize the sum of HVAC energy- and thermal
discomfort costs related to occupants. In [11], testing was not based on any detailed
model but on the actual measurement from the on-site experiments. Those studies did
not consider all IAQ parameters but focused merely on the temperature. Controlling a
ventilation system only by measured indoor temperature does not guarantee that other
IAQ parameters are within the required limits.

An HVAC system for frequency regulation service is studied in [12]. Up to 15% of the
rated fan power can be implemented in the frequency regulation without substantially
affecting indoor temperature. The DR potential of ventilation systems in residential
buildings is discussed in [13], where it is stated that a single 13 kW ventilation system in
a 12-story apartment building can provide 4.5 kW of power increase and 1.0 kW of power
reduction when needed without compromising IAQ. The outcome of the study was that
an automated DR for ventilation systems could provide prolonged load sheds and
ancillary services without jeopardizing IAQ. Research in [4] shows that buildings can
provide short-term energy flexibility without requiring substantial changes and extra
investments in the HVAC system. The mentioned studies do not consider ventilation
shutdown as an option to provide load flexibility. Furthermore, existing research mainly
focuses on one IAQ parameter while discarding the influence of other parameters on
system flexibility.

The study in [14] monitored indoor air pollutant concentration and climate factors
based on occupants’ number and activities. The measured parameters included particulate
matter and the CO2 concentration. It was found that the pollutant concentration increases
along with the rise in the number of occupants and the level of their physical activities.
The occupants' behavior was studied in [15], where it was concluded that the CO:
concentration and the absolute humidity level correlate since both the CO; and the water
vapor are generated during respiration. The findings imply that the absolute humidity
level can be estimated based on CO: concentration measurements. In [16], classroom
measurements were carried out to investigate the dependence of CO2 concentration on
the ventilation rate and the number of students. The study showed that in a poorly
ventilated space with a volume of 210 m?® and an occupancy of 20 persons, the CO:
concentration rose from 472 ppm to 1732 ppm within 4 hours.

2.3.3 Ventilation in nearly zero-energy buildings

Estonian Government has issued a regulation [6] that states: “A nearly zero-energy
building is a building that is characterized by sound engineering solutions, that is built
according to the best possible construction practice, that employs solutions based on
energy efficiency and renewable energy technologies and whose energy performance
indicator is greater than 0 kWh/(m? - y) but does not exceed the limit values (Table 2.3).”
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A mechanical ventilation system with a heat recovery is needed to fulfill these
requirements. It means that instead of natural ventilation, there will be more electric
drives that can provide flexibility to the electric power system. This tendency is covered
by Estonian legislation [112] that requires new or significantly reconstructed buildings,
with some exceptions, to have a ventilation system with heat recovery, supply, and
extract air fans.

Table 2.3. Limit values for energy performance indicator in nZEB.

Building type kWh/(m?y)
Small residential buildings 50
Multi-apartment buildings 100
Libraries, offices, and research buildings | 100
Business buildings 130

Public buildings 120
Commerce buildings and terminals 130
Educational buildings 90
Pre-school institutions for children 100
Healthcare buildings 270

One nZEB can be seen as a nanogrid as it is a single-unit power distribution system
connected to the other power units (e.g., microgrid) through a gateway. Nanogrid is
characterized by local power production (e.g., PV plant) and local loads (e.g., domestic
appliances) and can optionally include energy storage [113], [114], [115], [116], [117].
The gateway can be a bidirectional power electronic converter (e.g., energy router) with
its control system, DC/DC converter for battery, and AC/DC converters for external and
internal AC bus connections, as shown in Figure 2.8. By using this power electronic
converter, the whole nanogrid can act as a controllable load for the main grid [118],
[119], [120], [121], [122].
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Figure 2.8. Proposed structure of nZEB nanogrid [Paper VI].

Nanogrid has different loads that can be switched or have variable power usage.
Switched loads are divided into remotely controlled (load 1) and stand-alone (load 2).
Simple ventilation systems are switched on and off using relays or contactors. However,
typically, they work as a stand-alone system, which means that electrical installation
must be changed to create the possibility of switching the ventilation system from the
flexibility management system. Ventilation systems with variable drive frequency (loads
3 and 4) can change the power consumption within a specific range.

2.4 Conclusions

Characterization and quantification of flexibility are needed to aggregate flexible loads
in the scope of explicit demand flexibility. Forecasts and system control are essential in
placing tenders and activating reserves. Therefore, flexible load management is divided
into the following parts:

e Quantification is needed to measure the flexibility and provide metrics for an
aggregator. The flexibility cannot be quantified through a single metric, so multiple
properties, such as capacity, delay, and duration, are considered [86]. Y. Chen et al.
[123] have discussed some of the equations to quantify flexibility, but these
mainly apply to heating and cooling systems. After all, the composition of the
properties is dictated by the aggregator and the selected aggregation method.

e Forecasting is an important part of the flexibility service to schedule flexible loads
and ensure regulation readiness. Short-term forecasts (i.e., from hours to one day
or a week) are used to submit tenders to the market operator [124].

e The interface is a composition of methods, rules, and hardware to communicate
with an aggregator and control flexible loads. It also includes building-level
aggregation, where tenders from the flexible loads of the whole building are
combined and submitted. If the flexibility management system receives an
activation signal from an aggregator, the interface must deliver the required
capacity within the given time constraints.
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The literature reviewed did not give a complete package of methods to manage the
energy flexibility of a ventilation system. The available methods were too time-consuming
and costly to implement. Also, the research papers fail to guide the building owners or
aggregators on implementing the provided methods on their systems. Estimations of
how long a ventilation system can sustain a set power level were neglected in the studied
literature. This thesis addresses these problems and proposes methods to manage
ventilation system flexibility, enabling the use of ventilation in the flexibility service.
Based on the literature analysis conducted in this chapter, it was found that flexibility
management methods developed from an aggregator perspective and forced ventilation
rate duration must be addressed in the following chapters. An in-depth study will be
conducted in Chapter 3 to discover the connections between indoor air quality and FVR
duration.
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3 Development of flexibility management methods of a
ventilation system

Parameters are needed to quantify a ventilation system's flexibility before it can be used
in the flexibility service. These parameters must be recognized, measured, and forecasted.
Parameters that quantify flexibility are flexible power, duration, rate of change, response
time, location, etc. The flexible power quantifies how much of the power consumption
of a ventilation system can be increased Pinc or decreased Pgec at a given time (Figure 3.1).
The duration taur shows how long the ventilation system power consumption can be
changed. The rate of change indicates the speed at which the power consumption can
be changed, and it can be calculated through the altered power consumption and the
transition process durations for falling edge t,, and rising edge t,,.. The response time is
the delay from sending the command until the ventilation system takes action.
The location is the geographic position of the ventilation system, which is also viewed
from an electricity system perspective.
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Figure 3.1. Flexible power and duration.

This chapter focuses on developing methods to measure and forecast flexible power
and duration because these parameters depend on the building usage and the time of
day. The rate of change, the response time, and the location characterize system
properties, which can be considered constants because they are not dependent on
building usage or the time of day. Changes in these values are insignificant and can mainly
be caused by external factors.

3.1 Flexible power of a ventilation system

The flexible power at a specific timestep can be calculated from the system’s maximum
and minimum power consumption. These values can be taken from the system’s
documentation or measured onsite. Available power increase for a timestep t can be
calculated through the forecasted power consumption for this timestep considering the
maximum power consumption, as shown in (3.1). Available power decrease can be
calculated similarly, regarding the minimum power consumption shown in (3.2).
The minimum power consumption can be taken as 0 when the flexibility is harvested by
shutting down the system.
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Pt,inc:Pmax'Pt (31)

Pt,dec:Pt'Pmin (32)
where P ;. — maximum available power consumption increase (down-regulation) for
timestep t (kW),
P¢ gec — Maximum available power consumption decrease (up-regulation) for
timestep t (kW),
P, — forecasted power consumption for timestep t (kW),
P ax — Maximum measured or given by documentation of power consumption
(kw),

The only difficulty is forecasting power consumption for the needed forecast horizon,
which will be discussed in the following subsections. Depending on the system type,
the power consumption is forecasted accordingly. Three ventilation system configurations
have different power consumption behaviors: constant air volume, variable air volume
single zone, and variable air volume multi-zone.

3.1.1 Constant air volume type of a system

A typical CAV type of a ventilation system operates according to a set schedule. This
schedule is composed according to the building used to provide ventilation only when
the building is occupied. Also, pre-ventilation before people enter the building or room
is used to ensure fresh air is present before it is needed. The ventilation system operates
only during workdays for office buildings that are used five days a week and 8 h a day.
The schedule may differ within a day, but it can be assumed that the ventilation system
is switched on early in the morning and off in the evening (Figure 3.2). Since the load for
this system does not change during its operation, the power consumption is relatively
constant compared to VAV-type systems.
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Figure 3.2. Example of weekly power consumption of a CAV type system.
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3.1.2 Variable air volume type system

A VAV type ventilation system can also operate according to a schedule, but the airflow
rate during the operational hours of a ventilation system is dependent on the building
usage. It causes a situation where the power consumption of a ventilation system is not
constant but is fluctuating. The schedule may differ for office buildings within a day, but
it can be assumed that the ventilation system is operational during working hours and
shut down for the rest of the time. Figure 3.3 shows an example of power consumption
in a single-zone VAV type system during a week in an educational building. In a single-zone
ventilation system, fluctuations are caused by a single sensor in the return air duct or the
room. According to this sensor, the ventilation system changes the rotational speed of
fans through a variable frequency drive and therefore, causes changes in the airflow rate.
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Figure 3.3. Example of weekly power consumption of a single-zone VAV type system.

Similar to a single-zone VAV type ventilation system, a multi-zone ventilation system
can also operate according to a schedule. The difference is that the power consumption
of the ventilation system is influenced by multiple valves that open and close according
to the zone usage. The schedule may differ for office buildings within a day, but it can be
assumed that the ventilation system is operational during working hours and shut down
for the rest of the time. Figure 3.4 shows an example of a multi-zone VAV type system in
an educational building where static pressure in the air duct is maintained. Power
consumption fluctuations in this type of configuration are lower than for the single-zone
VAV type system, which affects the forecasting accuracy positively.
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Figure 3.4. Example of weekly power consumption of a multi-zone VAV type system.
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3.1.3 Power consumption relations and forecasting

Affinity laws, also known as fan laws, can be used to calculate power consumption from
the change in the airflow rate [125] and vice versa. These laws are shown in (3.3) and are
defined from the relationship between two operational points. Usually, measured,
forecasted, or nominal values derive one value from the others.

Pty (@' (Ps.l)s/ : 53)
P, N, Q, Ds,2
where P, —power consumption for state 1 (kW),

P, — power consumption for state 2 (kW),

N, —fan rotational speed for state 1 (rpm),

N, —fan rotational speed for state 2 (rpm),

Q, — airflow rate for state 1 (m3/s),

Q, — airflow rate for state 2 (m3/s),

Ps1 — pressure for state 1 (Pa),

P52 — pressure for state 2 (Pa).

The real applied ventilation system does not strictly follow affinity laws, and typically,
there is higher power consumption at a minimum ventilation rate. Self-consumption of
the fan drive and losses cause higher power consumption at a minimum rate. Therefore,
power consumption bias Pyiss is calculated through maximum and minimum ventilation
power consumption and airflow rate, as shown in (3.4). The power consumption for the
timestep t is calculated using affinity law, which states the dependence between airflow
rates and power consumption, as shown in (3.5).

o Qmin )’
_ Pmm Pmax (Qmax) (3.4)

Pbias - NG
1= (gne)

where  Q,;;, — minimum ventilation rate (m3/s),
Qmax — Maximum ventilation rate (m3/s).

Qe

Qmax

3
Py = (Prax — Prias) - ( ) + Ppias (3-5)

where Q. — minimum ventilation rate at timestep t (m3/s).

Forecasting the power consumption can be done by implementing appropriate
forecasting models. Autoregressive moving average ARMA(p, q) model can be used to
forecast CAV and VAV type of ventilation system power consumption, as shown in
(3.6) [126]. A typical ventilation system operates according to a set schedule, and
there are insignificant changes in a building’s weekly or daily usage pattern, which
means there is no need to use more complex and data-heavy algorithms.
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P q
t
v/ = a+ Z BiYe—i + & + Z bige—i (3.6)
i=1 i=1

where th“t — forecast for timestep t based on previous data,

Y;_; —the autoregressive model lag,

& — error terms,

a — ARMA model’s model constant,

B; — the autoregressive model’s coefficient for the lag i,
¢; —the moving average model’s coefficient for the lag i,
&, —the moving average model’s error lag,

p —the order of the autoregressive polynomial,

q — the order of the moving average polynomial.

The forecasting model must access the historical power consumption data of a
ventilation system. ARMA model terms p and g are calculated using the Akaike
information criterion (AIC) method. The forecast for timestep t is based on current and
previous days or weeks’ data, depending on the ventilation system schedule. If the
previous week’s data is used for the next week’s forecast, then this time window is one
week. Thus, each forecast considers the previous week’s power consumption on the
same weekday and time. The current day and day or week data is input into this
forecasting model depending on the ventilation system schedule.

3.2 Duration of forced ventilation rate

A ventilation system must operate below or above its regular rate during reserve
activation. It is forcing the ventilation system to reduce or increase its power consumption.
This state can only be sustained for a certain duration because it affects IAQ in the
building. In this section, methods to estimate and forecast the duration of the forced
ventilation rate (FVR) are discussed. The proposed methods assume a mixing type of a
ventilation system.

3.2.1 Open-loop type of system flexibility estimation

The open-loop type of a ventilation system has no feedback from a building. It causes the
situation where the control system of the ventilation system has no information about
the IAQ state in the building. Estimation and forecast of the FVR duration are made
indirectly using information presented in the building design documentation, ventilation
system datasheet, building usage profile, regulations, and standards. In estimations, only
CO2 concentration is used as it is the most volatile parameter compared to temperature
and humidity.

CO2 concentration in a zone must be estimated to calculate the FVR duration. It is
done using an average CO2 concentration for the building or calculated using mass
balance analysis, as shown in (3.7). The study in [118] found that the average CO:
concentration in an apartment building is 837 ppm. It is a good reference when the
estimation is made but it does not consider fluctuations in the CO2 concentration caused
by changing building usage throughout the day. Therefore, occupant schedules given in
the standard EN 16798-1:2019 are a better alternative (Figures 3.6 and 3.7). Furthermore,
the standard occupant schedule can be tailored to a specific building according to the
building’s real usage, which would enhance flexibility estimation performance.
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ac
V— =G+ QChnp — QC

dt (3.7)

where V —air volume in a zone (m3),
C — CO2 concentration in a zone (ppm),
G — CO; generation rate (m3/s),
Q - airflow rate for the zone (m3/s),
C,mp — ambient CO2 concentration (ppm).

To estimate CO: generation in a zone serviced by a selected ventilation system,
the maximum number of people in this zone must be acquired. It is done according to
the number of workplaces and seats in the zone, or the other alternative is to use values
given in the standard EN 16798-1:2019 (Table 3.1). Maximum occupancy can be
calculated accordingly if the zone floor area is known. COz generated by a person during
respiration is, according to the EN 16798-1:2019, around 20 I/h, or a more accurate
estimation can be done by calculating one person’s CO, generation through DuBois
surface area, MET, and RQ (i.e., the rate of CO2 produced to oxygen consumed) value,
as shown in (3.8). An average size adult has a DuBois surface area of around 1.8 m? and
an RQ of 0.83 [13]. The standard EN 16798-1:2019 states that humans in residential,
educational, and office buildings are mainly occupied with sedentary activities;
therefore, the MET value is 1.2.

geoz 000276 - Ap - MET (3.8)
Pers ~(0.23RQ + 0.77) - 103

where Ap—the DuBois surface area (m?),
MET — the level of physical activity,
RQ — a respiratory quotient [125].
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Figure 3.5. Occupant schedules for a) educational and b) commercial buildings [127].
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Figure 3.6. Occupant schedules for a) office buildings and b) dwellings [127].
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Table 3.1. Building occupancy and ventilation rate ratios to a floor area [127].

Building type | Occupants, m?/pers | Ventilation rate, I/(s-m?)
Office 17 2

Educational 5,4 3

Commercial 17 2

Dwelling 28.3 0.5

CO: concentration in a zone must be estimated before an FVR duration can be
calculated. It is done using mass balance analysis in a form where the current timestep
CO:2 concentration will be calculated through CO2 concentration of a previous timestep
and change of CO2 concentration, as shown in (3.9). CO2 concentration change depends
on CO2 generation, the airflow of fresh ambient air, extraction of polluted air, timestep
size, and the zone volume. CO: generation is calculated through the previously
mentioned CO2 generation rate for one person and the number of people acquired by
multiplying building usage with maximum occupancy. If the airflow rate for supplying
fresh air and extracting polluted air is unknown, then it can be calculated through floor
area and minimum ventilation rate given by the standard EN 16798-1:2019 (Table 3.1).

(Ke—1 - G5gZs + Q1 * Camp = Q1 - Ceq) - At (3.9)
%4

Ct = Ct—l +

where C; — CO2 concentration at timestep t (ppm),
C;_, — CO2 concentration at previous timestep t — 1 (ppm),
K;_1 —number of people inside a zone at timestep t — 1 (pers),
Q:_, — ventilation rate at previous timestep t — 1 (m3/s),
Camp — ambient CO2 concentration (typically selected as 400 ppm),
At — timestep length (s),
V —zone volume (m3).

When there is a need during regulations to force the ventilation system to operate at
a minimum ventilation rate or shut it down (Qmin = 0), it is necessary to know how long
this state can be held. During the FVR period of the ventilation system, the CO:
concentration rises until it reaches its limit value. According to the standard EN 16798-
1:2019, the limit is 800 ppm above ambient for the normal condition. Based on the
calculated CO: concentration and the known CO: concentration limit value, the FVR
duration can be calculated as follows:

3.10
V- (Crimie - Ct) (3.10)

Cy+ Ciymir — 2C
Kt . nggrzs' Qmin . t llmztz amb

TFVR =

where /" — FVR duration at timestep t (s),

Ciimir — CO2 concentration limit value (ppm),
Qmin — Minimum ventilation rate (m3/s).
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3.2.2 CO; concentration based flexibility estimation

If a zone has a CO2 sensor in rooms or a return air duct, it is possible to calculate FVR
duration based on measurements, thus improving estimations. The CO2 generation rate
during the last timestep can be calculated as shown in (3.11). This equation is derived
from (3.7) and put into a discrete form more suitable for a control system.

V- (Ct - Ct-l)

Gcoz —
‘ At

+ Qt (Gt — Camp) (3.11)

The CO2 generation rate at a given timestep enables the estimation of ventilation
system FVR duration based on CO2 concentration, as shown in (3.12). This equation is
similar to (3.10), with the only difference that measurements are used instead of standard
values. The main restriction for the FVR duration when the ventilation system operates
at lowered power consumption is the upper limit of CO2 concentration according to the
standard EN 16798-1:2019, 800 ppm above ambient for normal conditions. This value
depends on the building type and comfort level, meaning that it can be suited for specific
needs. There is no lower limit for CO2 concentration, which means that there is no
limitation to increasing the power consumption of a ventilation system from the CO:
concentration perspective.

V- (Ciimit - Ct)
. Ct+climit2 — 2Camp (3.12)

Tt =
GCOZ _ Q
t

min

The FVR duration calculated with (3.12) is an instantaneous value considering
conditions measured during the last timestep. It is not applicable when forecasts for
future FVR durations are needed. Therefore, the ARMA(p, q) model is set up to forecast
the future based on previous values. ARMA(p, q) model is also used for forecasting the
CO: generation rate, which is needed to calculate the price for regulations. The ARMA(p, q)
model forecasting is expressed in (3.6).

3.2.3 Temperature-based flexibility estimation

In some applications, a ventilation system provides thermal comfort to occupants or
holds set temperatures for other purposes. It means that when the ventilation system is
used for the flexibility service, the temperature effect should be included in the
estimations. The standard EN 16798-1:2019 specifies temperature ranges according to
building type and season. Seasons are defined by running mean external temperature.
The heating season is considered when the seven-day running mean external
temperature is above 17 °C, and the cooling season is considered when the running mean
temperature is below 12 °C. All the temperature ranges for normal conditions according
to space type and season are given in Table 3.2.

The first law of thermodynamics can be used to estimate energy flows into or out of a
zone, as is expressed in (3.13). The difference between the initial and final states of the
zone can be expressed through multiple mass flows with uniform properties, including
the heat g generation by people, appliances, and room heating. Mechanical work w can
be excluded from the equation because the zone is not doing any mechanical work, and
all the energy used by appliances is converted into heat [128].
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Table 3.2. Temperature ranges for normal conditions according to space type and season [127].

Building or space type

Temperature range
for the heating

Temperature range
for the cooling

season season
Residential (bedroom, living room, 20..25°C 23..26°C
etc.)

Residential (kitchen, storage, etc.) 17 ..25°C

Offices and similar (single office, open | 20...24 °C 23..26°C

plan office, conference room,
auditorium, cafeteria, restaurant,
classroom, etc.)

2

v v?
Zmin<u+pV+7+gz> —Zmout(u+pV+7+gz> +q -
in out

2

v? (3.13)
—w= [mfinal (u ot gz) ~ Minitial (u to Tt gz)
final initial

zone

where m;, —the mass of the entering medium,
m;, — the mass of leaving medium,
Myfing — the final mass of a zone,
Minitiqr — the initial mass of a zone,
u —internal energy per unit mass,
p — pressure,
V — specific volume,
v — velocity of molecules,
g —local acceleration of gravity,
z — elevation above the horizontal reference plane,
q — heat generated inside a zone,
w —energy converted into work.

A ventilation system can be considered the only way entering and leaving airflow
streams can move. All the other mass flows through openings and walls can be regarded
as one variable: heat. From (3.13), only mass internal energy u is needed to estimate the
heat generation between entering and leaving air, while pressure, volume, velocity, and
potential energy have no significant difference. To evaluate ventilation system flexibility
based on temperature, a heat generation rate must be calculated, which can be done as
follows:

&z V(T — Te-1)

At At + Qt : (Tt - Tsupply) (3.14)

where T, —temperature at timestep t (°C),
T,_, —temperature at the previous timestep t —1 (°C),
Tsuppry — supply air temperature (°C),
Q; — ventilation rate at timestep t (m3/s),
At — timestep length (s),
V - zone volume (m3).
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The heat generation rate at a given timestep enables estimation of ventilation system
FVR duration based on the temperature, as shown in (3.15). This equation is similar to
CO2 concentration based estimation, but it must consider seasonal effects. During summer,
when the ventilation system is used for cooling, the temperature limit should be selected
as the maximum temperature value given by the standard EN 16798-1:2019:2019, which
is 26 °C. In winter, when the ventilation system acts as a heat source, the temperature
limit should be the minimum allowable value, commonly 20 °C.

V- (Tlimit - Tt)
Tt Tiimie — 2Tsuppry (3.15)
2

Tt =

q:
At Cror

The FVR duration calculated with (3.15) is an instantaneous value considering
conditions measured during the last timestep. It is not applicable when forecasts for
future FVR durations are needed. Therefore, the ARMA(p, g) model is set up to forecast
the future based on previous values. The ARMA(p, q) model for forecasting is expressed
in (3.6).

3.2.4 Humidity-based flexibility estimation

Humidity is affected by persons inside the building where, during exhaling, some
moisture is added to inhaled air; washing and drying also add moisture to the inside air.
Typically, a ventilation system extracts excess moisture from the building. When the
ventilation system is used for the flexibility service, the humidity effect should be
included in estimations. The standard EN 16798-1:2019:2019 recommends limiting the
absolute humidity to 12 g/kg or 14.45 g/m3,

Commercially available humidity sensors typically measure relative humidity, thus
outputting a value that is a percentage of the measured humidity level against maximum
humidity at a given temperature. Relative humidity inside air depends on the air
temperature, which means that relative humidity for entering and leaving air is not
comparable. This issue is resolved by converting the relative humidity level into absolute
(g/m?3), which can be calculated as follows [129]:

(77
B-C-RH-10\T+Tn (3.16)
- 100-T
where T-—temperature of the air (K),
RH — relative humidity,
C, B, T,, m — constants given in Table 3.3.
Table 3.3. Values for the constants [129].
Constant Value
B 6.116441
C 2.16679 gK/)
m 7.591386
Tn 240.7263
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Like the CO2 concentration estimation, the humidity level inside the building can be
estimated by the mass balance analysis, as shown in (3.7). The humidity generation rate
can be calculated as follows:

_ V- (Wt - W)

GW
¢ At

+ Qt ’ (Wt - Wsupply) (3.17)
where W, —humidity concentration at timestep t (g/m?3),
Wsuppiy — supply air humidity concentration (g/m?3).

The ventilation system provides dry air to the building. Therefore, the humidity will
rise if the ventilation rate decreases until the maximum allowable level is reached.
The same approach as was used for CO2 concentration based flexibility estimation can
be used also for humidity:

VWiimie — W)

GY +0 X Wt + Wlimit B 2Wsupply (3'18)
t min 2

T =

where W;,,i; is humidity concentration limit value (g/m3).

The FVR duration calculated with (3.18) is an instantaneous value with the same
shortcomings as for the CO2 concentration and temperature-based estimations. A separate
model is needed to forecast FVR durations. Therefore, the same approach as for the
temperature estimations is used. ARMA(p, q) model is set up to make forecasts for the
future based on previous values. The ARMA(p, q) model for forecasting is expressed in (3.6).

3.3 Boundary condition corrections

One building can consist of multiple zones, each with multiple rooms. If there is an IAQ
sensor in the return air duct, it does not represent the real situation in each room.
The pollutant concentration is the average value for the whole zone. If there are rooms
with uneven usage, then it can cause a situation where boundary conditions will be
exceeded. It is especially troublesome if the ventilation system is forced to operate at its
minimum rate. The regulation effect on IAQ is lessened by restricting the ventilation
system flexibility and correcting the boundary condition. It is done by narrowing the
range where the IAQ parameter can be.

3.3.1 Evaluation of uneven occupancy
IAQ parameters (e.g., CO2 concentration, temperature, humidity) are typically measured
in a return air duct connected to multiple rooms. It causes the situation where, for ideal
conditions, the measured value is a weighted average value for all the rooms, as shown
in (3.19). If there is an uneven usage of rooms, then there is a possibility that the IAQ
parameter limit value will be exceeded in high occupancy rooms during regulations.

X XiQs

X return —

(3.19)
Qreturn
where  X,oturn — |AQ parameter value in return air,

X; —1AQ parameter value in room j,

Qreturn — airflow rate in the return air duct (m3/s),

Q; — airflow rate from a room i (m3/s),

n —total number of rooms.
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IAQ condition in a building must be measured or estimated to consider uneven
occupancy in the flexibility estimation. For this, there are two approaches:

e Install temporary IAQ sensors in rooms of interest to log measurements for
at least one week during normal building usage (i.e., avoid holidays). It is
recommended to take repeated measurements at least once a year or after
a change in room usage in a building (i.e., change of tenant).

e Evaluate rooms’ usage according to the design documentation of a building
or according to the real building usage, which requires manual logging of
rooms’ use for at least one week.

Suppose that one of the previously mentioned approaches is conducted. In that case,
it is possible to estimate pollutant generation or heat generation according to the floor
area of selected rooms, which in this thesis is named specific pollutant generation (SPG).
Therefore, the SPG for CO; is defined as (m3/s)/m?, the SPG for temperature is defined
as W/m? and the SPG for humidity is defined as (g/s)/m?. The SPG for COx is calculated
through COz concentration change, as shown in (3.11) or using one person CO2 generation
rate, as shown in (3.8), multiplied by the number of people and divided by the floor area
of the selected room. The SPG for temperature is calculated through the temperature
change, as shown in (3.14), or by adding all the heat sources in a room and dividing by
the floor area of the selected room. Heat sources are persons inside the room and
appliances. According to the ASHRAE Handbook [44], one person’s heat generation
depends on the degree of activity, which must be multiplied by the number of people
inside a room. The SPG for humidity is calculated through water vapor concentration
change, as shown in (3.17) or using one-person humidity generation by multiplying it by
the number of people. If the average person's respiration rate of 0.12 /s is used, then
the humidity generation rate for this person can be calculated as follows [130]:

Gyors = (A + BT; — 0.798W;) - Qresp (3.20)

where A =0.02645 — constant with the temperature in °C,
B =0.000065 — constant with the temperature in °C,
T; —indoor air temperature (°C),
W; — water vapor concentration in indoor air (g/m?3),
Qresp — Person’s respiration rate (m*/s).

It is advised to consider water vapor release from showers and cooking for dwellings.
Water vapor release from showers is 2.6 kg/h and 0.7 kg/h for baths. Additionally, 0.24 kg
of water vapor per meal can be considered when cooking [130].

Table 3.4. Heat generation by human beings in different states of activity [128].

Degree of Building type Total heat Total adjusted heat

Activity generation by an generation by male,
adult male, W female, child, W

Seated, very Offices, hotels, 130 115

light work apartments

Moderately Offices, hotels, 140 130

active officework | apartments

Standing, light Department 160 130

work, walking store, retail store
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3.3.2 Correction of IAQ parameter limit

IAQ parameter limit value can be corrected based on acquired SPGs. The room with the
highest SPG for the selected IAQ parameter defines the corrected limit value. Spaces are
not used equally throughout one day, and a room’s maximum SPG can change.
Therefore, it is reasonable to calculate the corrected limit value for each timestep.
The corrected limit value is calculated based on the value given by the standard
EN 16798-1:2019, from which the measured parameter value in the supply air is
deducted. The difference is then multiplied by the room airflow rate and SPG for the
selected IAQ parameter. The acquired value is divided by the return airflow rate and the
zone’s average SPG for all of the rooms in this zone and added to the supply air parameter
value, as shown in (3.21).

(Xlimit - Xsupply) : Qtroom ' SPGtroom

xlimit = supply + (3.21)
Qtreturn . SPGtZOTle

where X}™Mit —|AQ parameter calculated limit in ppm, °C, or g/m?,
Xiimit — |AQ parameter limit according to the standard or set value in ppm, °C,
or g/m?,
Q7°°™ — airflow rate from the room (m?3/s),
SPGT°°™ — specific pollutant generation for the room in (m3/s)/m2, W/m? or
(g/s)/m?,
Qret™™ ™ — airflow rate in the return air duct (m>/s),

SPGE°™ — specific pollutant generation for the zone in (m3/s)/m?, W/m? or

(g/s)/m?.

3.4 Implementation of the developed flexibility management method

Flexibility management methods are dependent on the ventilation system type and
available data. The ventilation system type defines algorithms that can be implemented
on the given system, and available data establishes the accuracy of the estimations.
The flexible control concept of a ventilation system is discussed in section 1.1 (Figure
1.2), where all the needed flexibility service hardware and interconnections are
described. This section presents guidance for implementing the developed methods with
recommendations to improve data quality and optimize ventilation system operation
during regulations.

3.4.1 Adjustment method for duration estimations

The FVR durations calculated using the methods described under section 3.2 do not
consider variable building usage. Inconsistent building usage is considered by adjusting
FVR duration according to the following timesteps. If the following timestep FVR duration
estimation is shorter, caused by increased room usage, the estimation must be
shortened, as described in (3.22). This adjustment is repeated, and after each iteration,
the sum of all FVR duration estimations is calculated and compared with the previous
iteration sum, as shown in (3.23). If they are equal, then the adjustment is completed.
Adjustment is only done in one direction (e.g., shortened) to avoid overestimating FVR
duration and therefore, jeopardizing IAQ in the building.
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FVR FVR FVR
FVR _ {Tt+1,i—1 + At, Teptim1 < Tpioq — At
i FVR FVR FVR
Tti-10 Testi-1 = Tei-a — At (3.22)
h FVR . . . . . . . .
where 7;;" —an estimate of FVR duration at time t during correction iteration j,
Tﬂ’fl —an estimate of FVR duration at time t during previous correction iteration
i-1,

At —timestep length (s).

n
§ FVR _
Tei =

n
FVR (3.23)
t=1 t=1

Tti-1

3.4.2 Calculation method for the regulation price

Knowing the energy price for regulations is a crucial component for enabling the
integration of a ventilation system in a flexibility service. It is the needed input for the
aggregator, according to which the amount of regulated energy will be compensated to
a building owner. A personalized pricing mechanism is used to achieve this, as shown in
(3.24). The direction of regulation dictates the ingredients of the final regulation price.
It is necessary to compensate for lower IAQ in the zone if up-regulation is activated and
the ventilation system’s power consumption is reduced. It can be done by considering
variable building usage described through the CO: generation rate. Regulation-induced
amortization of the system must also be addressed to compensate for additional wear
(e.g., switching counts for contactors and movement of valves). If down-regulation is
activated and the ventilation system’s power consumption is increased, then this causes
additional energy consumption, which must be compensated.

co2
Gt Camort
Geo2 " Ccomf AP -
max Tt
Ct - Ct,min c c Camort c
"Ctel T Ctfees T — bmgn»
\ Ciimit — Comin AP -1,

+ Cmgn, AP <0
price; = (3.24)

AP >0

where price; — the calculated regulation price at time t (€/kWh),
GE°% — CO, generation rate at time t (m3/s),
GS22, — maximum estimated CO> generation rate (m3/s),
Ccoms — the regulation cost on comfort (€/kWh),
T; —duration of regulation at time t (h),
Camort — the regulation cost on amortization (€),
Cmgn — Margin for regulations (€/kWh),
AP — change of power consumption during regulation (kW),
C; — CO2 concentration in the return air at time t (ppm),
Ctmin — Minimum CO: concentration for maximum airflow rate at time t (ppm),
Ciimir — CO2 concentration limit value (ppm),
Ct e~ electricity price including electricity market price and electricity supplier
profit margin at time t (€/kWh),
Ct fees—the sum of all the fees, which include transmission costs and taxes added
to consumed energy price at time t (€/kWh).
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The tendered price for up-regulation depends on the CO: generation rate, and the
maximum price is achieved at maximum building usage (Figure 3.7 a). Cost on comfort
can be selected according to historical balancing energy prices on the market, and in this
thesis, the price data for the last two weeks is used. The same approach determines the
maximum CO: generation rate where the previous two weeks’ maximum value is used.
Usually, regulations introduce an insignificant amount of additional wear to the system;
therefore, amortization costs are neglected in the validation process of developed
methods. The margin for regulation is a parameter that is dictated by the building
owners, which increases the profitability of the flexibility service. In future studies,
this margin can be optimized to maximize regulation activations and income since
increasing the regulation price lowers the number of events where the market price is
reached. In validating the developed method, the margin is not used, and the difference
between the tendered and the market price is split between the building owner and the
aggregator. The tendered down-regulation price depends on the CO; concentration in
the return air (Figure 3.7 b). If the ventilation system’s return air CO2 concentration is
higher than the minimum possible CO2 concentration, the goal is to decrease the CO:
concentration level by purchasing electricity at a lower price. When the CO2 concentration
is low due to the low occupancy, down-regulation is provided if the additional costs from
grid fees and taxes are compensated.

a) 4 b) A

Coomf * Cmagn| Ctel - Gt fees - Cmgn|

0 >
Chmin Coimit

-Ct fees - Cmgn CO2 concentration

Up-regulation
price
Down-regulation
price

>

0 . -
CO2 geneneration rate Ginax

Figure 3.7. Dependence of the regulation price on a) CO; generation rate for up-regulation and
b) CO; concentration for down-regulation.

The estimation of the forced ventilation rate duration dictates the maximum duration
for each regulation. The regulation price is calculated for each period separately.
Therefore, the duration of each regulation can be derived as follows:

FVR FVR
T, = {Tt po T S A (3.25)
t At,  TFVR > At
where 1FVR —duration of the forced ventilation rate at time t (h),

At — duration between two sequent calculation steps (h).

For down-regulations, the minimum possible CO2 concentration and CO2 concentration
at a specific time must be estimated ahead. It can be derived from the mass balance
analysis, as shown in (3.26) and (3.27). Minimum COz concentration depends on the
maximum airflow and CO2 generation rates at selected times. The FVR duration forecasts
estimate CO; concentration ahead, as discussed in section 3.2.
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co2 co2
Gy Ge

+ Comp» 0
Co . = Qmax amb Qmax
t,min GtCOZ (3.26)
k Camb’ Q < 0
max

where G£°% — CO; generation rate at time t (m?3/s),
Qmax — Maximum ventilation rate (m3/s),
Camp — ambient CO2 concentration (ppm).

C = 2V - Climit + ZT{vr'COZ . Gfoz - T[vr : var ) (Climit B ZCamb) (3 27)
‘ ZV_T{W 'var

where V —zone volume (m3),

Ciimit — CO2 concentration limit value (ppm),
‘rtfw'wz — CO2 concentration based forced ventilation rate duration at time t (s),
GE°% — CO, generation rate at time t (m3/s),

Qfyy — forced ventilation rate (m3/s).

3.4.3 Addressing the rebound effect

Regulations can affect the energy consumption of the ventilation system even after
activations. After activation of the reserve, the temporary power consumption increase
is known as a rebound effect [131]. Power consumption of a CAV type ventilation system
will be affected only during regulations, and no rebound effect exists. The reason is that
the CAV type system only operates at a set ventilation rate and is not influenced by
indoor air conditions. The system’s cumulative energy consumption is also reduced if the
power consumption is decreased during regulations. The VAV type ventilation system
will be affected by regulations. The system controller and system layout influence the
magnitude and duration of the rebound effect. If the power consumption of a VAV type
ventilation system is decreased and CO: concentration-based control is implemented,
then after the regulation, there is a temporary increase in power consumption (Figure 3.8).
Effects of the regulation on cumulative energy consumption are investigated in simulations.
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Power consumption with regulation Power consumption without regulation

Figure 3.8. Rebound effect of a VAV type ventilation system.

52



After the deactivation of the reserve, the IAQ in the building is disturbed. It creates a
need to know the subsequently allowed regulation since consecutive activations can too
highly impact the IAQ. In this thesis, the rebound duration is the length of time that it
takes for the ventilation system to change a sufficient amount of indoor air with fresh
ambient air to reach normal IAQ conditions. The rebound duration can be estimated with
the following two equations:

co2

t 3.28
let = Q + Camb ( )
t

LThC02 _ )
‘ Geo?- O - Coe+ " — 2Camp (3.29)

t t 2

where (3t - stable condition CO2 concentration at timestep t (ppm),
T:b'coz — COz concentration-based rebound duration at timestep t (s).
2V

TTb,COZ - - (330)

‘ Qe

3.4.4 Selection of flexibility management algorithm

Different ventilation system configurations cause the flexibility management algorithm
to be combined from the appropriate components described in this thesis. The procedure
described in Figure 3.8 can be followed to ease the algorithm selection. First of all,
a power consumption forecasting method must be selected. ARMA(p, q) model is
suitable for this with the AIC method to tune it. For FVR duration estimations, available
IAQ sensors and their locations must be made clear. If there is a CO; sensor that gives an
adequate overview of CO2 concentration in a zone, then FVR duration can be calculated
accordingly. If sensors are absent, an open-loop approach can be implemented, or another
option is to install a CO2 concentration sensor. These can also be applied to FVR duration
estimations if temperature and humidity sensors are available. If one zone includes
multiple rooms, then it is necessary to have measurements or estimations from each
room separately. A different approach is needed if there are no IAQ sensors in each
room. The IAQ parameter limit value must be corrected to avoid exceeding the limit
when only one sensor is installed in the return air duct. FVR durations must be adjusted
to consider the variable usage of the building. The regulation price must be calculated to
enable transactions with an aggregator. After each reserve activation, rebound duration
must be calculated to avoid concurrent activations jeopardizing 1AQ.
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Figure 3.9. Algorithm selection procedure for flexibility management.

3.4.5 Applying flexibility management methods

Flexibility management methods can be applied using a flexibility management system
that embeds all needed algorithms (Figure 3.10). The flexibility management system
consists of modules, each having its purpose. The regulation activation module aims to
listen for activation reserve activation signals, check if the ventilation system is available
for regulation, and send commands to the ventilation system to force a defined
ventilation rate. The flexible power forecasting module is responsible for acquiring
power consumption measurement data and forecasting available power for up- and
down-regulations. The pollutant generation calculation module aims to estimate building
usage needed for FVR duration calculation. The FVR duration calculation algorithm
acquires building usage data and calculates FVR durations based on the data gathered
from sensors and building design documentation. The regulation price calculation
module is responsible for putting together tendered prices for regulations based on the
costs and building IAQ conditions. After calculating everything, the tender is sent to an
aggregator of available flexible power, FVR duration, and price for each timestep.
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Figure 3.10. Implementation of the flexibility management methods [Paper I].

3.5 Ventilation system as a virtual energy storage

Ventilation systems can be considered a virtual energy storage (VES), which can behave
similar to a battery energy storage (BES). Its characteristics and calculation methods must
be understood to use a ventilation system as a VES. In this section, the following aspects

are discussed:

e  Power capacity,
e  Energy capacity,
e State of Charge (SoC),

Self-discharge rate.

3.5.1 Power capacity of virtual energy storage

The power capacity of a ventilation system is defined through its maximum and minimum
power consumption, as discussed in section 3.1. The available power capacity depends
on the power consumption of a ventilation system at a selected instance (Figure 3.11).
The available power capacity for flexible power can be calculated and forecasted using

the methods described in section 3.1.
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Figure 3.11. Available flexible power of a ventilation system at time t.

3.5.2 Energy capacity of virtual energy storage

A ventilation system differs from a BES by its energy capacity. A ventilation system can
exceed its boundary conditions without causing irreversible damage to the system. During
charging, the ventilation system consumes more power to increase the percentage of fresh
air in the building, lowering the CO2 concentration. From the IAQ viewpoint, the ventilation
system can consume an infinite amount of energy during the charging cycle, but CO2
concentration cannot decrease beyond the minimum concentration level, as shown in
(3.26). The energy to reach the minimum CO2 concentration level can be calculated with
(3.31). During discharging, the power consumption of a ventilation system is reduced,
and the air exchange rate is lowered, which causes CO2 concentration to rise. During the
discharging cycle, the ventilation system can operate at a lower power consumption level
for a limited time, which is dictated by IAQ conditions in a building. Therefore, the energy
capacity for up-regulation is limited, as shown in (3.32). IAQ parameter value at a specific
timestep can be calculated according to the forced ventilation rate duration forecast,
as shown in (3.27).

E -p V. (Climit - Ct) (3.31)
t,inc — Ttinc * .
e e Gcoz _ Q . 3 Pt + Pt,inc — Pbias . Ct + Ct,min — 2Camb

t max Pmax - Pbias 2

V. (Climit - Ct)

Geoz — Q 3 Py = Praec — Ppias . Ci + Ciimit — 2Camp (3.32)
t max Pmax - Pbias 2

Et, dec = Pt,dec .

where V —zone volume (m3),
Ciimir — CO2 concentration limit value (ppm),
C; — CO2 concentration value at time t (ppm),
Csuppiy — CO2 concentration value in supply air (ppm),
GE°% — CO, generation rate at time t (m3/s),
Qmax — Maximum ventilation rate (m3/s),
Pyias — ventilation system power consumption bias (W).
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Energy capacity during discharging is non-linearly dependent on the COz concentration
(Figure 3.12). Maximum energy capacity is achieved when the CO2 concentration in the
building is at the ambient level. When charging before discharging the VES is planned,
itis reasonable not to attempt to lower the CO2 concentration close to the ambient level.
The region close to the ambient level does not increase the capacity significantly but
increases the self-discharge, as discussed in the following subsections.
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Figure 3.12. Energy capacity dependence on CO;, concentration in a building.

During regulation, the flexible power can be in the range of current power consumption
up or down to the limit. The more the power consumption changes, the more IAQ in a
building is affected. Since the energy capacity has a nonlinear dependence on power
consumption, there is a possibility to optimize the amount of power to maximize the
total energy capacity for one regulation. A regulation duration can be a fixed length,
which means that changing the power consumption less than possible will cause the
effect where the CO2 concentration limit is not reached before the regulation is ended.
The consequence of this is the unused potential of the ventilation system. Decreasing
power consumption to more than the optimal amount causes the situation where the
CO:2 concentration limit is reached before the regulation is ended, which also causes
lower energy capacity of the VES (Figure 3.13).
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Figure 3.13. Energy capacity dependence on the reduction of power consumption.
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If the length of regulation duration is known or estimated ahead, then the power
consumption increase or decrease can be calculated as shown in (3.33) and (3.34),
respectively. Before the power level can be computed, the CO2 generation rate must be
known. The method to estimate this is given in section 3.2. Power consumption at a
specific time is also an important parameter that can be estimated using the method
described in section 3.1.

e G2 =V - (Chimie — Co) 3.33
Pt,inc_ C. + G ‘Lmi 2C '(Pmax_Phias)_Pt+Pbias ( )
t limit supply
_Tt ' Qmax : 2 ]
- 13
T - GE% =V (Cymie — Cr)
Pt, dec = C. +C. Lmi 2C : (Pbias - Pma.x) + Py — Pyigs (3.34)
t limit supply
_Tt : Qmax : 2

where 1, —regulation duration (s).

3.5.3 Virtual energy storage state of charge

A VES SoC can be described through CO2 concentration in a building because this
parameter is directly connected to building usage and is affected by the people inside.
The VES’s SoC can fluctuate throughout the day depending on the system type and
building usage. When SoC is at 100%, the CO2 concentration is at a minimum level, which
can be calculated through the maximum ventilation rate and the CO: generation at the
selected timestep, as shown in (3.26). Since the building usage changes throughout the
day, the minimum CO2 concentration also changes accordingly (Figure 3.14). The actual
SoC is the CO2 concentration in a building at each timestep, which can be calculated as
shown in (3.27). When SoC is at 0%, the CO2 concentration has reached its limit.
The maximum CO2 concentration limit does not change, except for a multi-zone ventilation
system where the correction of the boundary condition is needed, which is discussed
under section 3.3.
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Figure 3.14. CO; concentration-based SoC estimation for a ventilation system.
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3.5.4 Self-discharge rate of virtual energy storage

CO: concentration has always some stable level, which depends on the CO: generation
and ventilation rates. If the VAV type system is used, the stable condition is around the
setpoint Cset. This steady-state level causes the effect of self-discharge or self-charge of
the VES. Self-discharge occurs when the CO2 concentration level is lower than the stable
level, and self-charge happens when the CO2 concentration level is higher than the stable
level. The self-discharge or self-charge rate can be calculated as follows:

V. (Climit - Ct—l) _ (P _
Ct—l + Climit - 2Ca_mb t

kY = |(Prey = Pouin) -

co2 __ L.
Gt—l leTL 2 (335)
_ ] ) . V. (Climit - Ct) l
mn co2 _ Ct + Climit - 2Camb At
Gt Qmin : 2
where kfelf —the self-discharge or self-charge rate at time t (Ws/s),

Pyin — ventilation system minimum power consumption (W),
P;_, —ventilation system power consumption at time t —1 (W),
C;_, — CO2 concentration at time t — 1 (ppm),

Qmin — Minimum ventilation rate (m3/s),

At — duration between two sequent timesteps (s),

GE°% — CO2 generation rate at time t (m3/s).

When constant ventilation rate and building usage are considered, the maximum self-
discharge rate is near ambient concentration (Figure 3.15). The self-discharge rate is zero
when the stable CO2 concentration level is reached, which can be the CO, concentration
setpoint for the VAV type of system. The minimum self-discharge rate is present near the
limit or maximum CO:2 concentration where the self-discharge is negative, meaning that
the VES is charging and CO2 concentration decreases. The self-discharge rate in the same
CO2 concentration range is lower than the self-charge rate. Therefore, the VES is prone
to self-charge better than self-discharge.
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Figure 3.15. Dependence of the self-discharge rate on the CO; concentration.
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3.6 Conclusions

This chapter described the development of the methods of ventilation system flexibility
management. The methods were developed by the definitions of flexibility and the
needed input data for an aggregator discussed in Chapter 2. Based on the provided data
and estimation, the aggregator can manage each ventilation system or building separately
to achieve optimum results.

The ventilation system management methods include flexible power, FVR duration
estimation algorithms, and a pricing model. Since there are different types of ventilation
systems with specific features, there is no single approach for every system. The following
methods are used for the flexibility estimation of a ventilation system:

e Estimations of ventilation system flexible power are based on the measured
data, and forecasts for specified horizons are done using the ARMA model.

e CO: concentration based FVR duration estimations are based on building
usage data. If the CO2 sensor is present, then through mass balance analysis,
CO:z generation is calculated.

e Temperature-based FVR duration estimations are based on temperature
sensor readings, and by using the first law of thermodynamics, a heat
generation rate is calculated.

e  Humidity-based FVR duration estimations use a similar approach to the CO>
concentration-based estimation, and estimations rely entirely on sensor
data.

e  FVR duration adjustment is done by shortening estimations based on the
following time steps forecasted durations. It enables the capability to consider
the variable usage of a building.

e The price for each regulation is calculated through a personalized pricing
mechanism, which the building owner can adjust. The pricing model takes
into account the building usage and IAQ conditions.

e A boundary condition correction algorithm is used when there are not
enough sensors installed in crucial rooms where regulations affect IAQ the
most. The range where the measured parameter can be is narrowed to lessen
the regulation effect on the IAQ in high-usage rooms.

e After each reserve activation, the rebound is calculated to stabilize IAQ in a
building.

A selection algorithm is described, and guidelines are given to implement the developed
flexibility management methods. The flexibility management system to use all the
described methods is also brought out to make the implementations as state-forward as
possible. Finally, characteristics through which a ventilation system can be described as
virtual energy storage are discussed, giving aggregators tools to use ventilation systems
as battery energy storage. The assessment and verification of the developed methods
will be provided in Chapter 4 and tested in case studies in Chapter 5. The development
of the ventilation system flexibility management method showed that the first hypothesis
is correct, as mass and energy balance analysis combined with sensor data enables the
estimation of forced ventilation rate duration.
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4 Validation of the developed flexibility management
method

In this chapter, the developed flexibility methods are validated through MATLAB and IDA
ICE simulations. First, technical and economic constraints are given as inputs to object
models. Technical limitations parameterize inputs for building models in IDA ICE.
Economic constraints define the parameters essential for the validation. Object models
are described, which are composed in the IDA ICE building simulation tool. Simulations
and calculations regarding the flexibility forecast and control are carried out in MATLAB,
a programming and numeric computing platform. This chapter also describes control
scenarios of a ventilation system to assess the performance of the developed flexibility
management method. It includes the results of all the simulations and the evaluation of
the effectiveness of the method.

The simulation process can be divided into steps, each conducted in one of the

simulation tools (Figure 4.1). Each step can be described as follows:
I.  The building model is configured, and the occupancy schedule is generated in
MATLAB. All the data between MATLAB and IDA ICE is transferred using PRN files.

II. IDA ICE uses the building model and all the necessary information to run a
year-long simulation. Each room and the AHU’s measured data are logged into
output files.

Ill.  Flexibility management methods are used after importing the IDA ICE output files
into MATLAB. It includes measuring and forecasting the energy flexibility of the
ventilation system. The day-ahead price, mFRR activations, and the balancing
energy price for 2022 are used to schedule activations.

IV. W.ith activations of the reserve, a simulation lasting a year is repeated.

V. Data is collected from IDA ICE, and estimates of previously calculated flexibility
are compared with the data acquired in step IV. The dataset is examined in MATLAB,
and the conclusions are drawn.

I Configuring building model and 4\
generating occupancy schedule ™

A year-long simulation of a building

(1 4

Flexibility quantification and schedulirig‘
activations
v AN PI

A year-long simulation with activations

v 4

MATLAB

Analysing results and developed
flexibility methods

Figure 4.1. MATLAB and IDA ICE co-simulation process [Paper |].
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4.1 Technical and economic constraints

This section discusses all the technical and economic constraints that are important to
consider when assessing the developed flexibility method. Also, these constraints are
essential to set up the object models in IDA ICE.

4.1.1 Determination of ventilation system parameters
For method validation, two main parameters for simulations are needed. These are
ventilation rate and power consumption. The ventilation rate can be calculated according
to the standard EN 16798-1:2019, which states that design parameters for IAQ shall be
derived using one or more of the following methods:

1. Based on perceived air quality

2. By using limit values for substance concentration

3. Based on predefined ventilation air flow rates

The first method calculates the ventilation rate based on perceived air quality.

The total ventilation rate is found by combining the ventilation rate for people and a
building, as shown in (4.1). These specific ventilation rates are selected according to the
building pollution level and IAQ category. For normal conditions, low-polluting buildings
and IAQ category |l are selected (Table 4.1). The first method is used to prepare models
for the validation of the flexibility management method.

Qtor = Kdesign : Qp + Ag - Qp (4.1)

where Q;,; — total ventilation rate for the zone (I/s),
Kgesign — design value for the number of persons in a zone,
@, — ventilation rate for the number of persons in the zone (1/s),
Apg —zone floor area (m?),
Qg — ventilation rate for emissions from the zone (I/[s:-m?]).

Table 4.1. IAQ categories and values for calculating the ventilation rate [127].

Category | 1 [ \%
Level of expectation High | Medium | Moderate | Low
Low-polluting building, 1/(s-m?) 1.0 | 0.7 0.4 0.3
Airflow per non-adapted person, I/(s-pers) 10 7 4 2.5
CO:2 concentration above outdoors for non- | 550 | 800 1350 1350
adapted persons, ppm

Total design ventilation rate for | I/(s'pers) | 20 14 8 5.5
the zone or room 1/(s:m?) 2 1.4 0.8 0.55

The second method is using criteria for individual substances. The ventilation rate
required to dilute a specific substance can be calculated as shown in (4.2). Typically, CO>
is used for calculations, the limit values of which can be found in Table 4.1. Default values
for €, can be found in the standard EN 16798-3. For complete mixing, the ventilation
effectiveness equals 1.
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G 1

S = Cny & (4.2)

where @, — the ventilation rate required for dilution (m3/s),

G, — the generation rate of the substance (ug/s),

Cp,; — the guideline value of the substance (ug/m?3),

Ch,o — the concentration of the substance in the supply air (ug/m?3),
&, — effectiveness of ventilation.

The third method uses a predefined total designed ventilation rate for the zone or
room given in Table 4.1. If the ventilation rate is calculated using per-person and
per-floor area approaches, then the highest ventilation rate should be used.

The CO2 concentration in the return air is used to manage VAV system. Proportional
control described in the Trane Engineers newsletter [132] is applied in simulations to
control the VAV-type ventilation system. The following procedure is applied to calculate
parameters for proportional control:

1.

The required ventilation rate for the design zone population is calculated, as
shown in (4.1).

The minimum ventilation rate is found using (4.1), where the number of persons
in a zone is 0, and the rate is calculated only based on the zone floor area.

The target CO2concentration is found according to the design parameters, as shown
in (4.3). This method uses minimum occupancy for the zone to calculate the CO2
concentration setpoint. Minimum occupancy must be a reasonable non-zero
value, which can be acquired from the occupancy schedule discussed in section
4.2. The minimum occupancy value calculates the minimum ventilation rate for
the VAV system using equation (4.1). The acquired minimum ventilation rate is
used to calculate the design CO2 concentration for a zone, which can be expressed
as follows:

co2
Gpers : Kdesign
amb
Qtot

where  Cup —ambient CO2 concentration (ppm),

Gggzs —one person’s CO generation rate (m3/(s-pers)),

K esign — design value for the number of persons in a zone,

Q¢,: — total ventilation rate for the zone (I/s).
The ventilation rate for the timestep t is calculated proportionally based on the
CO2 concentration, and the calculated ventilation rates, which can be expressed
as follows:

(4.3)

Cdesign

Ct - Camb

==~ ' (Qtot - Qtot,min) + Qtot,min (4.4)
Cdesign - Camb

Qe

where  C; — CO2 concentration at timestep t (ppm),
Qtot min — total minimum ventilation rate for the zone with zero
occupancy (I/s).

The standard EN 16798-1:2019:2019 gives guidelines for controlling the ventilation
system during unoccupied periods. If the ventilation system is shut off, the minimum air
must be delivered to a zone before occupation. This minimum amount is 1 volume of the
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zone that must be ventilated within 2 hours. If the ventilation rate is lowered during the
unoccupied period, the total airflow for diluting emissions from the building must be at
least 0.15 I/(s'-m?) in all rooms. The ventilation rate of 0.15 I/(s-m?) is also used during
regulations when the power consumption of the ventilation system is lowered.

The power consumption of a ventilation system can be calculated through SFP.
On average, SFP ranges from 2.0 to 2.7 kW/(m3/s) [20]. According to Estonian legislation
[7], the SFP can be at a maximum of 2.0 kW/(m3/s) for renovated and new dwellings. In
nZEB, the SFP is 1.5 kW/(m3/s) and even lower [133].

4.1.2 Determination of building usage and internal gains

Building usage and internal gains depend on the building type. Building usage is defined
by the number of occupants, which can be calculated using values given by the standard
EN 16798-1:2019 (Table 4.2). Building internal gains are heat sources that emit additional
heat into a room. These internal gains are caused by occupants who dissipate body heat,
lighting, and appliances. All the power consumed by the lighting and appliances is assumed
to be converted into heat.

IAQ parameter setpoint can differ for every building or room. Minimum and maximum
temperature setpoint values for heating and cooling are used in simulations. These values
are given in the standard EN 16798-1:2019. The CO: setpoint is selected according to the
maximum allowable CO2 concentration setpoint value. IAQ parameters’ limit values are
discussed in section 3.2.

Table 4.2. Building parameters for simulations [127].

Building type Office | Dwelling
Occupants, pers/m? 0.0588 | 0.0353
Activity level, MET 1.2 1.2
Lights, W/m? 10 8
Appliances, W/m? 12 3
Minimum heating setpoint, °C | 21 21
Maximum cooling setpoint, °C | 25 27

4.1.3 Determination of economic constraints for the flexibility service
Four main parameters dictate activations in the flexibility service:

e Available flexible power — ventilation system is used in regulations only when it
provides enough power to be altered. Suppose that there is a need to lower the
power consumption and the ventilation system is already operating close to its
minimum rate. In that case, this ventilation system will be ignored in regulations.
A regulation is rejected in simulations if the available flexible power is less than
half the maximum power consumption.

e Regulation duration — a ventilation system can operate at FVR for a given time
until the IAQ parameter boundary condition is reached. If the allowed duration is
already short, selecting a given ventilation system for regulations is not reasonable.
It will be ignored until a longer duration is allowed. According to Baltic TSOs [81]
the minimum duration of the delivery period is 5 min, which is used in simulations.

e Regulation price —each ventilation system operator or owner dictates its regulation
price, which can be calculated as discussed in section 3.4.2. If the requested price
for regulation is higher than the aggregator is willing to pay, then the given
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ventilation system is ignored in regulations. The year 2022 balancing energy price
is used to calculate the revenue generated for activations. The tendered price is
paid to the ventilation system owner, and the difference between the balancing
energy price and the tendered price is split between the system owner and the
aggregator. Nord Pool Spot day-ahead prices for Estonia are used to calculate the
cost of consumed energy during normal conditions, for which a 20% value-added
tax (VAT) is added. Additional charges, such as a fixed tariff grid fee of
86.5 €/MWHh, a renewable energy fee of 13.56 €/MWh, and an electricity excise
duty of 1.2 €/ MWh were added to the day-ahead prices. The energy that was not
used was multiplied by the entire cost of power during up-regulation and
deducted from the total energy cost used during the simulated period.

e Activation — marks the event when the reserve is activated (i.e., ventilation system
power consumption is altered). The year 2022 mFRR standard product activations
are used in simulations where the available flexible power, regulation duration,
and price are checked.

4.2 Description of object models

Two object models are used in simulations to verify the performance of the developed
method. The first object is a room in a building, which can be an apartment or an office.
The second object is a single-family house. In this section, these two objects are described
with building usage profiles used in simulations. Also, the air handling unit (AHU) for
these two objects is described. These models are constructed in IDA Indoor Climate and
Energy (IDA ICE), a specialized application to imitate building behavior. IDA ICE has been
validated according to EN 15255:2007, EN 15265:2007, EN 13791, and ASHRAE 140-2004.
EQUA AB website [134] provides reports about the test results of these validations.

4.2.1 Object 1: Small room in a building

The first object is a room that is part of a single-story building (Figure 4.2). This room has
an independent ventilation system that was used in simulations. The room’s floor area is
13.84 m?, and the height is 2.7 m. The building with the room is located in Tallinn, Estonia,
so weather data for Estonia is used. This room has three internal walls with a thickness
of 0.1 m and one external with a thickness of 0.405 m. The floor is lifted 1 m above the
ground, with a thickness of 0.293 m. The thickness of the ceiling, which is also a roof,
is 0.713 m. The building has light-frame construction with thermal insulation in between
wall panels. During winter, the temperature in the room is held with a wall-mounted
radiator.
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Figure 4.2. The room of a building used in simulations [Paper II].

This room can be an office or an apartment. The room type is changed through
changes in occupancy, ventilation system operation schedule, and building-specific
parameters discussed in the previous section. The occupancy schedule depends on the
weekday and time. According to the standard EN 16798-1:2019, offices are not used
during weekends and nighttime, which means that building usage at that time equals 0
(Table 4.3). Apartments have the highest usage during the night and the lowest during
the daytime. All the presented data will be used in simulations, and schedules will be
selected according to the building type.

Table 4.3. Occupancy schedule according to a room type.

Start time | End time | Office | Apartment
00:00 06:00 0 1
06:00 07:00 0 0.5
07:00 08:00 0.2 0.5
08:00 09:00 0.6 0.5
09:00 10:00 0.6 0.1
10:00 11:00 0.7 0.1
12:00 13:00 0.4 0.1
13:00 14:00 0.6 0.2
14:00 15:00 0.7 0.2
16:00 17:00 0.6 0.5
17:00 18:00 0.2 0.5
18:00 19:00 0 0.5
19:00 22:00 0 0.8
22:00 00:00 0 1

The room AHU power consumption is dependent on the room type. Office’s AHU
maximum power consumption is around 18% more than for an apartment due to higher
occupancy (Table 4.4). Both room types have the same minimum ventilation rate since
during up-regulation, a ventilation rate of 0.15 I/(s-m?) is held.
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Table 4.4. Parameters of the room ventilation system for simulations.

Parameter Office | Apartment
AHU maximum power consumption | 254 W | 21.6 W
AHU minimum power consumption | 0.9 W 0.9W
Maximum ventilation rate 15.31/s | 13.01/s
Minimum ventilation rate 2.01/s 2.01/s

4.2.2 Object 2: Single-family house

The second object is a single-family, single-story house (Figure 4.3). The house is divided
into eleven rooms: utility room, bathroom, technical room, kitchen, main bedroom, living
room, hall, vestibule, toilet, office, and bedroom (Figure 4.4). The total floor area of the
building is 100.2 m?, and the room height is 2.7 m. The building is located in Tallinn,
Estonia, so weather data for Estonia is used. The internal walls of the building have a
thickness of 0.126 m, and external walls - 0.366 m. The floor is placed at ground level
with a thickness of 0.347 m. The ceiling thickness is 0.413 m, with an attic above.
The building has light-frame construction with thermal insulation in between wall panels.
During winter, room temperature is held with central heating using wall-mounted
radiators with a total heating power of 9.65 kW. The building has a central AHU
responsible for exchanging air from the room and outdoors but also provides cooling
when needed. AHU has integrated a 2 kW electrical air heater to warm the supply air
with a heating setpoint of 18 °C. This air heater is only used when the heat recovery is
insufficient.

Figure 4.3. The single-family house used in simulations.
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Figure 4.4. Floor plan of the single-family house [Paper |].

The building model is based on a small single-family home that serves as a model for
redefining the cost-optimality threshold for new nearly zero-energy dwellings in Estonia
[135]. The relevant documentation is provided, and the model has been validated in a
related project [136]—-[140]. According to statistics [141], a single-floor level building with
a total floor size of 100 m? can be considered a typical single-family dwelling in Estonia.
The study in [142] discusses the application of a neural network to construct a thermal
model of the same building and includes a more comprehensive description of this
model.

The building is used by a three-person family with two adults and one child.
An occupancy simulation tool [143] generated a building occupancy schedule for each
room (Figure 4.5). As a result, bedrooms have the highest usage at night and the lowest
during the day when there are few or no residents at home. The rest of the rooms have
a volatile usage profile dependent on the residents’ daytime activities. The technical
room, utility room, and vestibule are expected to have very low usage if used only for
short durations. It is the reason why they are not included in the occupancy schedule.
The occupancy simulation tool was used twice to generate profiles for the toilet and
office using second-run bathroom and living room profiles. As a result, the building can
accommodate a maximum of five people, which can be reasonable when guests are
considered. The metabolic equivalent of task (MET) of 1.2 was chosen for the building
object.
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Figure 4.5. Room-specific occupancy schedule.

4.2.3 Air handling unit
An energy recovery type of a ventilation system was used for simulations. Estonian
legislation [136] requires that this ventilation system must be used in low-energy
buildings and nZEB. This requirement is not mandatory if one of the following statements
is true:
1) The heat source is the extract air heat pump.
2) There is no constructional possibility to install an energy recovery ventilation
system.
3) The extracted air contains pollutants that must not be introduced into the heat
recovery.
4) The planned operating time of the AHU is less than four hours a day.
5) During significant reconstruction, installing ventilation ducts in the building is
not technically possible.
6) A different ventilation system ensures the required energy efficiency of the
building, IAQ, and thermal comfort.

None of these statements are true for objects used in the simulations. This means that
the AHU has heat recovery and air ducts for supplying fresh air and extracting polluted
air from the building (Figure 4.6). In total, two fans are used for air exchange. The supply
air is also heated or cooled depending on the ambient conditions. The supply air
temperature setpoint is defined to be 18 °C. In total, six sensors are placed into air ducts.
The flexibility method developed in the previous chapter requires CO2 concentration,
humidity, and temperature data in the extracted air to estimate the FVR duration.
Temperature and humidity are measured in the supply air, which is also needed for FVR
duration estimations. An airflow rate sensor is required to measure the ventilation rate;
this can be done indirectly using fan laws, but direct measurements are taken in
simulations.
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Figure 4.6. System layout of the air handling unit [Paper I].

As described in subsection 4.1.1, an AHU can be shut off during unoccupied hours.
Office and educational buildings are not used 24 hours a day and seven days a week;
an AHU is not always operational. In simulations, office building ventilation works
from 06:00 to 18:00 and in educational buildings, from 07:00 to 16:00 (Table 4.5).
This operation schedule is defined by an occupancy schedule where one-hour ventilation
is used before the building is occupied. The AHU is off on weekends when the building is
not used. An AHU in dwellings is constantly operational since dwellings can always be
occupied.

Table 4.5. Operation schedule of the air handling unit during workdays.

Start time | End time | Office | Apartment | Dwelling
00:00 06:00 0 1 1
06:00 07:00 1 1 1
07:00 16:00 1 1 1
16:00 18:00 1 1 1
18:00 00:00 0 1 1

4.2.4 Description of simulation scenarios

Simulation scenarios are created to validate the methods of the developed ventilation
system flexibility management. The object 1 model can have two use cases: office or
apartment (Table 4.6). There may be no sensors in the room, only one to measure CO:
concentration, or all three relevant IAQ parameters (CO2 concentration, temperature,
and relative humidity) may be monitored. The different sensor configurations are used
to compare open-loop estimations with those based on measurements. The ventilation
system airflow rate is always constant when turned on. Object 2 has one use case and
will be used as a dwelling. The ventilation system can have two operation types: CAV or
VAV. CO2 concentration-based proportional control is applied for the VAV type system.
Also, different feedback configurations are used where there can be one IAQ sensor in
the return air duct and three IAQ sensors in every room. Under three IAQ sensors, three
different IAQ parameters are measured: CO2 concentration, temperature, and relative
humidity.

Simulations are conducted on one-year data. Activations are generated according to
2022 mFRR service activation and balancing electricity price data. The simulation is run
twice. The first iteration generates the baseline, and the second iteration generates data
to validate the accuracy and performance of the developed flexibility management
method. A ventilation system operates at its minimum or maximum rate during regulation,
depending on the regulation direction.
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Table 4.6. Scenarios for ventilation system flexible control.

. Object 1 Object 2
Scenario "
Room type | IAQ sensors in the , .
no System type | Sensors’ location
room

1 Office None CAV IAQ sensors in the
return air

2 Office CO2 sensor CAV IAQ sensors in every
room

3 Office All three VAV IAQ sensors in the
return air

4 Apartment | None VAV IAQ sensors in every
room

5 Apartment | CO2 sensor

6 Apartment | All three

4.3 Analysis of simulation results

Two different objects are considered, and six scenarios for simulation are implemented.
Simulation results show the accuracy of each method, described through the root mean
square error (RMSE) and mean absolute percentage error (MAPE).

4.3.1 Object 1: Small room in a building

A ventilation system operates during occupied hours in offices, enabling down-regulations
when needed. However, the number of down-regulations activated with sensor feedback
is relatively low, with only four during a year-long simulation period (Table 4.7).
The open-loop approach expects higher than reality CO2 concentration; therefore, there
are fewer up-regulations and more down-regulations than in scenarios with sensor
feedback. Only using CO2 concentration sensors in estimations will result in around 35%
of cases where the temperature limit will be exceeded. Measuring all three IAQ
parameters is the best approach where the temperature limit was reached in 4% of cases.
However, it caused a reduction in the number of total up-regulations due to temperature
boundaries. In around 34% of cases, three IAQ parameter limit conditions were reached
during a maximum hour-long regulation.

Table 4.7. Simulation parameters for office.

Parameter No CO:z sensor | All three
sensors sensors

Total number of up-regulations 297 301 152

Total number of down-regulation 106 4 4

Number of up-regulations where CO: 47 90 46

concentration limit was reached

Number of up-regulations where 104 105 6

temperature limit was reached

Number of up-regulations where relative 0 0 0

humidity limit was reached

Number of up-regulations where at least one | 132 150 51

of three IAQ parameter limits was reached
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A typical ventilation system operates throughout the day in apartment buildings,
providing no down-regulations. It enables using an apartment ventilation system at least
twice more for up-regulations than for offices (Table 4.8). The open-loop approach again
expects higher than reality CO2 concentration; therefore, there are fewer up-regulations
compared to scenarios with CO2 sensor feedback. Only using CO2 concentration sensors
in estimations will result in around 33% of cases where the temperature limit will be
exceeded. Measuring all three IAQ parameters is the best approach, where the
temperature limit was reached in around 14% of cases. However, it caused a reduction
in the number of total up-regulations due to temperature limits. The relative humidity
did not influence the regulations for either the office or the apartment. In around 20% of
cases, three IAQ parameter limit conditions were reached during a maximum hour-long
regulation.

Table 4.8. Simulation parameters for an apartment.

Parameter No CO: All three
sensors | sensor sensors

Total number of up-regulations 628 635 503

Total number of down-regulation 0 0 0

Number of up-regulations where CO> 38 40 31

concentration limit was reached

Number of up-regulations where temperature | 211 208 71

limit was reached

Number of up-regulations where relative 0 0 0

humidity limit was reached

Number of up-regulations where at least one of | 235 238 101

three IAQ parameter limits was reached

4.3.1.1 Power consumption forecast

Power consumption is forecasted using the ARMA(0, 5) model for the office and the
ARMA(0O, 4) model for the apartment. ARMA model terms are calculated by using the AIC
method. The forecast horizon is selected to be 24 hours. Previous week’s measurement
data forecast the next day’s power consumption. Power consumption measurements
and the forecast are divided into 5-minute timeslots to have a fast response between
ventilation system startups and shutdowns, where the same slot data of the previous
week is used to forecast power consumption in the following 24 hours. The 24th-hour
forecast with the highest uncertainty is compared with the measured data to calculate
the accuracy of the forecast model. One year RMSE is around 0.35 W for the office and
0.17 W for the apartment. The mean absolute percentage error (MAPE) is about 1.2% for
the office and approximately 0.6% for the apartment. Figure 4.16 is an example of
measured and forecasted power consumption during the first week of November 2022,
where regulations can also be seen. There are noticeable differences in the number of
regulations in each room type, where the apartment provides more flexibility than the
office.
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Figure 4.7. Power consumption of office and apartment AHU with regulations.

4.3.1.2 FVR duration estimation

Simulation results show that the temperature has the highest impact on the flexibility for
object 1, a small room in a building. It can be seen in Figure 4.8, where an example of
one-week FVR duration estimations is shown for the first week of November. The system
FVR duration is dictated by CO2 concentration and temperature. The parameter with
short FVR dictates the whole system duration. FVR duration estimations are done for
both room types. In the office, the FVR duration is longer during outside working hours
since no occupants are in the room. In the apartment, this effect is less noticeable. These
results show that depending on the system configuration and if a ventilation system is
used to cool a space, the temperature can be more important than CO> concentration to
estimate ventilation system flexibility. The FVR duration estimations are limited to 60 min
as it is the most prolonged delivery period for simulation.

73



Office FVR duration estimations

LW

FVR duration [min]

|
Monday Tuesday Wednesday Thursday Friday Saturday Sunday Monday
Time [weekday]

GO, concentration based Temperature based

Apartment FVR duration estimations

H e Wi

B @
o o

FVR duration [min]
N
[=]

1 1 1 | |
Monday Tuesday Wednesday Thursday Friday Saturday Sunday Monday
Time [weekday]

CO2 concentration based

Temperature based

Figure 4.8. FVR duration estimations for office and apartment ventilation systems.

FVR duration estimation residuals for the open-loop approach with no sensors are
biased (Figure 4.9) since estimated durations are shorter than the ventilation system can
provide. The drawback of this approach is that the actual indoor environment conditions
are not known, and it can estimate higher CO2 concentration levels than in reality. CO2
concentration based FVR duration estimation residuals are on the positive side for both
room types, which is the consequence of using the FVR duration adjustment method.
The adjustment method will shorten the estimations based on the consecutive time
steps, giving more conservative results. It is good from the occupants’ standpoint as an
IAQ parameter limit is less likely to be exceeded during a regulation. The temperature
has some restrictive effect when all three IAQ sensors are used, which has a negligible
effect on CO2 concentration-based FVR duration estimations. Temperature-based FVR
duration estimation residuals are positive, meaning that the temperature boundary is
less likely to be exceeded during regulations by implementing the developed method.

The highest inaccuracy in FVR duration estimations was observed with the open-loop
approach, where no IAQ sensors are used (Table 4.9). CO; concentration-based FVR
duration estimations are more accurate for the office than the apartment, which is the
effect of the consecutive regulations and different room usage. It can be expected that
in actual application, the methods can have even better performance since changes in
the IAQ can be included in the estimations. Temperature-based FVR duration estimations
show lower accuracy than CO2 concentration-based estimations since temperature is
highly dependent on outdoor conditions. However, the method gives more conservative
estimations to avoid exceeding temperature limits during regulations. IAQ parameter
limit exceeded for negligible cases when the reserve was activated. It means that during
these cases, the FVR duration was estimated to be longer than the ventilation system
could provide, causing the IAQ parameter limit to be exceeded during activation. In the
office, the CO2 concentration limit was exceeded for more cases than for the apartment,
which is caused by the effect where the reserves were mainly activated during working
hours when the office had high occupancy.
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Figure 4.9. Residuals of the FVR duration estimations for object 1.
Table 4.9. Performance of FVR duration estimation methods with object 1.
IAQ sensors in the room None CO2 sensor All three
Parameter CO2 concen- | COz concen- | CO2 concen- | Temper-
tration tration tration ature
Office RMSE 18.1 min 7.7 min 7.1 min 22.4 min
MAPE 38.2% 11.1% 10% 14.1%
1AQ limit | 0% 1.2% 1.4% 0%
exceeded
Apartment | RMSE 24.5 min 15.7 min 13.7 min 19.1 min
MAPE 35.8% 15.9% 13.7% 27.1%
1AQ limit | 0% 0.2% 0.2% 0.6%
exceeded

4.3.1.3 The ventilation system as a virtual energy storage

Methods to consider a ventilation system as a virtual energy storage (VES) are discussed
in section 3.5. These methods were applied to object 1 to analyze the performance of
the method and compare to the approach which considers the ventilation system as a
typical load that operates at minimum or maximum power consumption level during
activation. Unlike conventional energy storage systems, the VES can have SoC higher
than 1 (Figure 4.10). It is caused by volatile building usage, where the CO2 concentration
can be at the ambient level during unoccupied hours, causing the SoC to be higher than 1.
The SoC for the VES can also be lower than 0, which can occur when the CO2 concentration
boundary is exceeded. SoC below 0 is not the recommended state, but compared to
conventional battery energy storage, it does not damage the system. The SoC of the VES
is heavily dependent on room usage and fluctuates accordingly. During the weekend,
the office is unoccupied, causing the SoC to stabilize around 1 since there is some air
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exchange even when the ventilation system is shut down. The selected system is CAV
type, where the ventilation rate is at the maximum level. Therefore, SoC is permanently
stabilizing around 1.
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Figure 4.10. Example of a VES state of charge during a week [Paper Il].

ARMA(0, 5) model was used to forecast ventilation system power consumption for the
office, and ARMA(0, 4) model was used for forecasting in the apartment. The forecasting
MAPE is around 1.2% for the office and about 0.6% for the apartment. The forecasting
RMSE is approximately 0.4 W for the office and around 0.2 W for the apartment.
Down-regulations are only possible for the office (Figure 4.11), where the ventilation
system is scheduled to shut down during unoccupied hours. During maximum occupancy
hours, there is a slight decrease in the available discharge power caused by the method
to provide a higher than minimum ventilation rate to support a 60-minute regulation
duration. The apartment can only provide discharge power since the ventilation system
is designed to work at its maximum level throughout the day (Figure 4.12). For the
apartment, the reduction in available discharge power occurs during night hours when
the room usage is the highest.
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Figure 4.11. Example of VES power consumption, charge, and discharge power of the office during
a week [Paper Il].
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Figure 4.12. Example of VES power consumption and discharge power of the apartment during a
week [Paper Il].

Residuals of energy capacity estimations are only calculated for regulations where the
CO:2 concentration reached its limit, which is less than the total number of regulations
conducted during the simulation. Only residuals for up-regulation could be calculated
(Figure 4.13) since the minimum CO: concentration was not achieved during
down-regulations. The energy capacity estimation MAPE is around 15.7% for the office
and about 8.3% for the apartment. The energy capacity RMSE is approximately 4.6 Wh
for the office and 2.2 Wh for the apartment. For the office, more over-optimistic
estimations can be caused by consecutive regulations where the CO2 concentration
cannot recover. There is a problem with thet kind of simulation where estimations
cannot be adjusted when the subsequent regulation is activated. Therefore, it can be
expected that the accuracy of the VES energy capacity estimation method can be
improved with real applications.
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Figure 4.13. Residuals of VES energy capacity estimations for up-regulations [Paper II].
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4.3.1.4 Flexibility service activations and pricing

Each hour’s price for the flexibility service is calculated based on the CO2 concentration
measurements and costs. For example, upward regulations for the first week of November
2022 are shown in Figure 4.14. The tendered price was calculated using equation (3.24),
where comfort cost was derived from the last two weeks’ maximum balancing energy
price. The reserve was only activated if the tendered price was lower than the balance
energy market price. There was mFRR activation and the available capacity for the
regulation was more than 10 W. More activations occurred for the apartment than for
the office because an apartment ventilation system is running throughout a day. In the
office, the ventilation system is shut down during weekend and night hours, which
restricts availability for up-regulations, and the tendered price for up-regulations will also
drop to 0. A separate figure for down-regulations is not shown since these were rare for
the selected object.
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Figure 4.14. Example of flexibility service prices and activation during a week for up-regulations.

Before the financial impact of the regulations can be analyzed, the baseline must be
found. It is achieved by measuring ventilation system energy consumption throughout
the year without regulations for each room type. In the apartment, the ventilation
system’s total energy consumption and cost for consumed energy are over two times
higher than for the office (Table 4.10).

Table 4.10. Baseline values of energy consumption and cost of energy.

Parameter Office Apartment
Energy consumption without regulations 77.8 kWh | 186.5 kWh
The total cost of energy without regulations | 29.82 € 62.16 €

With the open-loop approach, the energy consumption for the office does not have a
significant difference from the baseline (Table 4.11). The reason is a high number of
down-regulations as compared to the sensor-based approach. Nevertheless, with the
open-loop approach, the total energy cost for a year was reduced by 9.7% for the office
and 14.6% for the apartment. With sensors, the total energy consumption was decreased
even more since more potential of the ventilation system could be exploited for the
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flexibility service. In the office, adding sensors reduced the total energy cost by 1.1% from
the baseline. The total energy cost in the apartment was increased by 1% by adding all
three IAQ sensors. It is caused by the reduction in the total number of up-regulations due
to temperature restrictions. The ventilation system as a VES approach showed the best
results in the energy consumption and cost savings’ viewpoint. Total energy consumption
was reduced by 9.4% for the office and 8.9% for the apartment compared to the baseline.
Total energy cost was reduced by 27.3% for the office and 28.9% for the apartment
compared to the baseline. The VES approach gave better results since the energy
capacity of the ventilation system for regulation is maximized.

Table 4.11. Regulation effect on the energy consumption and cost of energy.

Room type | Scenario Energy consumption | The total cost of energy
No sensors 77.2 kWh 26.92 €
Office CO; sensor 74.8 kWh 26.64 €
All three sensors | 74.8 kWh 26.64 €
As a VES 70.5 kWh 21.67 €
No sensors 174.2 kWh 53.06 €
Apartment CO; sensor 173.7 kWh 53.04 €
All three sensors | 173.7 kWh 53.69 €
As a VES 169.9 kWh 44,17 €

4.3.2 Object 2: Single-family house

In the single-family house, the ventilation system runs continuously under normal
conditions. It creates the possibility of exploiting the system more for up-regulations than
for down-regulations. In total, 374 up-regulations for the CAV type system were
conducted; the same value for the VAV type was 257 (Table 4.12). There were zero
down-regulations since the capacity for this was insufficient, and the price for regulation
was not suitable. The most restrictive IAQ parameter was CO: concentration, whose
boundary condition reached 82% of cases for the CAV type system and 83% for the VAV
type system. In comparison, the temperature limit reached 38% and 31% of cases for the
CAV and VAV type system, respectively. Relative humidity had no restrictive effect on
regulations with the applied simulation setup.

The same ventilation system is used for CAV and VAV systems with the same maximum
and minimum power consumption. It also applies to the ventilation rate. The only
difference is in the way the ventilation rate is controlled. The ventilation rate under
normal conditions is close to the maximum for the CAV type system. However,
for the VAV type system, the ventilation rate depends on the CO2 concentration in the
return air. CO2 concentration causes a proportional increase in the ventilation rate.

With a maximum of one-hour regulation length, the limit for at least one IAQ
parameter was reached for around 78% of cases for the CAV type system and 79% for
the VAV. The majority of FVR durations were within 10 minutes. At least 30 minutes of
maximum power reduction during up-regulation was provided for 35% of cases for the
CAV type system and 37% for the VAV type system. The FVR duration is heavily
dependent on the system configuration and building usage. Rooms with higher usage
dictate an overall flexibility, and it is reasonable to provide more fresh air to these rooms
to increase the FVR duration for the whole system. In dwellings, critical rooms are
bedrooms and living rooms.
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Table 4.12. Simulation parameters and counts.

Parameter System type

CAV VAV
Total number of up-regulations 374 257
Total number of down-regulation 0 0
Number of up-regulations where CO2 concentration limit was 280 195
reached
Number of up-regulations where temperature limit was 70 45
reached
Number of up-regulations where relative humidity limit was 0 0
reached
Number of up-regulations where at least one of three IAQ 293 204
parameter limits was reached
AHU maximum power consumption 134 W 134 W
AHU minimum power consumption 6 W 6 W
Maximum ventilation rate 89.91/s 89.91/s
Minimum ventilation rate 14.41/s 14.41/s
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Figure 4.15. Distribution of FVR durations where an IAQ parameter limit was reached.

4.3.2.1 Power consumption forecast

60

The ARMA(O, 5) model was used to forecast power consumption for both system types.
The AIC approach was used to calculate the terms of the ARMA model. 24 hours were
chosen as the forecast horizon. The power consumption for the following day was
forecasted using measurement data from previous days. For the quick reaction between
the ventilation system starting and shutdown, one day was divided into 5-minute
timeslots. The forecasts were done for each timeslot separately. The accuracy of the
method was determined through the 24th-hour forecast with the most significant
uncertainty compared with the observed data. For the CAV and VAV, the RMSE of the
annual power consumption forecasts was roughly 1.3 W and 10 W, respectively. For the
CAV and VAV, respectively, the MAPE was roughly 0.8% and 6.5%. The inclusion of
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stochastic occupancy data hampered the accuracy of the VAV system power
consumption forecasts. An illustration of measured and forecasted power consumption
for the first week of November is shown in Figure 4.16.
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Figure 4.16. Measured and forecasted power consumption of the ventilation system [Paper |].

4.3.2.2 Estimation of FVR duration

Boundary conditions and pollutant generation are both essential for determining the FVR
duration. It is necessary to make corrections in boundary conditions in advance if all IAQ
sensors are installed in the AHU. The corrections based on data gathered during the
second week of January are shown in Figure 4.17. Based on the data from one week,
where the 5-minute average is calculated for each timestep within a day, the boundary
conditions are adjusted. The occupancy of a room and how uniformly the pollutant
concentration is distributed among the rooms are critical factors in the corrections of
boundary conditions. The boundary conditions of the two ventilation system types differ
slightly.

The simulation results showed that CO2 concentrations had the most significant
impact on flexibility. The first week of November is depicted in Figure 4.18 as an example
of a one-week CAV type of ventilation system with estimated FVR durations, where the
FVR duration was mainly determined by CO2 concentration. On the other hand, FVR
duration is less affected by temperature. The duration of the entire system is determined
by the parameter with the shortest FVR. Since the occupancy profile is the same for both
CAV and VAV types of ventilation systems, the FVR durations (Figures 4.18 and 4.19) are
comparable. The availability of flexibility is reduced by demand-controlled ventilation,
though, as FVR durations are marginally lower. For each system type, two methods —
room-based estimations and AHU-based estimations — were used. Room-based estimations
used the room with the shortest FVR duration and considered the IAQ sensors in each
room. Sensors placed only in the AHU were considered in AHU-based calculations, which
also used corrected boundary conditions. The FVR duration profile produced by
AHU-based estimations is comparable to that of room-based estimations. However,
notable variances can be brought out at stochastic occupancy and created boundary
conditions.
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Figure 4.17. Daily IAQ parameter limits after the correction of the boundary condition [Paper I].
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Figure 4.18. Example of one-week FVR duration estimations for a CAV type ventilation system.

The room-based technique was the most accurate way to estimate FVR duration
according to residual analysis (Figure 4.20). Room-based approach residuals had a
positive bias and provided more conservative FVR durations. It was the reason for
applying the FVR duration adjustment method, which reduced the specified timestep
estimation according to the following time-step forecasts.
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Room-based FVR duration estimations
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Figure 4.19. Example of one-week FVR duration estimations for a VAV type ventilation system.
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Figure 4.20. Residuals of the FVR duration forecasting.

The highest inaccuracy in FVR duration estimations was observed with the approach
where the IAQ sensors were located in the AHU (Table 4.9). CO; concentration-based
FVR duration estimations are more accurate for the VAV than for the CAV, resulting from
fluctuating CO2 concentration. It can be expected that in actual application, the methods
can have even better performance since changes in the IAQ can be included in the
estimations. Temperature-based FVR duration estimations showed higher MAPE error
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than CO2 concentration-based estimations since the temperature is highly dependent on
outdoor conditions. However, the method gives more conservative estimations to avoid
exceeding temperature limits during regulations.

Table 4.13. Performance of FVR duration estimation methods with object 2.

IAQ sensors location | In every room In the AHU
Parameter CO2 concen- | Temperature | CO2 concen- | Temperature
tration tration

Constant | RMSE 12 min 11 min 23 min 14 min

Air MAPE 69% 71% 149% 97%

Volume | |AQ limit | 13.1% 1.6% 31.8% 1.6%
exceeded

Variable | RMSE 11 min 14 min 21 min 16 min

Air MAPE 67% 74% 122% 89%

Volume IAQ limit | 7.8% 0.8% 24.9% 1.6%
exceeded

4.3.2.3 Flexibility service activations and pricing
The cost of operating the ventilation system and the CO2 concentration measurements
were used to determine the cost of providing flexibility. For instance, upward regulations
are depicted in Figure 4.21, where the tendered price was computed using equation
(3.24), and comfort cost was obtained from the maximum balanced energy price for the
previous two weeks. Calculations also considered the highest rate of CO, generated
during the last two weeks. The reserve was only activated when the tendered price was
less than the balance energy market price, the mFRR was activated, and there was more
than 10 W of available flexible power for the regulation. The VAV type system was
demand-controlled, which resulted in less power that can be used for up-regulations.
600 - 150

400 - 100

=
_ a00f 450 =
L
= 5
= Fi]
@, 0 ]-u 0 &
8 g
= [l
o >
-200 -1-50 s
<C
=400 -1-100
600 : : : : : : -150
Mar 21 Mar 22 Mar 23 Mar 24 Mar 25 Mar 26 Mar 27 Mar 28
Time [MMM dd] 2022

Balance energy market price
Tendered price CAV
Tendered price VAV

Activated energy CAV
Activated energy VAV

Figure 4.21. Flexibility service prices and activations.
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Regulations have little impact on overall energy use in residential buildings because
the ventilation system runs continuously (Table 4.14). The total energy used by fans was
decreased throughout the simulation period by 1.2% for the CAV system but only by 0.8%
for the VAV system. The cost of energy was lowered by 4% for the CAV type system, and
for the VAV type system, a decrease of about 2.2% was reached. These percentages can
be raised when the profit margins are adjusted for a good balance between system
availability to provide service and exploitation, where the ventilation system is used
more extensively for flexibility service.

Table 4.14. Regulation effect on energy consumption and cost of energy.

Parameter System type

CAV VAV
Energy consumption without regulations | 1.152 MWh | 1.034 MWh
Energy consumption with regulations 1.138 MWh | 1.026 MWh
Total cost of energy without regulations | 384.11 € 344.82 €
Total cost of energy with regulations 368.78 € 337.23 €

4.4 Conclusions

This chapter described the validation process of the ventilation system flexibility
management methods developed in Chapter 3, based on the state-of-art analysis discussed
in Chapter 2. The validation process started with constructing object models: a small
room in a building and a single-family house. A year-long simulation was conducted on
these objects where the first iteration was done to acquire a baseline, and the second
iteration was for testing the performance of the methods. The results addressed power
consumption, FVR duration, and economic parameters, where the main observations
were:

o ARMA(p, q) model is sufficient to forecast the power consumption of the
ventilation system. The forecast MAPE was around 1% for the CAV type
systems, and for the VAV type system with a stochastic occupancy profile,
the MAPE was 6.5%. According to the Estonian TSO Elering AS [144] up to
+10% steady-state error is allowed for the mFRR capacity or 0.1 MW,
whichever is larger.

e The open-loop approach to estimate FVR duration is used when no IAQ
sensors are available, and the goal is to minimize initial investment costs.
However, this will result in higher inaccuracies in estimations. From the
results of the small room, the variance of residuals is low, but there is a bias
that can be removed if parameters are adjusted to actual conditions.

e  Placing sensors only in the AHU approach is used when the aim is to lower
the initial investment costs while having minimum sensor data. The residual
analysis showed higher variability and lower accuracy than placing sensors in
each room. Portable sensors are recommended to improve the performance
of this approach to tune the corrected boundaries.

e  FVR duration estimations based on CO2 concentration showed an RMSE of
7 min up to 16 min when the fixed occupancy profile was selected and about
12 min when the stochastic occupancy profile was used. Considering that the
delivery period is typically not longer than 30 minutes instead of 1 hour,
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which was considered in the simulation, it can be assumed that this error is
even less in the actual application.

e FVR duration estimations based on temperature showed a RMSE of around
20 min for most scenarios. Therefore, temperature-based FVR duration is
more difficult to estimate accurately, but it can be expected that the
estimations will also become more accurate with shorter delivery periods.

e The results showed that cost savings are achievable when a ventilation system
is integrated into the flexibility service. In the apartment, up to 10% of cost
savings were achieved; in the office, up to 15%, and in the single-family
house, up to 4%. The cost savings heavily depend on how much the flexibility
service exploits the ventilation system. In the single-family house, the CO2
concentration was already close to the limit, seen from the share of
regulations where the CO2 concentration limit was reached.

e Aventilation system as virtual energy storage is an approach to maximize the
energy capacity used for flexibility service. Based on the results, the VES
approach increases the total cost savings by twofold compared to operating
a ventilation system at a minimum ventilation rate during the activation of
the reserve.

The results acquired in this chapter make it possible to implement the developed
flexibility management methods on real systems. The experiments conducted in the case
studies will be discussed in Chapter 5. In this chapter, two hypotheses were tested.
For most cases, the FVR duration is estimated to be shorter than the ventilation system
can provide to avoid exceeding limits for IAQ. The second hypothesis is mostly correct
since for most cases, the IAQ limits were not exceeded in more than 5% of situations
when the reserve was activated. The limit is exceeded more with stochastic occupancy.
The third hypothesis is mostly correct since most studied ventilation systems could
provide more than half of the cases when the reserve is activated for at least 30 minutes,
the maximum amount of power. The exception is the single-family house, where at least
30 minutes of FVR duration was achieved for around 35% of cases. The high pollutant
concentration caused this during normal conditions.

86



5 Case studies with the developed flexibility management
methods

In this chapter, developed flexibility methods are experimentally validated on an actual
building. First, experimental setups and the experiments are described. Second, the
results of the experiments are analyzed, and the performance of the methods is addressed.
The aim of the experiments is to discover details that influence the implementation of the
developed methods in an actual building that otherwise simulations cannot identify.

Experiments were conducted in the Tallinn University of Technology (TalTech)
educational building with a code “SOC” (Figure 4.1), used by the School of Business and
Governance. The building is located in Akadeemia tee 3, Tallinn. It is a four-story building
with an underground parking area. The total floor area of the building is 10 346 m?2.
The installed power of the building is 1.63 MW, and the calculated power consumption
is 1.3 MW. The building accommodates lecture rooms, offices, a cafeteria, recreational
areas, underground parking, and technical rooms. The SOC building was selected for
experiments as it has a wide selection of different ventilation systems and is one of the
most modern buildings on the TalTech campus.

Figure 5.1. TalTech SOC educational building.

5.1 Description of the building ventilation systems and experimental
setups

Ventilation systems of the TalTech SOC educational building were used to validate the
developed flexibility management method. Power consumption of ten ventilation
systems was monitored (Table 5.1). The rest of the ventilation systems installed in the
building were shut down during the measurement period or had power consumption
close to zero. Measurements started on the 16" of June 2021 and ended on the 315 of
January 2022. Measurements were taken with a multi-channel energy meter SATEC
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BFM136. This energy meter complies with the requirements for accuracy class 0.5S in the
standard IEC 62053-21. Most of the systems installed in the SOC building are CAV type,
and only two are VAV type. Ventilation systems are also classified as single or multi-zone
systems. According to the building design documentation, the total rated power of
ventilation systems is 98 kW. The design values differ in actual measurements, and there
can be various reasons behind it, such as changes in the equipment, configuration, aging
of the system, and leakage through construction.

Table 5.1. Ventilation systems in the TalTech SOC building and the design values.

Code System Multi or single- Fans’ rated power, Airflow rate,
type zone kw m3/s
3028V | CAV Multi 26.0 6.6
303SV | CAV Multi 9.5 3.2
304Sv | CAV Multi 16.5 5.7
3058V | VAV Multi 30.0 8.6
306SV | VAV Single 9.0 1.8
307S CAV Multi 4.0 2.0
307.1V | CAV Single 1.2 1.3
308V CAV Multi 1.2 1.4
309V CAV Multi 0.3 0.3
310V CAV Single 0.3 0.3

Ventilation systems in the SOC building operate according to a schedule (Figure 5.2).
During the daytime, a ventilation system operates at a higher ventilation rate, and during
nighttime, a ventilation system operates at a minimum rate or is shut down. The maximum
total power consumption of ventilation systems is roughly 35 kW, and the minimum is
around 4 kW. Thus, around 31 kW of power can be reduced during the daytime.
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Figure 5.2. Power consumption of SOC building ventilation systems.
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5.1.1 Case study 1: Ventilation system 306SV and auditorium room

TalTech auditorium served as the site for the case study. A ventilation system that was
mainly servicing one auditorium was used in the study. The chosen auditorium has a floor
size of 224.5 m?, and its estimated indoor air volume is 1122.5 m3. The auditorium can hold
200 people at a time and has a 1.76 m3/s designed ventilation rate. The fan rotational
frequency of 17 Hz, with around 0.48 m3/s ventilation rate, was used to determine the
lowest permitted airflow rate.

A CO: cylinder with attachments to measure and control gas flow was placed in the
middle of the auditorium as a source of pollution. The CO: cylinder was weighed before
and after the experiment to calculate the average CO: generation rate. To provide a
vertical component to COz pollution and help mix the air, an air mixing fan was positioned
close to the CO: gas exit nozzle (Figure 5.3). Due to the low temperature of the injected
CO: gas, which does not mix well with interior air while the air exhaled by people is
warmer and has superior mixing capabilities, a mixing fan was necessary. Multiple fresh

air inlets bring clean air into the auditorium from below the floor, and one air duct
removes polluted air from above, located in Figure 5.3 on the right side of the room.
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Figure 5.3. The auditorium and measurement equipment layout [Paper Ill].

IAQ loggers were put in the auditorium, marked LGR1 through LGR13, all of which
were placed around 0.8 m, except for LGR6, which was mounted on the extract air orifice
at a height of about 3 m. The Evikon E6226 measurement unit (COz level 0 to 10000 ppm)
was used to determine the CO2 concentration. These loggers were placed in the room to
provide a clearer picture of the CO: distribution inside the auditorium, but their usage to
calculate the ventilation system’s flexibility was excluded. Only measurements in the

extract air duct, suitable for such sensors in most ventilation systems, were used in
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flexibility estimations. With little expenditure, the stated flexibility estimation methods
can be used for most ventilation systems.

Two fans bring fresh air and remove polluted air from the auditorium as part of a
mechanical ventilation system (Figure 5.4). Additionally, the system has an enthalpy heat
exchanger configured to run at maximum rotational speed. Air filters, heating, and cooling
of the supplied air are additional components of the ventilation system not shown in
Figure 5.4.
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Figure 5.4. Ventilation system 306SV layout and placement of measurement equipment [Paper III].

A timestep of 1 min was used to measure extract and supply airflow rates.
A multipurpose indoor air quality meter, Testo 435-4, with a differential pressure range
of 0 to 250 Pa and an accuracy of 1 Pa, was used to measure the airflow. A single IAQ
logger with a 1-minute timestep was inserted into the extract air duct to measure the
CO: concentration in the return air. Each fan drive was powered from the HVAC
distribution board, and frequency converters FC1 and FC2 were used to control each fan’s
speed. One electricity meter, model BFM136, was used to measure the individual power
consumption of each fan. Measurements logging interval of electricity consumption was
2 min, and average power was saved for each timestep.

5.1.2 Case study 2: Ventilation system 303SV and lecture rooms

Ventilation system 303SV servicing multiple lecture rooms is the point of interest in the
second case study. The total floor area connected to the selected ventilation system is
664.1 m? with a total air volume of around 2324 m3(Table 5.2). The ventilation system
provides air exchange for the rooms on the second, third, and fourth floors. These rooms
are used for lectures, except on the second floor, where there is a recreational area with
a floor size of 190.3 m2. The total airflow rate is 3.36 m3/s, and the ventilation system
power consumption at this rate is approximately 6.2 kW. The minimum rotational
frequency of the fan is 15 Hz, with around 1.0 m3/s ventilation rate and 0.24 kW power
consumption. The fan drives have frequency converters that can be operated in the
range of 15 to 50 Hz. However, in flexibility estimations, it is considered that the
ventilation systems are shut down completely. It is due to complications where the case
study used measurements from the lecture rooms, and the ventilation system’s
operation was not altered since it was not allowed by the system’s administrator.
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IAQ loggers were installed in each of the 12 lecture rooms connected to the ventilation
system. Loggers were placed on the lecturer table with a height of around 0.8 m (Figure
5.5). One of the loggers was placed inside the AHU return air duct to monitor the CO2
concentration of the extracted air. Lecturers were given pre-filled forms to mark down
the number of people inside the lecture room. Since the method calculated the pollutant
generation rate, it is possible to derive the number of people from the measurements
and compare this data to the written number.

Table 5.2. Rooms connected to ventilation system 303 [145].

Floor | Room number | Floor area, m?> | Room height, m | Airflow rate, m3/s
216 190.3 3.5 0.34
217 35 3.5 0.21
218 34.1 3.5 0.26
1] 219 34.1 3.5 0.24
220 35 3.5 0.25
221 35 3.5 0.21
222 37.2 3.5 0.23
315 44 3.5 0.17
1 316 44 3.5 0.24
317 43.7 3.5 0.33
416 44 3.5 0.27
\ 417 44 3.5 0.34
418 43.7 3.5 0.27
Total 664.1 3.36

Figure 5.5. IAQ logger location in a lecture room [145].
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IAQ measurements were taken during six weeks, from 7" February 2022 to 17 April
2022. A cap was in between measurements where the loggers were removed from the
rooms from 215 March 2022 to 18% April 2022. IAQ was measured with HOBO MX1102A,
which measures CO2 concentration, temperature, and relative humidity (Table 5.3).
A timestep of 5 min was used to measure IAQ conditions inside each room, and the AHU
return extract air duct. Each fan drive of the ventilation system 303SV was powered from
the HVAC distribution board, and frequency converters were used to control each fan’s
speed. One electricity meter, model BFM136, was used to measure the individual power
consumption of each fan. A logging interval of 10 min was selected to measure electricity
consumption and average power during each timestep.

Table 5.3. HOBO MX1102A CO; logger specification [146].

Parameter Value

Temperature range 0..50°C

Temperature measurement accuracy 10.21°C

Temperature measurement resolution 0.024°Cat 25°C

Relative humidity range 1...90%

Relative humidity measurement accuracy 1+2% in the range 20...80%

14.5% in the range 80...90%
Relative humidity measurement resolution | 0.01%

CO; concentration range 0...5000 ppm

CO; concentration measurement accuracy +(50 ppm + 5% from the reading)
CO2 concentration measurement resolution | 1 ppm

5.2 Analysis of case study results

Two case studies were conducted in the building, and flexibility management methods
were tested based on the acquired data. The focus of these studies was on power
consumption and FVR duration. The accuracy of each method is described through the
root mean square error (RMSE) and mean absolute percentage error (MAPE). Economic
aspects are considered for case study 2, where more data was generated for an extended
period.

5.2.1 Case study 1: Ventilation system 306SV and auditorium room

On October 9, 2020, a case study was initiated in the ventilation system servicing an
auditorium of an educational building. During the experiment, the regular ventilation rate
of the system was changed to minimal (Figure 5.6). The goal was to decrease the system’s
energy usage and estimate flexibility. The case study was separated into events where
something happened or changed during the experiment (Table 5.4). One disturbance was
also added where the mixing fan was shortly shut off.

Before being set to the lowest rate, the average power usage of the ventilation system
was around 2.43 kW, equivalent to an airflow rate of roughly 1.79 m3/s. The calculated
specific fan power (SFP) was around 1.36 kW/(m3/s). The system power consumption at
the FVR was around 0.17 kW, equivalent to an airflow rate of about 0.48 m3/s. At the
FVR, the calculated SFP was around 0,35 kW/(m3/s). According to the standard EN 13779,
SFP should be less than 2.0 kwW/(m3/s), which the ventilation system complies with.
It took around 90 s for the ventilation system to transition from one power level to the
next. Therefore, the rate of power change was roughly 25 W/s.
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Figure 5.6. The power consumption of the ventilation system and the airflow rate during the
experiment [Paper Ill].

Table 5.4. Events of the case study and schedule [Paper Ill].

Event Description Time
I Start of the experiment, CO2 gas injection into the auditorium 11:52
I The ventilation system is switched to the minimum rate 12:44
11 At the start of the disturbance, the CO2 gas mixing fan is switched off | 13:03
v End of the disturbance, the CO2 gas mixing fan is switched on 13:14
\Y The maximum allowable CO2 concentration of 1100 ppm reached 13:39
Vi End of the experiment, the ventilation system returned to regular | 13:46
operation

5.2.1.1 Power consumption forecast

The ventilation system 306SV was observed for approximately one week, from
November 23™ to November 30", 2020 (Figure 5.7). Results indicate that the ventilation
system runs according to schedule, including on weekends. Between 7:00 and 22:00,
when the ventilation system is set to operate at the maximum rate, the power
consumption can only be reduced during this time window. Between 22:00 and 7:00, the
ventilation system is working at its lowest power level, which implies that during that
period, the power consumption can only be increased.

The ARMA(O, 2) model was used to forecast power consumption. The AIC approach was
used to calculate the terms of the ARMA model. 24 hours were chosen as the forecast
horizon. The power consumption for the following day was forecasted using measurement
data from previous days. Data for the first two days were used to initialize the forecasting
model, and the rest was used to test the model performance. For the quick reaction
between the ventilation system starting and shutdown, one day was divided into
2-minute timeslots. The forecasts were done for each timeslot separately. The accuracy
of the method was determined through the 24th-hour forecast with the most significant
uncertainty compared with the observed data. The RMSE of the power consumption
forecasts was roughly 0.04 kW. The MAPE was roughly 2.2%.
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Figure 5.7. Measured and forecasted power consumption of the ventilation system.

5.2.1.2 FVR duration estimation

The valve of the CO2 cylinder was opened to begin the experiment at 11:52 (Figure 5.8).
Throughout the experiment, the CO2 gas flow rate in the auditorium was maintained at
around 22 I/min, equivalent to the CO2 produced by 66 people, or 33% of the room’s
occupancy. The ventilation system was forced to operate at the minimum rate from
12:44. The period before this action was utilized to stabilize the CO2 concentration level
in the auditorium and determine how long it could continue operating at its lowest rate.
The CO2 gas mixing fan was turned off at 13:03 and turned back on at 13:14. As a result of
inadequate CO2 gas mixing in the auditorium, this temporarily decreased the concentration
of CO2 in the extract air. The flexibility estimation algorithm recognized this as an
unexpectedly low CO: generation rate and began calculating the CO2 concentration in
the auditorium using the CO2 generation data from the preceding five minutes. Only
when the ventilation system is forced to work at a rate lower than expected operating
conditions to reduce power consumption is this portion of the algorithm active.
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Figure 5.8. CO; concentration in extract air during the experiment [Paper IlI].
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It took around 55 minfor the CO2 concentration to reach and surpass boundary
conditions. The estimated FVR duration was 53 min, calculated before the ventilation
system was forced to operate at the minimum rate at 12:44. Therefore, the estimation
error was 2 min, 4% off from the measured duration. A moving-average filter was used
since the initial estimation approach for a shorter operation period generated high
fluctuations (Figure 5.9). The filter’s window duration was adjusted to 3 min to smooth
out more significant oscillations without having too high a lag from the initial estimation.
The measured duration indicates the time elapsed after the FVR began until the CO2
concentration limit was reached. The CO2 concentration level was estimated from 13:07
as the algorithm detected a negative CO2 generation rate. The estimated CO2 concentration
reached the boundary of 1100 ppm before it was measured, which is why the estimations
are lower than the measured results.
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Figure 5.9. Measured and estimated FVR durations [Paper Ill].

5.2.1.3 IAQ conditions inside the auditorium room

IAQ loggers placed within the lecture room were employed in the case study to get a
general outline of the pollutant distribution and overall conditions during the experiment.
The average CO2 concentration inside the auditorium and the CO2 concentration measured
in the extract air duct had a weakly positive correlation during regular operation with a
coefficient of about 0.48. Figure 5.10 shows that at normal functioning of the ventilation
system, the CO: concentration in the extract air was within the range of the CO:
concentration in the auditorium measured at multiple points. The average CO:
concentration within the auditorium and CO2 concentration during the FVR measured
inside the extract air duct did not correlate, as shown in Figure 5.10. The reason may be
a lack of proper CO2 gas mixing inside the auditorium or inertia existing between the
extracted air and the auditorium’s CO2 concentration change. This experiment should be
repeated with persons to understand better the reasons where thorough planning and
ethical reasons should be addressed.
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Figure 5.10. Flexibility service prices and activations [Paper Ill].

5.2.2 Case study 2: Ventilation system 303SV and lecture rooms

In total, 12 lecture rooms are connected to the ventilation system 303SV. The ventilation
system runs according to a schedule where it is shut down during unoccupied hours.
On Mondays, the ventilation system starts at 4:00 and is shut down at 18:00.
On Tuesdays, the ventilation system is started at 7:00 and shut down at 22:00. On all
other working days, the ventilation system is started at 7:00 and shut down at 18:00.
The ventilation system is shut down during the whole weekend. It allows both up- and
down-regulations. However, based on the data acquired during the measurement period,
no down-regulations would be conducted on the system. The reason is that the balancing
energy price to activate the reserve was unsuitable for the system. There could have
been 55 up-regulations during the period starting from 215 March 2022 to 18 April
2022. CO2 concentration limit would have been reached during 31 regulations or 56% of
all the cases. However, in 41 cases, the FVR duration was longer than 30 min, meaning
that the ventilation system could support up to 30-minute activations for around 75% of
the time.
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Figure 5.11. Distribution of CO, concentration based FVR duration estimates shorter than 60 minutes.
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5.2.2.1 Power consumption forecast

The ARMA(O, 2) model was used to forecast the power consumption of the ventilation
system 303SV. The AIC approach was used to calculate the terms of the ARMA model.
24 hours were chosen as the forecast horizon. The power consumption for the following
day was forecasted using measurement data from previous days. Data from the first two
weeks were used to initialize the forecasting model, and the rest was used to test the
model’s performance. For quick reaction between the ventilation system start and
shutdown, one day was divided into 10-minute timeslots. The forecasts were done for
each timeslot separately. The accuracy of the method was determined through the
24th-hour forecast, with the most significant uncertainty compared with the observed
data. The RMSE of the model during the measurement period was roughly 0.11 kW.
The MAPE was roughly 4.3%.
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Figure 5.12. Example of measured and forecasted power consumption of the ventilation system.

5.2.2.2 FVR duration estimation

The last week of the monitoring week is depicted in Figure 5.13 as an example of
one-week FVR duration estimations. The FVR duration was only determined by the CO.
concentration. It is due to the reason that inadequate information was acquired on the
conditions of the supply air. The temperature and humidity FVR duration method relies
on the supply and return air values. Without that, the estimations are inaccurate and
cannot be used for flexibility estimations. The the usage profile of the lecture rooms was
not the same every week; there were changes in the number of people inside the room,
and the time of the lectures changed. However, it can be seen from Figure 5.13 that from
Monday to Thursday, rooms were used during working hours, causing a decrease in the
FVR duration. There is also a slight decrease on Friday, but it is too small to influence the
ventilation system availability for flexibility service significantly.
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Figure 5.13. Example of one-week FVR duration estimations.

5.2.2.3 Flexibility service activations and pricing

The cost of operating the ventilation system and the CO2 concentration measurements
were used to determine the reduction of cost that it would generate to provide flexibility.
For instance, upward regulations are depicted in Figure 5.14, where the tendered price
was computed using equation (3.24), and comfort cost was obtained from the maximum
balanced energy price for the previous two weeks. Calculations also considered the highest
rate of CO2 generated over the previous two weeks. The reserve was only activated when
the tendered price was less than the balance energy market price, the mFRR was
activated, and there was more than 100 W of available flexible power for the regulation.
It can be seen that during high occupancy hours, the activated energy is lower since the
CO:z concentration will reach its limit faster compared to low occupancy hours, where the
ventilation system can be exploited the most. Tendered price also shows the building
usage, where the price increases when more people are inside rooms.
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Figure 5.14. Prices and activations of the flexibility service.
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With the ventilation system 303SV, no actual regulations were made. The measured
power consumption was compared with the calculations done in Matlab. According to
the calculations, the total energy of the fans used could decrease throughout the
measurement period by 12.5%. The cost of energy could be lowered by 37%. These
percentages are prone to changes if the building usage or electricity price changes.
During four weeks, the total operation cost of the ventilation system could be reduced
by 157 euros, meaning that the annual cost savings could be up to 2000 euros. It is not
the only ventilation system in the building, meaning that annual cost savings could be
increased even more while providing more flexibility to the grid.

Table 5.5. Regulation effect on energy consumption and cost of energy.

Parameter Value
Energy consumption without regulations 1.68 MWh
Energy consumption with regulations 1.47 MWh
The total cost of energy without regulations | 419.48 €
The total cost of energy with regulations 262.85 €

5.3 Conclusions

This chapter described case studies of the flexibility management methods of the
developed ventilation system in a building discussed in Chapter 3. The case studies
continued the validation process described in Chapter 4, which aimed to test the
performance of the management methods in actual usage. Two case studies were
performed in one of TalTech educational buildings. The first case study considered a
single activation where the room usage was around 1/3. The focus of the second case
study was on a multi-zone ventilation system that was monitored for six weeks.
The measurement results were used to estimate the flexibility potential of the system.
The outcomes addressed power consumption, FVR duration, and economic parameters
where the main observations were:

e ARMA(p, gq) model is suitable to forecast ventilation system power
consumption. The forecast MAPE was around 2.2% for the system in the first
case study and 4.3% for the second case study.

e The second case study showed that the ventilation system could provide,
in around 75% of cases, the maximum power for up-regulations for at least
30 minutes.

e CO: concentration based FVR duration estimation error was 2 min for the
first case study at the activation time.

e According to the results acquired from the second case study, it is possible to
reduce the total cost of energy by at least 30%.

With the results acquired from this chapter, it is possible to implement the developed
flexibility management methods on real systems. Furthermore, the economic findings of
this chapter enable the assessment and feasibility studies of integrating ventilation
systems in the flexibility service. The fourth hypothesis is correct for most cases where
at least 5% of the total cost reduction was noted with the flexibility service. However,
in some cases, it can be challenging to achieve. If the system is already operating at the
limit, then there are fewer cost savings, but for the case study where the actual
ventilation system was monitored, the cost savings could be up to 37%.
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6 Conclusions and future work

This doctoral thesis provides novel flexibility management methods for ventilation
systems. The developed methods enable the integration of ventilation systems in a
flexibility service, thus providing more flexible power to TSOs and other balancing
authorities. The findings and results of this thesis are also valuable for building owners
who can now reduce energy costs by providing flexibility service with their ventilation
systems. In a broader sense, these methods will aid the deployment of renewable energy
sources. Besides conventional flexibility sources (e.g., energy storage, power plants),
demand-side flexibility where ventilation systems are exploited now has more potential
to balance the electric power system.

The developed management methods are created from an aggregator’s viewpoint.
The flexibility of a ventilation system is described mainly through three parameters:
flexible power, FVR duration, and price for the regulation. Flexible power is the amount
of power consumption that can be altered. Calculations of the flexible power are based
on historical data by implementing the ARMA forecasting model. FVR duration estimations
are based on the mass and energy balance analysis. It is achieved by considering the zone
size, supply air, return air, and measurement data. The price for the service is calculated
for up- and down-regulations separately. During up-regulations, it is crucial to consider
buildings with higher usage. The regulation effect is more noticeable, thus causing it to
be more expensive. During down-regulations, additional energy consumption is caused
by increasing power consumption. It is compensated through a CO2 concentration level
where a higher concentration level provides lower regulation prices.

Flexibility management methods are needed to integrate loads like ventilation
systems of different buildings (e.g., residential and commercial) into the flexibility
service. However, the available methods described in research papers require further
development for implementation in practice. Heating and cooling systems have received
much attention from researchers, but the potential of ventilation systems has been left
out of focus. Methods described in research papers lack robustness or do not give the
building owners or aggregators clear guidelines on implementing these in their systems.

Validation of the developed methods was done with simulations and two case studies.
Simulations used data generated with validated building models constructed in IDA ICE.
All calculations were done, and the algorithm was written in Matlab. The primary outcomes
of the validation process are:

e ARMA(p, q) model is sufficient to forecast ventilation system power
consumption. The maximum forecast MAPE of 6.5% was observed with a
single-family building with a stochastic occupancy profile. Also, the VAV type
system was used for this case, which decreases the accuracy of the forecast.

e The open-loop approach to estimate FVR duration can be a viable option if
the occupancy profile does not change over time and the aim is to minimize
initial investment costs. From the results of the small room, the variance of
residuals is low, but there is a bias that can be removed if parameters are
adjusted to actual conditions.

e  Placing sensors only in the AHU is also a viable option if the aim is to lower
the initial investment costs. The residual analysis showed higher variability
and lower accuracy than placing sensors in each room. Portable sensors
could be used to improve the performance of this approach to tune the
corrected boundaries.
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FVR duration estimations based on CO2 concentration showed an RMSE of
around 8 min when the fixed occupancy profile was selected and around
12 min when the stochastic occupancy profile was used. FVR duration
estimations based on temperature showed an RMSE around 20 min for most
scenarios. Therefore, temperature-based FVR duration is more difficult to
estimate accurately, but it can be expected that the estimations will also
become more accurate with shorter delivery periods. Relative humidity had
no significant impact on the ventilation system’s flexibility.

The results showed that cost savings are achievable when a ventilation
system is integrated into a flexibility service. In the apartment, up to 11% of
cost savings were achieved; in the office, up to 15%; in the single-family
house, up to 4%; and in the educational building, up to 37%. The cost savings
heavily depend on how much the ventilation system can be exploited in the
flexibility service. If the IAQ parameters are already near the limit, then there
is less possibility to exploit the system in the flexibility service.

A ventilation system as virtual energy storage is a viable approach to
maximize energy capacity and revenue. VES approach can increase the total
cost savings twofold compared to operating a ventilation system at a minimum
ventilation rate during activation of the reserve.

At the beginning of this research, five main hypotheses were made. Therefore, based
on the results discussed in this thesis, the following conclusions and remarks can be

made:

The development of the ventilation system flexibility management method
showed that the hypothesis is correct, as mass and energy balance analysis
combined with sensor data enables the estimation of forced ventilation rate
duration.

For most cases, the IAQ limits were not exceeded in more than 95% of
situations when the reserve was activated. High CO2 concentration in rooms
and stochastic occupancy increase the probability that the IAQ limit will be
exceeded during a regulation.

Most of the studied ventilation systems could provide more than half of the
cases when the reserve is activated for at least 30 min, the maximum amount
of power. The exception is the single-family house, where at least 30 min of
FVR duration was achieved for around 35% of the cases. The high pollutant
concentration caused this during normal conditions.

ARMA(p, q) models that forecast power consumption 24 h ahead had the
MAPE less than 10% for all cases. FVR duration estimation errors of CO:
concentration were mostly within 10 min, except for a single-family house
where the RMSE was 13 minutes. However, temperature-based FVR durations
are more challenging to estimate, and the RMSE of 20 min was observed.

At least 5% of the total cost reduction is possible with the flexibility service,
but in some cases, it can be challenging to achieve. If the system is already
operating at the limit, then there are fewer cost savings, but for the case
study where the actual ventilation system was monitored, the cost savings
could be up to 37%.

101



6.1 Future work

Future challenges in managing the flexibility of ventilation systems lie in improving and
adapting the methods. Due to the complex nature of the problem and the urge to
maximize the potential of ventilation systems in the flexibility service, the author has
identified the following directions for further research on this topic:

Identification of the zone volume should be achieved without measuring it
separately. In some cases, the actual volume of the zone is difficult to
measure due to furniture. Fluctuations in the CO2 concentration can be used
to achieve it.

Using portable sensors and acquiring environment measurement data from
smart devices can be a potential alternative to a dedicated sensor or can be
employed to improve the accuracy of the calculations.

Machine learning approaches can assist and improve the accuracy of the
management methods addressed in this thesis. The more data is generated,
the more accurate the estimations will be.

While the methods have been validated in simulations and two case studies,
it is crucial to implement this in a real system to further the investigation of
the performance of the methods in different conditions.

The developed pricing model to calculate the price for each activation needs
to be further investigated and improved. One improvement is optimizing the
profit margins to achieve an optimum between ventilation system
exploitation and revenue generation.

The focus is mainly on industrial and commercial consumers that can provide
flexibility. However, methods and products to include households with
smaller capacities to the flexibility service are needed.
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Abstract
Research and development of explicit demand flexibility
management methods for ventilation systems

Increasing use of volatile renewable energy sources poses challenges in balancing supply
and demand. Therefore, demand-side flexibility is increasingly important for system
operators and balancing authorities. Explicit flexibility management methods are needed
to integrate loads like ventilation systems of different buildings (e.g., residential and
commercial) into the flexibility service. However, the available methods described in
research papers require further development for their implementation in practice.
Heating and cooling systems have received much attention from researchers, but the
potential of ventilation systems has been left out of focus. Therefore, this thesis provides
a complete set of novel flexibility management methods for ventilation systems created
from an aggregator's viewpoint.

Firstly, the definitions of flexibility and problems to measure it were addressed. It was
found that flexible power (how much power consumption can be altered), forced
ventilation rate (FVR) duration (how long this forced state can be held), and price for the
activation are the main parameters for quantification. Mathematic principles were
explained for each parameter, and instructions on implementing these were given.

Secondly, the proposed methods were validated on a building model constructed and
simulated in IDA ICE. The data processing and flexibility management methods were
applied in MATLAB. It was found that FVR duration estimations based on CO:
concentration have a mean error of 8 to 12 min. FVR duration estimations based on
temperature showed a mean error of around 20 min for most scenarios. The results
showed that cost savings are achievable when a ventilation system is integrated into a
flexibility service. For example, in the apartment, up to 11% of cost savings were
achieved; in the office, up to 15%; and in the single-family house, up to 4%. The cost
savings heavily depend on how much the ventilation system can be exploited in the
flexibility service.

Finally, the developed methods were tested on a real ventilation system. Two case
studies were conducted. It was found that there can be problems in implementing these
methods, but all difficulties arising during the validation process were addressed and
solved.

In conclusion, the goals set were achieved. From the results obtained from simulations
and case studies, the developed management methods are applicable for ventilation
system flexibility management. By considering potential cost savings, this topic should
raise the attention of building owners and aggregators. Implementing the developed
methods was aided with guidelines for system integrators on selecting appropriate
methods and where to find the needed data.
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Liihikokkuvote

Ventilatsioonisiisteemidele otsese energiapaindlikkuse
juhtimismeetodite uurimine ja arendamine

Suurenev muutlike taastuvenergiaallikate kasutuselevdtt tekitab valjakutseid tootmise ja
tarbimise tasakaalustamisel. SeetGttu on koormuse energiapaindlikkusel siisteemi
operaatorite ja bilansihaldurite jaoks Gha suurem tdhtsus. Otsese energiapaindlikkuse
juhtimismeetoid on vajalikud integreerimaks koormusi paindlikkusteenusesse nagu
erinevate hoonete (nditeks elamute ja &driruumide) ventilatsioonislisteemid. Siiski
nduavad teaduspublikatsioonides kirjeldatud meetodid praktikas rakendamiseks
tdiendavat arendamist. Kill on teadlased pooranud palju tdhelepanu kitte- ja
jahutussisteemidele, kuid ventilatsioonisiisteemide potentsiaal on jadnud tahelepanuta.
SeetGttu pakub see doktorit66 védlja uudse paindlikkuse juhtimismeetodite komplekti
ventilatsioonislisteemide jaoks, mis on vilja té6tatud agregaatori vaatepunktist.

Esmalt kasitleti paindlikkuse mdsistet ja selle mddtmisega seotud probleeme.
Teadustoode levaatest selgus, et olulised paindlikkuse mddtmiseks vajalikud
parameetrid on paindlik vimsus (kui palju energiatarbimist saab muuta), sunnitud
ventileerimise hulga (FVR) kestus (kui kaua seda sunnitud olekut saab hoida) ja teenuse
aktiveerimise hind. Iga parameetri jaoks on lahti selgitatud matemaatilised p&himotted
ning lisatud juhised, kuidas neid rakendada.

Teiseks valideeriti valjaté6tatud meetodid hoone mudelil, mis oli loodud ja
simuleeritud programmis IDA ICE. Andmete t6dtlemist ja paindlikkuse juhtimise
meetodeid rakendati MATLAB-is. Selgus, et FVR kestuse hinnangud, mis pdhinesid CO>
kontsentratsioonil, olid keskmise veaga 8 kuni 12 minutit. FVR kestuse hinnangud, mis
pohinesid temperatuuril, olid enamuse stsenaariumide puhul keskmise veaga umbes
20 minutit. Saadud tulemused néitasid, et ventilatsioonisiisteemi integreerimisel
paindlikkusteenusesse on véimalik saavutada kulude kokkuhoid. Naiteks korteris saavutati
kuni 11% kulude kokkuhoidu, kontoris kuni 15% ja Uhepereelamus kuni 4%. Kulude
kokkuhoid séltub suuresti sellest, kui palju ventilatsioonislisteemi paindlikkusteenuses
saab dra kasutada.

LSpuks testiti vadljaarendatud meetodeid reaalsel ventilatsioonisiisteemil. Selleks viidi
Iabi kaks juhtumiuuringut. Valideerimisprotsessi kaigus tuvastati reaalsetel stisteemidel
probleemid, millele leiti lahendused.

Kokkuvotteks voib vdita, et seatud eesmargid on tdidetud. Simulatsioonide ja
juhtumiuuringutest saadud tulemuste pohjal on vdimalik Gelda, et valja tootatud
juhtimismeetodid on ventilatsioonislisteemidel rakendatavad. Arvestades potentsiaalset
kulude kokkuhoidu, peaks antud teema &dratama tdhelepanu hoonete omanikes ja
agregaatorites. Valjatéotatud meetodite rakendamise toetamiseks on doktritods vilja
toodud juhised sisteemi integraatoritele sobivate meetodite valikuks ja vajalike
andmete hankimiseks.
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fore, demand-side flexibility has rising importance for system operators and balancing authorities. Flexibility
management methods are needed to integrate loads like ventilation systems of different buildings (e.g., resi-

Buu‘.hvgs dential and commercial) into flexibility service. However, the available methods described in research papers
Flexibility management . . Lo . . . .
Forecasting require further development for implementation in practice. Heating and cooling systems have received much

attention from researchers, but the potential of ventilation systems has been left out of focus. Therefore, this
paper provides a complete set of novel flexibility management methods for ventilation systems created from an
aggregator’s viewpoint. The flexibility is quantified through capacity (e.i. the amount of power consumption that
can be altered), forced ventilation rate duration, and the tendered price for the service. The proposed methods
were tested on a building model constructed and simulated in IDA ICE. The data processing and flexibility
management methods were applied in MATLAB. Two types of ventilation systems with different sensor con-
figurations were considered: constant and variable air volume. Forced ventilation rate duration is calculated
using energy and mass balance analysis where the root means squared error was 10 to 33 min, depending on the
system type, measured parameter, and sensor location. The flexibility service pricing model was tested on the
2022 years’ manual frequency restoration reserve (mFRR) activation and balance energy market data.

1. Introduction

Increasing environmental awareness and climate change have
pushed the European Union (EU) towards climate neutrality. Renewable
Energy Directive [1] will force member states to fulfill at least 32% of
overall energy needs with renewable energy by 2030. The long-term
strategy is stated by European Green Deal [2], which aims to become
the first climate-neutral continent by 2050. According to the Eurostat
[3], the share of renewable energy consumption in gross final energy
consumption during ten year period from 2010 to 2020 has increased
from 14.4% to 22.1% in the EU, while in Estonia, renewable energy
share during the same period has increased from 24.6% to 30.2%. This
share is increased by dedicated power plants and households with small-
scale photovoltaic energy production or wind turbines, as considered in
[4]. Increasing the share of distributed volatile renewable energy

generation makes maintaining the equilibrium between supply and de-
mand increasingly challenging. This raises the importance of demand
response and energy flexibility managed by aggregators, as described in
[5]. Electric power system flexibility is the ability to continuously bal-
ance the grid by maintaining electricity supply and demand on an equal
level [6] while simultaneously providing acceptable service quality to
connected loads [7]. Flexibility in an electric system can be character-
ized through multiple features related to how the flexibility is provided
or properties that can be used to quantify the flexibility, as discussed in
[8]. Authors of the review [9] differentiated demand-side flexibility into
two: implicit and explicit demand flexibility. The implicit demand
flexibility takes advantage of indirect or price-based demand response,
where consumers change their electricity consumption according to the
energy price at a given time. For example, methods described in [10,11]
use implicit demand flexibility to achieve cost savings on energy
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purchases. Under explicit demand flexibility, the committed flexibility
providers adjust their energy generation or consumption according to
the electric system’s needs, as described in [12]. Individual participation
can be considered in explicit demand flexibility services for large pro-
sumers. In all other cases, aggregation is needed to concentrate multiple
prosumers’ ability to change their consumption or generation to fulfill
all the requirements stated by the market operator [13,9]. Therefore,
flexibility management, including algorithms and appropriate equip-
ment, is essential for the current and future energy system [14-16].

It has been suggested in the vision of Smart Grids to harness the
positive effects of aggregated residential load flexibility in electricity
markets [17,18]. Demand flexibility is not only considered for residen-
tial buildings but also includes commercial or industrial sectors, where
one approach is discussed in the study [19]. In buildings, mechanical
ventilation systems are a possible source of flexibility which according
to the European Commission [20], consume more than 2% of the energy
produced in the European Union. After heating, cooling, and lighting,
they are currently the fourth biggest electricity consumer in buildings.
The share of ventilation in the energy balance of buildings is expected to
increase as the Energy Performance of Buildings Directive (EPBD) [21]
proposal of March 14, 2023, sets requirements for the implementation of
adequate indoor environmental quality standards in buildings in order
to maintain a healthy indoor climate, which most likely increases the
total capacity of mechanical ventilation. The proposal also states that
various indoor environment parameters shall be continuously measured
and used for control in buildings, including CO,, temperature, and
relative humidity. The indoor sources of particulate matter or volatile
organic compounds (VOC) are either reported based on the available
data at the product level or directly measured where available. The re-
quirements of the EPBD proposal include zero emission, new and
existing buildings undergoing a major renovation, and the majority of
existing non-residential and public buildings. Therefore, the readiness to
utilize building service systems in the coming decades should increase
remarkably. The study [22] found that ventilation alone can form up to
12% of the overall energy consumption in office buildings. Heating,
cooling, and lighting system energy consumption depends on ambient
conditions, as shown in [23], while a ventilation system’s power con-
sumption is related to building usage. Therefore, ventilation systems
experience fewer seasonal effects on energy flexibility and can be
included in the flexibility service throughout the year.

In Estonia, according to the 2022 year manual frequency restoration
reserve (mFRR) activations, the average energy used during up-
regulation was around 8.7 MWh [24]. The maximum energy used in
regulations during the same period was 98.9 MWh. According to the
Estonian transmission system operator (TSO) Elering AS [25], the
average hourly energy consumption during 2022 was 934 MWh. It is
known that ventilation systems consume at least 2% of the total energy
produced in the EU, meaning that the maximum potential of ventilation
systems is to provide around 19 MWh of energy for flexibility service. It
is more than the average energy used during a regulation. Therefore,
ventilation systems can have a relatively high potential to provide
flexibility.

Research interest has grown in recent years in the field of energy
flexibility and harvesting it from heating, ventilation, and air condi-
tioning (HVAC) systems. However, as shown in research papers [26-32],
the main focus is on the heating and cooling system considering tem-
perature as the primary indoor environment quality parameter. Much
research is done to reduce energy consumption and costs by imple-
menting optimization methods (e.g., mixed integer linear programming)
[33-36] or addressing demand response by taking advantage of time-of-
use tariffs or real-time electricity price [37-39]. Authors of the research
[39] reported that electricity consumption could be decreased by 9%
and the electricity purchase costs by 2% by implementing demand
response and using a real-time price signal on an educational office
building’s ventilation system. Another ventilation system’s demand
response approach is considered in [40], where a study was made for a
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commercial building to minimize the energy and thermal discomfort
costs related to occupants. The HVAC system used for frequency service
is studied in [41]. It found that up to 15% of the rated fan power can be
implemented in frequency regulation without substantially affecting the
building’s indoor temperature. Temperature is an essential indoor air
quality parameter, but from an energy flexibility standpoint, CO3 con-
centration is the primary parameter to measure the ventilation system’s
flexibility [42].

Residential buildings can have an important role in providing
demand-side flexibility. For example, O. W. Olawale, B. Gilbert, and J.
Reyna [43] assessed the residential participants’ behavior in demand
flexibility programs and estimated that residential participants could
provide up to 10 GW for flexibility service in the United States. In
addition, the authors of the review [44] found that the most popular
resources for flexibility services in the residential sector are thermal
energy storage and electric appliances. They reported in the review that
the energy cost is reduced by 1% to 48% with flexible operations. The
study [45] found that flexibility potential in new residential districts is
around 290 W per household with an uncertainty of + 90 W and around
1290 W per old building. Coordination and negotiation techniques to
manage demand-side flexibility are discussed in the study [46], where
game theory was the most widely used technique in residential districts.
Authors of the research [47] proposed a space heating coordination
strategy to provide flexibility service and reported a 13.96% reduction
in operation costs.

Characterization and quantification of flexibility are needed to
aggregate flexible loads in the scope of explicit demand flexibility. In
addition, an important role is played by forecasts and system control.
Therefore, flexible load management can be divided into the following
parts:

e Quantification is needed to measure the flexibility and provide
metrics for the aggregator. However, flexibility cannot be quantified
through a single metric, so multiple properties, such as capacity,
delay, and duration, are considered [8]. Y. Chen et al. [48] have
discussed some of the equations to quantify flexibility, but these
mainly apply to heating and cooling systems. After all, the compo-
sition of the properties is dictated by the aggregator and selected
aggregation method.

Forecasting is an essential part of flexibility service to schedule
flexible loads and ensure regulation readiness. Short-term forecasts
(e.i., from hours to one day or a week) are used to submit tenders to
the market operator [49].

The interface is a composition of methods, rules, and hardware to
communicate with an aggregator and control flexible loads. This can
also include building-level aggregation, where tenders from the
whole building’s flexible loads are combined and submitted. If an
aggregator sends an activation signal, the interface must deliver the
required capacity within time constraints.

The studied literature does not give a complete package of methods
to manage ventilation system energy flexibility. Furthermore, the
available methods are too complicated to implement or lack a guideline
for the building owners or aggregators to implement these on their
systems. The available research focuses mainly on heating and cooling,
while ventilation systems are left out of scope. This paper addresses
these problems and proposes methods to manage ventilation system
flexibility, which enables the use of ventilation systems in flexibility
service. In addition, this paper bridges the gap in research by providing
methods and approaches to measure duration and cope with different
sensor configurations for ventilation systems. Also, the step-by-step
process for co-simulation between two simulation platforms is given.
The paper is organized as follows: in section 2, flexibility management
methods are described; section 3 gives an overview of the building
model and dataset which was used for the validation of the methods;
section 4 shows the results of the validation, and in section 5 acquired
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results are discussed.
2. Developed flexibility management methods

The properties of electrical flexibility must be understood before
management methods can be applied. Electrical flexibility can be
expressed through three attributes: direction, availability, and electrical
composition [8,50,51]. Each property has a specific role in flexibility
service:

e The direction can have two states: up or down. The direction of
regulation is specified from the grid’s perspective. If the power
consumption is decreased, then up-regulation is initiated, and vice
versa.

The availability can be defined by the starting time and duration, as
shown in Fig. 1. The starting time will mark the moment when the
regulation is initiated. The duration defines the time window
required for regulation and within the power consumption level that
can be sustained without exceeding set boundaries.

The electrical composition can be described through power or ca-
pacity, which defines how much power can be used for flexibility
service. The total energy used for flexibility service can be calculated
by combining duration with power. Ventilation systems that use
variable frequency drives have ramps in the power consumption,
which can be seen as falling and rising proportions in Fig. 1. This can
be named a rate of change and must be considered when a selected
system is included in the flexibility service.

2.1. Capacity forecasting

The capacity for each timestep can be calculated based on the sys-
tem’s maximum and minimum power consumption, which can be ac-
quired experimentally or by consulting the documentation. For example,
the available power for down-regulation and up-regulation can be
calculated from the maximum and minimum possible power consump-
tion, as shown in (1). The sign (+ or -) in front of the value dictates the
direction of the regulation. To achieve this, power consumption must be
forecasted for each timestep.

AP, — P4 — P;, down regulation
T Pin — P, up regulation

, (€3]

where AP, — available capacity for up or down regulations at timestep t
kw),

Starting time
T T
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P, forecasted power consumption for timestep t (kW),

Pax— maximum measured or given by documentation power con-
sumption (kW),

Ppin— minimum measured or given by documentation power con-
sumption (kW).

A ventilation system usually operates according to a schedule that is
adjusted based on the building’s usage. During unoccupied hours the
ventilation system is switched off or operating at a minimum airflow
rate. There can be minor fluctuations in power consumption which in-
crease the uncertainty of the forecast. For forecasting, the autoregressive
moving average (ARMA) model is used. ARMA model terms p and q will
be selected using the Akaike information criterion (AIC) method. The
power consumption forecast is based on previously measured power
consumption data and not on a ventilation system type or configuration.
ARMA model for forecasting the power consumption of a ventilation
system can be described as follows:

P q
Pi=a +Y BPite+ Yy i, @
i=1 i=1

where a — ARMA model constant,
fi— AR coefficient for the lag i,
P;_i— AR model power consumption lag,
p- the order for the AR model,
£~ error terms,
¢i— MA coefficient for the lag i,
&_i— MA model error lag,
q- the order for the MA model.

2.2. Duration forecasting

During regulations, a ventilation system is forced to operate below or
above its regular rate, allowing it to decrease or increase its power
consumption. This paper defines this state as forced ventilation rate
(FVR). However, this state cannot be sustained indefinitely because it
affects the building’s indoor air quality (IAQ). This subsection discusses
a method to estimate and forecast the FVR duration. The same approach
is also addressed in the study [52], where experimentation was con-
ducted on one ventilation system of an educational building. The pro-
posed method assumes a mixing type of ventilation system. A forecast is
based on three main IAQ parameters: CO; concentration, temperature,
and humidity. Each parameter has its limit condition and nuances in the
duration calculation.

The indoor climate of a building is mainly dictated by three indoor
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Fig. 1. Example of a ventilation system with variable frequency drive electrical flexibility properties.
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air quality (IAQ) parameters: CO, concentration, temperature, and hu-
midity. To provide occupants with a healthy and comfortable environ-
ment, these three parameters must be between limits given in the
standard EN 16798:2019 [53]. Authors of the study [54] suggest placing
sensors in both the supply and return air ducts actively monitor
contamination or temperature difference. The drawback of this setup is
that during the ventilation shutdown, the state of IAQ is unknown, and
contamination or temperature can exceed the limits. In addition, placing
sensors in each room or space of the building requires higher investment
costs and a complex sensor network.

2.2.1. CO5 concentration

Due to metabolism, persons produce carbon dioxide, which causes
the CO2 concentration in a zone to rise and is correlated with other
bioeffluents. Based on the standard EN 12831-1, a zone is a group of
rooms with direct or indirect air connection. Without sufficient venti-
lation, the CO, concentration can rise above the allowable limit. How-
ever, since this will not happen instantly, the ventilation system can
operate at the minimum level for some time. CO, concentration-based
flexibility duration estimation uses mass balance analysis to calculate
the CO; generation rate in a building which can be used for duration
calculation. Mass balance can be expressed as follows:
veC =G+ 0Cu - oc, ®
where V — air volume in a zone (m3),

C- CO3 concentration in a zone (ppm),

G- CO; generation rate (m®/s),

Q- airflow rate for the zone (m3/s),

Camp— ambient CO; concentration (ppm).

The CO; generation rate during the timestep t can be calculated as
shown in (4). This equation is derived from the previously mentioned
mass balance and is put into a discrete form more suitable for a control
system. FVR duration calculation and forecasting are discussed under
2.2.4. The same methods can be used for other pollutants, such as par-
ticulate matter and VOCs, since they are also measured in relative values
(e.i., the concentration of particles) and subject to mass balance.

v '(Cr — C/—l)

GwZ —
! At

+ 0 (C = Cum), 4
where At — timestep length (s).

2.2.2. Temperature

Building ventilation systems can provide thermal comfort to occu-
pants or hold set temperatures for other purposes, which means that
when the ventilation system is used for flexibility service, the temper-
ature effect should be included in estimations. In addition, the standard
EN 16798-1:2019 specifies temperature ranges according to building
type, which can be used in the estimations.

The first law of thermodynamics can be used to estimate energy
flows into or out of a zone, as expressed in (5). The difference between
the initial and final states of the zone can be expressed through multiple
mass flows with uniform properties [55], also adding the heat q gener-
ation by people, appliances, and room heating. Mechanical work w can
be excluded from the equation because the zone is not doing any me-
chanical work, and all the energy used by appliances is converted into
heat.

> mi, u+pv+ﬁ+gz = Mou u+pV+v:+gz tg-w
2 in 2 out

v? Vv
= |Mppa | U+ 5+ 82 — Miniiar | U + 5+ 82 , (5)
2 final 2 initial X

zone

where mj, — the mass of the entering medium (kg),
Mgy~ the mass of leaving medium (kg),
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Mgnq— the final mass of a zone (kg),

Miniriq— the initial mass of a zone (kg),

u- internal energy per unit mass (J/kg),

p — pressure (Pa),

V- specific volume (m>),

v— velocity of molecules (m/s),

g- local acceleration of gravity (m/s),

z— elevation above the horizontal reference plane (m),

q- heat generated inside a zone (J),

w- energy converted into work (J).

A ventilation system can be considered the only way entering and
leaving airflow streams can move. All the other mass flows through
openings, and walls can be considered in one variable: heat. From (5),
only mass internal energy u is needed to estimate the heat generation in
a zone, while pressure, volume, velocity, and potential energy have no
significant difference. A heat generation rate must be calculated to es-
timate ventilation system flexibility based on temperature, as shown in
(6). FVR duration calculation and forecasting are discussed under 2.2.4.

_ V(T = Ti) 10

Ghear
' At

(T, = Toppiy) (6)
where T, — temperature in a zone at timestep t (K),

T;_1— the temperature at the previous timestep t — 1 (K),

Taupply— supply air temperature (K),

Q. ventilation rate at timestep t (m°/s),

At- timestep length (s),

V- zone volume (m®).

2.2.3. Humidity

The humidity is affected by persons inside the building where
moisture is added to inhaled air during exhaling. Also, washing and
drying release additional moisture into the inside air. Typically venti-
lation system is responsible for extracting excess moisture from the
building. This means that the humidity effect should be included in es-
timations when the ventilation system is used for flexibility service.

Commercially available humidity sensors typically measure relative
humidity, thus outputting a value that is a percentage of the measured
absolute humidity against maximum absolute humidity at a given
temperature. However, relative humidity depends on air temperature,
which means that relative humidities for entering and leaving air are not
comparable due to temperature differences. This issue is resolved by
converting the relative humidity level into absolute (g/m3), which can
be calculated as follows:

_ B-C-RH-10(%%)

100-T )

where T - the temperature of the air (K),

RH - the relative humidity,

B,C,m, T,— constants which are given in Table 1 [56].

Like the CO5 concentration estimation, the humidity level inside the
building can be estimated by mass balance analysis, as shown in (3). In
addition, the humidity generation rate can be calculated, as shown in
(8). FVR duration calculation and forecasting are discussed under 2.2.4.

. V- (W, — Wy
G = /T') + 0 (Wi — Wapp), @®

Table 1

Constants for humidity conversion [56].
Constant Value
B 6.116441
C 2.16679 gK/J
m 7.591386
Tn 240.7263
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where W; — humidity concentration in a zone at timestep t (g/m3),
Wigply— Supply air humidity concentration (g/m?).

2.2.4. Forced ventilation rate duration calculation

Knowing an TAQ parameter X generation rate at a given timestep t,
estimation for ventilation system FVR duration can be made as shown in
(9). The main restriction for the FVR duration when the ventilation
system is operating at lowered power consumption is the boundary
condition for the IAQ parameter. There is no lower limit for CO5 con-
centration excess above outdoor concentration. This means there is no
limitation from the COy concentration perspective to increasing venti-
lation system power consumption. Although, it must be considered that
if, at design conditions, the fan speed is not at the maximum frequency
control setpoint, increasing the fan speed above the design value may
cause problems with noise or draught. This does not apply to the tem-
perature and humidity range the parameter must be within. Therefore, it
must be known what purpose the ventilation system has in addition to
air exchange. For example, if the ventilation system is responsible for
building heating or indoor air humidification, this must be considered in
the duration calculation. This is done by calculating multiple FVR du-
rations for the same parameter and selecting the shortest.

V- Xiimis — X,
G¥ o /X,+x/,,,.,22-xww\‘r ©
= Op - 7

where X; — IAQ parameter value in a zone at timestep t (ppm, °C or g/
m?),

Xiimie— IAQ parameter limit (ppm, °C or g/mg),

Qjr— forced ventilation rate (m%/s).

The FVR duration calculated in (9) is an instantaneous value
considering conditions measured during the timestep t. It is not helpful
when the forecast for future FVR durations is needed. Therefore, ARMA
(p, @) model can be used to calculate future values based on historical
data. The ARMA(p, q) model is described in (2), where the power con-
sumption must be replaced with the FVR duration.

The FVR duration forecast must be adjusted according to IAQ
parameter generation rate fluctuations. If the subsequent timestep room
usage increases, the FVR duration must be shortened as described by
(10). This will eliminate overoptimistic estimations where in an actual
situation, the FVR can be sustained for a shorter time, or the IAQ pa-
rameters will exceed their limits. Each of these adjustments is repeated,
and after each iteration, the sum of all FVR duration estimations is
calculated and compared with the previous iteration sum, as shown in
(11). If they are equal, then the adjustment is completed.

FVR

T

ri=1
FVR FVR 10

7 >R — At

H1i—17 i1

FVR FVR FVR
B T TALT ) <t h — At
T

ti—1?

n

S oy e an
=1

=1

where r{_vir - an estimate of FVR duration at time t during correction
iteration i,

1’2}[1— an estimate of FVR duration at time t during correction iter-
ationi — 1,

At- timestep length (s).

2.2.5. Boundary condition correction

One building can consist of multiple zones, each with multiple
rooms. To estimate FVR duration, building usage and conditions inside
must be known. In many cases, this is causing the need to install addi-
tional IAQ sensors in the building. One way to reduce the initial in-
vestment costs is to install IAQ sensors in the air handling unit (AHU).
However, measurements in the AHU do not represent the actual situa-
tion in each room. The pollutant concentration in the AHU for mixing
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type of ventilation system is the average value for all the zones, as shown
in (12). If there are zones with uneven usage, then it can cause a situ-
ation where boundary conditions will be exceeded. It is especially
troublesome if the ventilation system is forced to operate at its minimum
rate. To lessen the flexibility service effect on IAQ and make FVR less
noticeable, the solution is restricting ventilation system exploitation and
correcting the boundary condition. It is done by narrowing the range
where the IAQ parameter can be.

S0 a2

Xyetum =
Oreun

where Xenm — IAQ parameter value in return air (ppm, °C or g/m3),

X;— IAQ parameter value in room i (ppm, °C or g/m3),

Qi- airflow rate from the room i (m®/s),

Qreturn— airflow rate in the return air duct (m®/s),

n- total number of rooms.

Occupancy in each room must be measured or estimated to consider
uneven occupancy in flexibility calculation. It can be achieved by
installing temporary IAQ sensors in rooms of interest and taking mea-
surements for at least one week during normal building usage (i.e., avoid
holidays). It is recommended to take repeated measurements at least
once a year or after the change in buildings’ room usage (i.e., change of
tenant).

After the measurements are taken, it is possible to estimate pollutant
generation or heat generation according to the floor area of selected
rooms, known as specific pollutant generation (SPG). Therefore, the SPG
for CO, is defined as (m®/s)/m?, SPG for temperature is defined as W/
m?, and SPG for humidity is defined as (g/: s)/m> All the SPGs are
calculated according to the CO, generation formula as shown in (4), heat
generation as shown in (6), and humidity generation as shown in (8).

IAQ parameter limit value can be corrected based on acquired SPGs.
The room with the highest SPG for the selected IAQ parameter defines
the corrected limit value. Also, rooms are not used equally throughout
one day, and the room with maximum SPG can change. Therefore, it is
reasonable to calculate the corrected limit value for each timestep. First,
the corrected limit value is calculated based on the difference between
the upper and lower IAQ parameter limit values multiplied by the room
airflow rate and SPG for the selected IAQ parameter. Then, the acquired
value is divided by the return airflow rate and the zone’s average SPG for
all of the rooms in this zone and biased by the IAQ parameter lower
limit, which can be calculated as follows:

limit limit \ . yroom room
Xlimit — xlimit (X"‘g" Xiow ) om"-SPG;
it —

. - = 5 13
e (3)

where X{mit _ JAQ parameter limit (ppm, °C, or g/m®),

Xlimit_ JAQ parameter lower limit value (ppm, °C, or g/m°),

Xﬁg}f— TIAQ parameter upper limit value (ppm, °C, or g/m°),

Q- airflow rate from the room (m®/s),

SPG[*°"- specific pollutant generation for a room [(m®/s)/m?, W/m?
or (g/s)/m’l,

Q™— airflow rate in the return air duct (m%/s),

SPG}°"— specific pollutant generation for a zone [(m%/s)/m?, W/m?
or (g/s)/m?].

2.3. Implementation of methods

Flexibility management methods depend on available measurement
data and what is needed for aggregation. This section presents the
pricing model and describes the implementation of the developed
methods.

2.3.1. Pricing model
The last calculation stage is to find out the energy price for regula-
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tions. It is the needed input for the aggregator according to which the
amount of regulated energy will be compensated to a building owner. A
personalized pricing mechanism is used, as shown in (14). The direction
of regulation dictates the ingredients of the final regulation price. If up-
regulation is activated and the ventilation system power consumption is
lowered, it is needed to compensate for lower IAQ in the zone. It can be
done by considering variable building usage, described through the CO,
generation rate. If the building has low usage, then the cost of regulation
is lower, and vice versa. Every regulation introduces changes in the
ventilation system, which can contribute to amortization and must be
compensated (e.g., switching of contactors, movement of valves, etc.).
Amortization costs are neglected in the simulation since these are
insignificant for the small-scale system. The down-regulation activation
causes additional energy consumption, which introduces costs to the
system owner. If the ventilation system’s return air CO, concentration is
higher than the minimum possible CO, concentration, the goal is to
decrease the CO, concentration level by purchasing electricity at a lower
price. When the CO; concentration is low due to the low occupancy,
down-regulation can only be provided if additional costs from grid fees,
taxes, and amortization are compensated. Also, the profit margin is
included in the regulation price that the building owner dictates.
o2

' .
“Ceomf Tt + Camort

G2
‘max
. e 4, AP <0
price, = AP, prof ! R (14)
Ci — Cimin Camort
S —"Ctel ~ Cifes — 55— — Cprofy AP >0
Climit = Crmin APy,

where price, — the calculated regulation price at time t (€/MWh),

Gf"z— CO, generation rate at time t (m3/s),

Gcm"ix— maximum estimated CO; generation rate (m°/s),

Ccomf— the regulation cost on comfort (€/h),

7,~ duration of regulation at time t (h),

Camort— the regulation cost on amortization (€),

Cprof— Profit margin for regulations (€/MWh),

AP available capacity during the timestep t (kW),

C— CO; concentration in the return air at time ¢t (ppm),

C¢min— minimum COy concentration for maximum airflow rate at
time t (ppm),

Ciimir— CO2 concentration limit value (ppm),

ce— electricity price including electricity market price and elec-
tricity supplier the profit margin at time t (€/MWh),

Ctfees— the sum of all the fees, which include transmission costs and
taxes added to consumed energy price at time t (€/MWh).

The forced ventilation rate duration estimation dictates the
maximum duration for each regulation. The regulation price is calcu-
lated for each period separately. Therefore, the duration of each regu-
lation can be derived as follows:

VR FVR
" :{ A as)
A, 7,7 > At
where IR — forced ventilation rate duration at time t (h),
At- duration between two sequent calculation steps (h).
For down-regulations, the minimum possible CO; concentration and
CO;, concentration at a specific time must be estimated ahead. These can
be derived from mass balance analysis, as shown in (16) and (17).
Minimum CO5 concentration depends on the maximum airflow and COy
generation rates at a selected time. The CO, generation rate can be
forecasted using the calculated CO, generation rate shown in (4) with
ARMA(p, q) model.

G
+ Camp, G~ >0
Crmin = Qmax ) (16)
Camy,  G*<0
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where Quq — maximum ventilation rate (m>/s).

2-V-Ciiir + 221G — 1" Qi (Cliit = 2 Cams)
2.V — r{w.wz_Qm

C = ) a7

where Cjymir — CO4 concentration limit value (ppm),

"2_ CO, concentration based forced ventilation rate duration at
time t (s),
Qpr— forced ventilation rate (m%/s).

2.3.2. Applying flexibility management methods

In the center of the application is the flexibility management system
that connects the building with the aggregator. Flexibility management
consists of capacity forecasts, FVR duration forecasts, and regulation
prices for the next prediction horizon (Fig. 2). All previously discussed
methods must be put into use to achieve this. Different sources of data
are used for flexibility management. Real-time data will be gathered
directly from sensors and a ventilation system interface. Static data will
be acquired from the building’s design documentation, ventilation sys-
tem datasheet, and building owner. Information from the energy sup-
plier is only needed when down regulations are allowed.

All the forecasts are sent to the aggregator, who decides when and
how much capacity will be activated. Finally, the activation signal is
sent to the flexibility management system, which must achieve the
requested power consumption change by forcing the ventilation system
to operate at a specific rate.

3. Building model and simulation dataset

A building model and development environment are needed to
validate the flexibility management methods and acquire the results.
The building model is constructed in IDA Indoor Climate and Energy
(IDA ICE), a specialized simulation tool to imitate building behavior.
IDA ICE has been validated according to EN 15255:2007, EN
15265:2007, EN 13791, and ASHRAE 140-2004. Reports about test re-
sults for validation are available on the EQUA Simulation AB website
[57]. MATLAB programming and numeric computing platform are used
for scripting, data analysis, and applying flexibility management
methods. All the results are acquired by combining IDA ICE with
MATLAB.

The whole validation process for the developed flexibility manage-
ment methods can be divided into five stages (Fig. 3):

1. The building model is configured, and the occupancy schedule is
generated. PRN files are used to transfer data between IDA ICE
and MATLAB.

. A year-long simulation is conducted in IDA ICE using all the
needed input and the building model. All the measured data
gathered from each room and AHU is logged into output files.
All the IDA ICE output files are imported into MATLAB, and
flexibility management methods are applied. It includes the
quantification and forecasting of the ventilation system’s energy
flexibility. Activations are scheduled based on the 2022 Estonian
balancing energy price, day-ahead price, and manual frequency
restoration reserve (mFRR) activations.

IV. A year-long simulation is repeated with activations.

V. The data is acquired for IDA ICE, and previously calculated
flexibility estimations are compared with measured data. Finally,
the dataset is analyzed in MATLAB, and the final results are
formulated.

—
=

1L

=

3.1. The building model

The building model is based on a small single-family house, a sample
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Fig. 2. Implementation of developed methods for ventilation system flexibility management.

building used for redefining the cost-optimality level for new, nearly
I . . o {é"} zero-energy residential buildings in Estonia [58]. The model has been
Co nflgurlng bUIIdlng model and validated previously in a related project, and the relevant documenta-
H tion is available online [59-63]. The building model represents a single-
generatlng OCCUpancy SChedU|e floor level dwelling with a total floor area of around 100 m? and can be
considered a typical Estonian single-family house according to the sta-
tistics [71].
The building is separated into 11 rooms (Fig. 4) connected to one
AHU with heat recovery. The building’s occupancy profile is generated
for two adults and one child. A simulation model described in the study

A yeal'-|0ng simulation of a bUIldlng [64] was used to generate year-long occupancy profiles. The simulation

model to generate occupancy profiles was used twice. The first itera-
E tion’s profiles were applied to the bathroom, bedroom, main bedroom,
”I \/ @ kitchen, and living room. The second iteration’s profiles generated for

Flexibility quantification and scheduling

activations N, | i
v = |
Utility I
room Kitchen I Living room Office
6.5 m” 18.3 m’ 21.1m? 7.3 m’
[
ﬁ Bathroom i
L Main el 4‘
. 7.7m’
Analysing results and developed bedroom e | e
flexibility methods Temel Vestibule ]| 36™

Fig. 3. The validation process of developed flexibility management methods. )
Fig. 4. The layout of the building model.
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the bathroom and living room were applied to the toilet and office since
the model did not support these rooms during the first iteration. This
results in the maximum occupancy of the building being five persons,
which can be realistic when guests are considered. Occupancy profiles
for the utility room, technical room, hall, and vestibule are not gener-
ated since it is expected that residents do not stay for long in these
rooms. Therefore, the metabolic equivalent of task (MET) of 1.2 is
selected for the building model.

The heating of each room is achieved by wall-mounted radiators
with a total heating power of 9.65 kW, meaning that the ventilation
system is not responsible for providing heat to the rooms. 2 kW air
heater is used to warm up the supply air with a heating setpoint of 18 °C
if the heat recovery capacity is insufficient. Cooling otherwise is
dependent on the ventilation system since the cooling of the rooms is
achieved by a cooling heat exchanger installed into the supply air duct.
A more comprehensive description of this model is given in the study
[65], where a neural network-based building’s thermal model was
generated.

3.2. Boundary conditions

Boundary conditions are essential parameters that ensure sufficient
IAQ in the building and residents’ comfort. These conditions must be
followed when regulations are conducted. The residents can define
boundary conditions or select according to the standard EN
16798-1:2019 indoor climate category II, which states limiting values
for IAQ parameters for normal conditions (Table 2). CO, concentration,
temperature, and relative humidity are selected from the standard as the
main IAQ parameters. The standard value for CO, concentration for
living rooms is 800 ppm, and for bedrooms 550 ppm above ambient
concentration. There is no lower limit value for CO» concentration, but
the concentration cannot be lower than ambient, which in the simula-
tion is assigned to be 400 ppm [66]. Temperature and relative humidity
otherwise must be within set limits.

3.3. Simulation dataset

The simulation dataset is generated using a building model con-
structed in IDA ICE. Each occupied room has an IAQ sensor that mea-
sures the room’s average CO, concentration, temperature, and relative
humidity. The AHU sensors are placed in the supply and return air duct
(Fig. 5). The supply air temperature, relative humidity, and airflow rate
are measured. Since ambient CO, concentration in the simulation does
not change, measuring it is unnecessary. CO, concentration, tempera-
ture, and relative humidity are measured in the return air duct. All the
measured data is logged into the file imported to MATLAB.

The simulation dataset is divided into two: training and validation.
The training data is collected for the first ten weeks starting from the
beginning. This data trains forecasting models, performs boundary
condition correction, and initializes forecasting models. The validation
dataset includes the rest of the 42 weeks. Data from two types of
ventilation systems were collected: constant air volume (CAV) and
variable air volume (VAV). CAV system operates throughout the day at
its nominal level, while the VAV type of system is controlled based on
the CO2 concentration in the return air. In addition, proportional control
was applied for the VAV type of system described in the Trane engineers
newsletter [67].

Table 2

Boundary conditions for each IAQ parameter.
Parameter Lower limit Upper limit
CO,, concentration in living rooms 400 ppm 1200 ppm
CO,, concentration in bedrooms 400 ppm 950 ppm
Temperature 23°C 26 °C
Relative humidity 25% 60%
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To generate activations year 2022, balancing energy price and mFRR
activations are used. Nord Pool Spot day ahead prices for Estonia,
including 20% value-added tax (VAT), were used to calculate electricity
prices during normal operating conditions when the ventilation system
operated without regulations. To the day-ahead prices, additional fees
were added, such as a fixed tariff grid fee of 86.5 €/MWh, renewable
energy fee of 13.56 €/MWh, and electricity excise duty of 1.2 €¢/MWh.
During up-regulation, the energy left unconsumed was multiplied by the
total electricity price and subtracted from the total cost of consumed
energy during the simulation period.

In total, 314 up-regulations for the CAV type of system were con-
ducted; the same value for the VAV type was 230 (Table 3). There were
zero down regulations since the capacity for this was insufficient, and
the price for regulation was not suitable. The most restricting IAQ
parameter was CO, concentration, which reached the limit in around
74% of the cases. In comparison, the temperature limit reached 16% to
19% of cases. Relative humidity had no restrictive effect on regulations
with the applied simulation setup.

4. Results

The flexibility management methods were applied to the collected
dataset. It included training the models and calculating the power
consumption and FVR duration forecasts. Forecasted values were
compared with measured values to analyze residuals and evaluate the
methods’ accuracy.

4.1. Power consumption forecast

Power consumption was forecasted using the ARMA(0, 5) model for
both system types. ARMA model terms were calculated by using the AIC
method. The forecast horizon was selected to be 24 h. Previous days’
measurement data was used to forecast the next day’s power con-
sumption. One day was divided into 5-minute timeslots where previous
days’ data forecasted the next 24-hour timeslot value. Dividing data into
timeslots allows for quickly respond to ventilation system startups and
shutdowns. The 24™-hour forecast with the highest uncertainty was
compared with the measured data to calculate the method’s accuracy.
The year average root means squared error (RMSE) was around 1.3 W
for the CAV and 10 W for the VAV. The mean absolute percentage error
(MAPE) was around 0.8% for the CAV and around 6.5% for the VAV.
Since stochastic occupancy data was used, the VAV system power con-
sumption was more difficult to forecast accurately. Fig. 6 is an example
of measured and forecasted power consumption during the first week of
November.

4.2. Pollutant generation and FVR duration

Pollutant generation estimation is crucial for FVR duration estima-
tion, and the same is for boundary conditions. If all the IAQ sensors are
placed in the AHU, boundary condition correction must be done be-
forehand. Fig. 7 shows the boundary condition correction based on the
data gathered from the second week of January. The boundary condi-
tions were corrected based on one-week data where the 5-minute
average was taken for each timestep in a day. Boundary condition
correction depended on the room usage and how evenly the pollutant
concentration was distributed between rooms. There are minor differ-
ences between the boundary conditions of the two ventilation system
types.

Simulation results show that COy concentration had the highest
impact on flexibility. Fig. 8 shows an example of a one-week CAV type of
ventilation system FVR duration estimations for the first week of
November, where the FVR duration was dictated mainly by CO2 con-
centration. In contrast, the temperature has less impact on FVR duration.
The parameter with the shortest FVR duration dictates the whole system
duration. VAV type of ventilation system FVR durations (Fig. 9) are
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Fig. 5. The layout of the AHU and the location of sensors.
Table 3 one location in the AHU and implemented corrected boundary condi-
avle s tions. AHU-based estimations give a similar FVR duration profile as
Regulations and AHU parameters. . . . .
room-based estimations but have significant deviations that can be
Parameter System type caused by stochastic occupancy and the generated boundary conditions.
CAV VAV In residual analysis, regulations were used where CO; concentration
Total number of up-regulations 314 230 and temperature limit were reached (Fig. 10). Also, regulations, where
Total number of down-regulation 0 0 the limit was reached within 5 min after the regulation could is con-
Number of up-regulations where CO, concentration limit was 232 172 ducted were excluded since the simulation timestep is 5 min. The most
N'ea;hedf i N i ed 52 3 accurate approach to estimate FVR duration was the room-based
umber of up-regulations where temperat. limit was reache approach. Where CO; concentration-based estimations RMSE is
Number of up-regulations where relative humidity limit was 0 0 ) .
reached around 13 min for CAV and 10 min for VAV, temperature-based FVR
AHU maximum power consumption 134W 134 W duration estimation RMSE is around 20 min for the CAV system and
AHU minimum power consumption 6w 6w around 13 min for VAV. Room-based estimation residuals were biased to
Maximum ventilation rate 59'9 v 39'9 v the positive side, giving more conservative values. It was the cause of
Minimum ventilation rate 1441 1441/ using the FVR duration adjustment algorithm, which decreases given
s s timestep estimation according to the future forecasted values. AHU-

similar to CAV since the occupancy profile is the same. However, FVR
durations are slightly lower, meaning demand-controlled ventilation
lowers the available flexibility. Two approaches were conducted for
each system type: room-based and AHU-based estimations. Room-based
estimations considered IAQ sensors in each room and used the shortest
FVR duration room. AHU-based estimations considered only sensors in

based FVR duration estimations were less accurate than the room-
based approach. CO; concentration-based estimations RMSE was
around 33 min for the CAV system and 24 min for VAV. Temperature-
based estimation RMSE was around 26 min for the CAV system and
19 min for VAV.

135 T
130
125

N

120

Power [W]
N N N
> o -
[4)] o [¢)]

N
o
o

95

Measured CAV
Measured VAV

90 — — —Forecasted CAV
— — — Forecasted VAV

85 | | | | | |

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Monday

Time [weekday]

Fig. 6. Measured and forecasted power consumption of the ventilation system.
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Fig. 8. FVR duration estimations for CAV type of ventilation system.

4.3. Flexibility service activations and pricing

Each hour’s price for the flexibility service was calculated based on
the CO4 concentration measurements and costs. For example, upwards
regulations are shown in Fig. 11, where the tendered price was calcu-
lated using equation (14), where comfort cost was derived from the last
two weeks’ maximum balancing energy price. The last two weeks’
maximum CO generation rate was also used in calculations. Activation
of the reserve was only conducted if the tendered price was lower than
the balance energy market price, there was mFRR activation, and the
available capacity for the regulation was more than 10 W. VAV type of
system activated energy was lower than CAV since this system is
demand-controlled that causes lower power consumption.

4.4. Discussion

According to the Estonian transmission system operator (TSO),
Elering AS [68] up to + 10% steady-state error is allowed for the mFRR
capacity or 0,1 MW, whichever is larger. Therefore, 0.8% MAPE for the
CAV system power and 6.5% MAPE for the VAV power consumption
forecasting is sufficient. Furthermore, considering the minimum ca-
pacity of 1 MW, this error can be compensated by aggregating multiple
ventilation systems where the effect of leveling-off forecasting errors can
be achieved [69].

To estimate FVR duration, the room-based approach is the most ac-
curate, where CO2 concentration-based RMSE for the CAV system is
around 13 min and for the VAV type of system around 10 min.
Considering the simulation timestep of 5 min, the resolution to calculate
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residual can, at maximum, be 5 min. Therefore, mass balance-based FVR
estimations are usable in flexibility service. Moreover, residuals of FVR
estimations are positive, which means that the IAQ during activations is
less likely to be jeopardized. AHU-based estimations are less accurate
but can have acceptable performance depending on the building layout
and type. It can be backed by the fact that the selected building had
stochastic usage, whereas nine-to-five office buildings can have this
more consistent throughout a day or week. Also, demand-based

11

ventilation and fewer fluctuations in pollutant concentration can in-
crease the accuracy, as seen from the VAV type of system.

The price to activate the available capacity is the third important
parameter tested according to the Estonian balance energy market price
and mFRR activations during 2022. The ventilation system operates all
day in residential buildings, so regulations have little effect on the total
energy consumption. During the simulation period, the total energy
consumption of fans was reduced by 1.1% for the CAV system, and VAV
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Fig. 11. Flexibility service prices and activations.

type of system, only a 0.7% reduction was noticed (Table 4). The cost of
energy was reduced by 4% for the CAV type of system, and around 2.2%
reduction was achieved for the VAV type of system. These percentages
can be increased when higher profit margins are selected, and the
ventilation system is exploited more for the flexibility service. Also, in
the energy calculations, air heaters and cooling systems were left out
since this paper focuses on fans. It can be expected that with the
desynchronization of the Baltic states from the IPS/UPS frequency area
[70], the flexibility service will have more use, and there will be more
activations.

5. Conclusions

This paper provides a complete set of novel methods to quantify
ventilation system energy flexibility developed from an aggregator’s
viewpoint. Developed methods open the possibility of integrating new
and existing buildings with ventilation systems in a flexibility service. In
contrast to existing methods and assumptions in the relevant literature,
the proposed flexibility management methods employ robust and uni-
versal physical rules that are easier for aggregators and building owners
to comprehend. Compared to machine learning approaches, the pro-
posed methods require less training, and their performance does not rely
on hyperparameters. The methods were tested on the example building
model constructed in the IDA ICE simulation platform. A ventilation
system’s flexibility is quantified through capacity, FVR duration, and the
tendered price for the service. ARMA model was used to forecast power
consumption for CAV and VAV systems. A forecasting error of 0.8% for
the CAV type of system and 6.5% for the VAV type of system was
observed.

Two cases to measure IAQ and calculate FVR duration were dis-
cussed. In the first case, IAQ is only measured inside AHU, where
boundary condition correction was implemented. The second case dis-
cussed the possibility of installing sensors in each room which achieved
more accurate duration estimations. If exceeding IAQ limits during some
regulations is not an issue, installing sensors only in AHU can lower
initial investment costs and accelerate the integration process.

The proposed methods were tested, and results were analyzed in
multiple stages. First, initial data was generated in IDA ICE which was
imported to MATLAB to quantify the flexibility and generated regulation
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Table 4
Ventilation system energy consumption and cost of energy during the simulation
period.

Parameter System type

CAV VAV
Energy consumption without regulations 1.152 MWh 1.034 MWh
Energy consumption with regulations 1.139 MWh 1.027 MWh
The total cost of energy without regulations 384.11 € 344.82 €
The total cost of energy with regulations 368.91 € 337.10 €

activations by altering the AHU operation schedule. Then, the simula-
tion was rerun in IDA ICE with regulations, and acquired data was used
to compare with estimated values. From the financial aspect, the cost of
energy consumed was decreased by 4% for the CAV type of system and
1.1% for the VAV type of system. The profitability and optimizing pa-
rameters in the price model are subjects for further study.
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Abstract—Virtual Energy Storage is a concept where flexible
loads are used as conventional battery energy storage. This is a
useful approach to provide flexibility service and avoid large
expenses on energy storage equipment. This paper proposes
novel methods to describe a ventilation system as a Virtual
Energy Storage. These methods enable the possibility to use
ventilation systems in flexibility service while requiring less data
and parametrization than currently available methods. The
mass balance analysis is used to derive robust methods to
calculate power capacity, energy capacity, State of Charge, etc.
Methods are tested with a simulation on an object which is
constructed in IDA ICE. In the simulation two use cases are
considered: office and apartment. Based on the year 2022 price
data and reserve activations the total costs of energy could be
decreased by up to 35% if the system is used in flexibility service.

Keywords—demand-side  flexibility, ventilation systems,
virtual energy storage, manual frequency restoration reserve

1. INTRODUCTION

The European Union (EU) is moving toward climate
neutrality as a result of rising environmental consciousness
and climatic changes. According to Eurostat [1], during the
ten years from 2010 to 2020, the share of renewable energy
consumption in gross final energy consumption increased
across the EU from 14.4% to 22.1%, while it increased from
24.6% to 30.2% in Estonia. Distributed volatile renewable
energy generation has made it more challenging to maintain
the balance between supply and demand in the electric power
system. This emphasizes the significance of demand-side
flexibility [2] and demand response managed by aggregators
as outlined in [3].

A Virtual Energy Storage (VES) is a concept where
controllable components of the electric power system are used
similarly to the conventional energy storage system to provide
grid services. These components can be small-capacity
conventional energy storage, flexible loads, distributed
generators, etc. [4]. The main aim of a VES is to store surplus
energy or release it when needed similar to charging or
discharging a battery energy storage system (BESS). Using
buildings’ flexible loads in a VES has several benefits
compared to a conventional energy storage system [5], [6]
which are lower initial investment costs, soft boundaries (e.g.
minimum and maximum indoor temperature), necessity (e.i.
most of the buildings need systems to ensure indoor climate
and comfort), etc. [4], [7].

Models and methods to describe a VES have been of
interest to many researchers. Studies [8]-[10] have focused on
air conditioning systems and provided models to calculate
power capacity, energy capacity, duration of a charging cycle,
and duration of a discharging cycle. K. Vijayalakshmi, K.
Vijayakumar, and K. Nandhakumar [8] have reported that

Department of Electrical Power
Engineering and Mechatronics
Tallinn University of Technology
Tallinn, Estonia
ORCID 0000-0002-6485-1037

Department of Electrical Power
Engineering and Mechatronics
Tallinn University of Technology
Tallinn, Estonia
ORCID 0000-0002-7368-1797

92% accuracy can be achieved by using artificial neural
networks to forecast energy capacity. Modeling
thermostatically controlled loads as a VES, with the primary
emphasis on building heating systems, is another popular
topic. Researchers of the study [11] have proposed a
temperature-based method to calculate the state of charge of
thermostatically controlled loads. It is found by the authors of
the research article [12] that with the use of the heating system
as a VES the power consumption can be reduced by 20% with
a2 °C adjustable setpoint.

Exploiting mechanical ventilation systems in flexibility
service has been an elevated interest in the research.
Temperature-based ventilation management is taken into
account to provide grid services in studies [13], [14]. J. Wang,
S. Huang, D. Wu, and N. Lu [15] proposed physics-based
thermal models coupled with machine-learning algorithms to
attain the needed power level where a ventilation system is
viewed as a VES. It was discovered in [15] that 15% of the
rated fan power can be employed to offer grid services without
endangering occupants' thermal comfort. S. Rotger-Griful, R.
H. Jacobsen, D. Nguyen, and G. Serensen [17] discussed the
potential application of a ventilation system in demand
response. They claim that a single 13 kW ventilation system
in a 12-story apartment building can achieve a 4.5 kW of
power increase and 1.0 kW of power reduction without
jeopardizing indoor air quality (IAQ). In the study [16] it was
experimentally found that at 33% room usage the selected
ventilation system can operate for up to 55 minutes at a
minimum ventilation rate.

A few studies consider ventilation systems as VES and the
main focus is on heating and cooling systems. Studies that
discuss ventilation systems as flexible loads are concentrated
on thermal constraints, but according to the study [17] the
most restricting parameter is CO; concentration. In the studied
literature machine learning techniques were widely used, but
these methods need a vast amount of data and training to
achieve sufficient performance. This can be a problem in a real
application. Therefore, this paper proposes a novel and robust
mass balance analysis based approach to describe a ventilation
system as a VES. The paper is organized as follows: in section
2, methods are described to calculate important metrics for a
VES, in section 3 object model and simulation process is
explained, and section 4 discusses the results of the conducted
analysis.

II. METHODS TO QUANTIFY VIRTUAL ENERGY STORAGE

Charateristizing a VES is essential for quantification. This
paper is focused on the following characteristics, which allow
quantifying a VES similar to a conventional energy storage
system:



e State of Charge (SoC),
e Power capacity,

e Energy capacity,

e Self-discharge rate.

A. State of Charge

A ventilation system based VES SoC can be described
through CO, concentration in a building because this
parameter is directly connected to building usage and is
affected by occupants. Depending on the system type and
building usage the SoC of the VES can be fluctuating
throughout the day. CO; concentration in a building can be
derived through the use of a mass balance analysis equation as
follows:

dc
VE :G+QCamb_QC: (1)

J — air volume in a building (m?),

C — CO; concentration in a building (ppm),

G — CO, generation rate (m%/s),

O — airflow rate for the building (m%/s),

Camp — ambient CO, concentration (ppm) [18].

where

The CO, generation rate during the timestep ¢ can be
calculated as shown in (2). This equation is derived from the
previously mentioned mass balance and is put into a discrete
form which is more suitable for a control system. The CO»
generation rate is needed to calculate the SoC for timestep ¢
and estimate the energy capacity.

V- (Ci—Cy_q)
Ge= ——— + 0, (Ce= Camp), @
where  C;_ | — CO; concentration during previous timestep
=1 (ppm),

At — timestep length (s).

When SoC is at 1 then the CO; concentration is at a
minimum level which can be calculated through maximum
ventilation rate Qmer and the CO; generation at the selected
timestep as shown in (3). In a normal situation, the CO,
concentration cannot be lower than the ambient. Since the
building usage changes throughout the day then the minimum
CO; concentration also changes accordingly. When SoC is at
0 then the CO; concentration has reached its limit Cpi. The
maximum CO; concentration limit is a fixed parameter and
therefore does not change. The actual SoC is the relative CO,
concentration in a building at each timestep as shown in (4).

G’+c G,>0
Comin =300 """ 3
Camb: Gt < 0
Co— Chimi
So Cz _ t limit (4)

Ct,min - Climit

B. Power capacity

The available power capacity at a specific timestep can be
calculated from the system’s maximum and minimum power
consumption. These values can be taken from the
documentation of the system or can be measured on-site. The
VES charging power P, for timestep ¢ can be calculated

through the forecasted power consumption P; for this timestep
considering the maximum power consumption P, as shown
in (5). The VES discharging power P;¢; can be calculated the
same way but considering the minimum power consumption
Puin as shown in (6).

Pt’c‘h :Pmax - Pt (5)

Pt,di.\'ch = Pt - Pmin (6)

Affinity laws, also known as fan laws can be used to
describe the relationship between power consumption and the
airflow rate [18]. Where fan rotational speed N can also be
used instead of airflow rate. These relations are depicted in (7)
and are defined through two operational points. Usually
measured, predicted, or nominal values are used to derive one
value from others.

. (N1)3<Q‘>3 Q)
Py AN, 9,

The real ventilation system does not follow affinity laws
exactly and typically there is higher power consumption at the
minimum ventilation rate Q,;» which can be caused by losses
and self-consumption of the fan drive. Therefore, power
consumption bias P is calculated through maximum and
minimum ventilation power consumption and airflow rate as
shown in (8). The power consumption for the timestep ¢ is
calculated using affinity law which states the dependence
between airflow rates and power consumption as shown in (9).

P P (Qmin )3
min =4 max Qmax
Phigy = —————5"— ®)
1- (Qmin)
Qmux
Q 3
P = (Pmax _Pb[ax). <Q—t> + Phias (9)

Based on the affinity laws ventilation system’s power
consumption has a non-linear dependence on the airflow rate.
Meaning that decreasing the airflow rate by twofold will
decrease the power consumption by 8 times. This creates the
possibility to decrease airflow rate less than required and
lower the influence on IAQ. If the length of regulation
duration 1, is known or is forecasted then the VES charging
power can be calculated as shown in (10). This is achieved by
calculating the airflow rate based on the demand and replacing
O in (9). Before the discharge power can be calculated CO,
generation rate must be known which can be done by using
(2). Power consumption at a specific time is also an important
parameter that can be forecasted by using the appropriate
method. In this paper, the autoregressive moving average
(ARMA) model is used for forecasting which is tuned by
implementing the Akaike information criterion (AIC) method.
It must be checked that discharging power does not exceed the
calculated value shown in (6).

TGV (Clii=C))
+C, .-
T, Qma,\» . Ct Cltmét 2Camb (10)

'(Pbias'Pmax)+Pt'Pbias

P tdisch —



C. Energy capacity

A VES differs from a BESS by the way the energy
capacity can be estimated. A ventilation system can exceed its
boundary conditions without causing irreversible damage to
the system. During charging the ventilation system consumes
more energy to lower the CO; concentration. From the CO,
concentration viewpoint, the ventilation system can consume
an infinite amount of energy during the charging cycle. CO»
concentration cannot go below the minimum level and the
duration when the CO; concentration reaches the minimum
level can be calculated as shown in (11). Otherwise, the
duration of the forced ventilation rate must be considered in
energy calculations which can be depicted as shown in (12).
During discharging the ventilation system consumes less
energy and the air exchange rate is lowered which causes CO»
concentration to rise. During discharging cycle ventilation
system can operate at a lower power consumption level for a
limited time which is dictated by the CO, concentration limit.
This method to calculate the duration was tested in the case
study [16] where one ventilation system in an educational
building was used.

v (Ct,min' Ct)

Tieh =
G0 ? PP, ~Phias CHComin2Camp b
X max Pmax'Pbias 2
. 3 v (Cl[m[t‘cz) (12)
t,disch —
G E PP, yisenPhias Gt Climir2Camp
I_Qmax Pmax'thHS 2

Calculated durations can be used to estimate energy
capacity. Before energy capacity can be calculated an
adjustment in discharging duration estimations must be
conducted. This means that if the next timestep duration
estimation is shorter which can be caused by an increase in
building usage then the estimated discharging duration must
be shortened as shown in (13). This process is repeated and
after each iteration, the sum of all duration estimations is
calculated and compared with the previous iteration as shown
in (14). If they are equal then the adjustment is completed.
There is no need to adjust the charging durations since
charging has a positive effect on IAQ.

_ {Tt+1,i»1+Atﬂ Trrr,i1 < Tppr-AL (13)
v Teitr Tain 2 Tppn-AL

where 1,; — an estimate of duration at timestep ¢ during
correction iteration i,
7,1 — an estimate of duration at timestep ¢ during

previous correction iteration i — 1.

D= (14)
t=1 t=1

Finally, the energy capacity can be calculated, but since the
duration is calculated in seconds then it must be converted
into hours as follows:

E, = P,1,/3600 (15)

D. Self-discharge rate

CO; concentration has always some stable level which is
dependent on the CO» generation rate and the ventilation rate.
This stable level causes the effect of self-discharge or self-
charge of the VES. Self-discharge takes place when the CO»
concentration level is lower than the stable level and self-
charge happens when the CO, concentration level is higher
than the stable level. The self-discharge or self-charge rate can
be calculated as follows:

— Pt' Pmin .
T At

V-(Climir €)-3600
Cet Cimir2.C,
Gt' Qmilz' t Ilm21t amb

V-(Ciimir Cr1)-3600
Gr1-Qmin M’

k:— self-discharge or self-charge rate at time £ (Wh/s),
Py — ventilation system power consumption at time
1-1(W),

Ci.1— CO; concentration at time 7 - 1 (ppm),

At — duration between two sequent timesteps (s).
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where

E. Pricing model

The VES pricing model is needed to provide flexibility to
the grid and grant financial incentives for the VES owner.
Activations for up or down regulations are conducted in the
simulation based on the pricing model. A personalized pricing
mechanism is used to achieve this as shown in (17). The
direction of regulation dictates the ingredients of the final
regulation price. If up-regulation is activated and the
ventilation system power consumption is lowered then it is
needed to compensate for lower IAQ in the building. This can
be done by considering variable building usage which can be
described through the CO; generation rate. If the building has
low usage then the cost of regulation is lower and vice versa.
If down-regulation is activated and the ventilation system’s
power consumption is increased then this causes additional
energy consumption which must be compensated. If the
ventilation system return air CO; concentration is higher than
the minimum possible CO; concentration then the goal is to
decrease the CO; concentration level by purchasing electricity
at a lower price. When the CO; concentration is low due to the
low or non-existent occupancy then down-regulation is
provided if the additional costs are compensated. Also, the
profit margin is included in the regulation price which is
dictated by the building owner.

In the simulation, the year 2022 balancing energy price,
Nord-Pool day-ahead, and manual frequency restoration
reserve (mFRR) activations in Estonia are used to calculate
the regulation price and determine the need to activate the
VES reserve. Maximum CO; generation is the maximum
value of the previous two weeks. The previous two weeks'
maximum balancing energy price is used for the regulation
cost on comfort. The profit will be split between the VES
owner and the aggregator and therefore the fixed profit margin
is 0.

Gf
G,
max (1 7)
M “C; o1-Ct foos™ . AP>0
kC/[mil_Cl,min tel~Ct fees™Cprofs

.ccomf+ Cpmf’ AP <0
price=



where  price; — the calculated regulation price at timestep ¢
(€/kWh),

Gnax— maximum CO; generation rate (m?/s),

Ceomr — the regulation cost on comfort (€/MWh),
Cprof — profit margin for regulations (€/MWh),

AP — change of power consumption during
regulation (kW),

C,e — electricity price including electricity market
price and electricity supplier margin at timestep ¢
(€/kWh),

Cifes — the sum of all the fees which include
transmission costs and taxes added to consumed
energy price at timestep ¢ (€/MWh).

III. OBJECT MODEL AND SIMULATION PROCESS

The VES methods are applied to the object model which
is constructed in IDA Indoor Climate and Energy (IDA ICE).
IDA ICE is a specialized simulation tool to imitate building
behavior and it has been validated according to the standards
EN 15255:2007, EN 15265:2007, EN 13791, and ASHRAE
140-2004. VES quantification methods are applied and
analysis is conducted in Matlab.

A. Object model

The object is a room that is a part of a single-story building
(Fig. 1). Air exchange is provided by an independent
ventilation system that is used in simulations. The ventilation
system is configured to operate at a constant air volume
(CAYV). The room floor area is 13.84 m? and the height is 2.7
m. For comparison purposes, this object is configured for two
use cases: office and apartment.

The room type is changed through changes in occupancy,
ventilation system operation schedule, and ventilation rate
(Table I). The occupancy schedule depends on the weekday
and time. Hourly occupancy schedule is acquired from the
standard EN 16798-1:2019 and accordingly, offices are not
used during weekends and nighttime which means that
building usage at this time equals 0.

Fig. 1. The room of a building used in simulations

TABLE L. PARAMETERS FOR SIMULATION
Parameter Symbol | Office | Apartment
Air volume in a building, m? v 37.4 37.4
Ventilation rate, I/s O 15.31 13.05
Occupancy, pers/m’ - 0.0588 | 0.0353
Minimum ventilation rate, 1/s Ohin 1.99 1.95
Maximum ventilation rate, 1/s Omnax 15.31 13.05
Minimum AHU power | Py 0.87 0.91
consumption, W
Maximum AHU power | P 254 21.6
consumption, W
Maximum CO, concentration, ppm | Ciimi 700 700

The standard EN 16798-1:2019 gives guidelines on how
to control the ventilation system during unoccupied periods. If
the ventilation system is shut off then the minimum amount of
air must be delivered to a building before occupation. This
minimum amount is 1 volume of the building that must be
ventilated within 2 hours. If the ventilation rate is lowered
during the unoccupied period then the total airflow for diluting
emissions from the building must be at least 0.15 1/(s'm?) in
all rooms. The ventilation rate of around 0.15 1/(s-m?) is also
used during regulations when ventilation system power
consumption is lowered. Depending on the selected standard
the CO, concentration limit can vary [19]. In this paper, the
CO; concentration limit of 700 ppm is selected which is the
lowest limit which is given by the standards. This will ensure
more data points where the concentration limit is reached.

B. Simulation process

The developed methods described in the previous section
are applied as a co-simulation between IDA ICE and Matlab.
The simulation process can be divided into stages (Fig. 2)
where each stage can be described as follows:

I The object model is configured in IDA ICE and the
occupancy and ventilation system operation schedule is
generated.

II  One year simulation is conducted and power, airflow, and
CO; concentration data are acquired with 5-minute
resolution.

Il The acquired data is processed in Matlab and all the
parameters which quantify VES are calculated. Based on
the year 2022 balancing energy price, day-ahead price, and
mFRR activations ventilation system operation schedule is
altered to imitate regulations.

IV One year simulation is repeated in IDA ICE with
regulations.

V  Data is acquired from IDA ICE and previously calculated
VES parameters are compared in the context of energy
capacity and cost reduction.

@ Creating schedule files and L
configuring the object
= B

A year-long simulation of a object

@ il

VES quantification and modifing AHU
schedule to imitate activations

G -]

A year-long simulation of
a object with activations

v

Results and the VES quantification
analysis

Fig. 2. Stages of the simulation process

IV. RESULTS

Unlike conventional energy storage systems the VES can
have SoC higher than 1 (Fig. 3). This is caused by the
preventilation effect and volatile building usage where the
CO; concentration can be lower than the estimated minimum



COs concentration. Since the selected system is CAV type the
ventilation rate is at a maximum which means that SoC is
stabilizing around 1.

ARMA (0, 4) model is suitable for CAV type of ventilation
system power capacity forecasting. The forecasting mean
absolute percentage error (MAPE) is around 1.2% for the
office and around 0.6% for the apartment. The forecasting root
means squared error (RMSE) is around 0.4 W for the office
and around 0.2 W for the apartment. Down-regulations are
only possible for the office type of room (Fig. 4) where the
ventilation system is scheduled to shut down during
unoccupied hours. During maximum occupancy hours, the
discharge power is decreased to achieve a 60-minute
regulation duration which for the apartment is always during
night hours (Fig. 5).

Office
Apartment

State of Charge

0.5 !
Monday  Tuesday Wednesday Thursday Friday Sunday Monday

Time [weekday]

Saturday

Fig. 3. One week state of charge of a VES
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Fig. 4. VES charge and discharge power of the office during a week
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Real consumption
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Fig. 5. VES discharge power of the apartment during a week

Residuals of energy capacity estimations are only
calculated for regulations where the CO, concentration
reached its limit which is less than the total number of
regulations conducted during the simulation. Only residuals
for up-regulation could be calculated (Fig. 6) since during
down-regulation the minimum CO; concentration was not
achieved. The energy capacity estimation MAPE is around
14% for the office and around 9% for the apartment. The
energy capacity RMSE is around 4 Wh for the office and 2 Wh
for the apartment. For the office, there are more over-
optimistic estimations that can be caused by the consecutive
regulations where the CO» concentration cannot recover. This
is a problem with this kind of simulation where estimations
cannot be adjusted when the next regulation is activated.

Price and mFRR activation data from the year 2022 are
used in simulations. Fig. 7 is an example of regulation prices
and activated energy capacity for Friday and Saturday. Since
the ventilation system is shut down during the weekend then
there are no up-regulations for the office and the tendered
price is 0.

The CO; concentration limit is reached at around 12% of
regulations in the office and around 5% for the apartment
(Table II). Since there are mainly up-regulations then the total
energy consumption during the year decreased by around 12%
for the office and 9% for the apartment. The cost of energy
decreased even more since the up-regulations generated
positive cash flow and also the amount of energy during the
regulation was left unconsumed. The total cost of energy was
decreased by around 35% for the office and around 30% for
the apartment.
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Fig. 6. Residuals of a VES energy capacity forecast for up-regulations
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Fig. 7. Prices and energy activations of up-regulation



TABLE IL. SIMULATION RESULTS

Parameter Office Apartment
Total number of up-regulations 412 856
Total number of down-regulations 3 0
Number of up-regulations where CO, | 49 44
concentration limit was reached

Number of down-regulations where CO, | 0 0
concentration minimum value was reached

Energy consumption without regulations 78 kWh | 186 kWh
Energy consumption with regulations 69 kWh | 169 kWh
The total cost of energy without regulations 29.80€ | 62.16 €
The total cost of energy with regulations 1931€ | 43.63€

V. CONCLUSIONS

This paper proposes methods to describe ventilation
systems as VES. These methods are used to model ventilation
system flexibility to provide services to the electric system.
These methods are tested on the object model constructed in
IDA ICE. The object model is roughly a 14 m? room that has
two use cases: office and apartment. The year 2022 electricity
price and mFRR service activation data are used to analyze the
performance of methods. The energy capacity estimation
method has a MAPE of 14% for the office and 9% for the
apartment.

A year-long simulation showed that by using a ventilation
system as a VES and providing flexibility service the system
operation costs can be reduced. The cost of consumed energy
is decreased by around 35% for the office and by around 30%
for the apartment. This creates a good incentive for building
owners to allow the aggregator to use their system for the
flexibility service. Compared to existing methods described in
research papers the developed methods described in this paper
are more complete where each VES parameter can be
calculated. The methods are based on physical principles
which are easier to follow and implement in the real system
compared to gray or black box models.

In future work, the VES quantification methods are
applied to real buildings, and the aggregation of multiple
buildings with different ventilation systems is employed. This
will generate more data to conduct a comprehensive analysis
of the methods’ performance.

ACKNOWLEDGMENT

This study was financed by the Doctoral School of Energy
and Geotechnology - III, supported by the European Union,
European Regional Development Fund (Tallinn University of
Technology’s ASTRA “TTU arenguprogramm aastateks
2016-2022” ). Additional support was received from the
European Commission through the H2020 project Finest
Twins grant No. 856602; and the Estonian Ministry of
Education and Research and European Regional Fund grant
2014-2020.4.01.20-0289.

REFERENCES

[1] Eurostat, “Renewable energy 2022.
https://ec.europa.cu/eurostat/statistics-
explained/index.php?title=Renewable energy_statistics#Share of re
newable_energy more_than_doubled_between 2004 _and_2020
(accessed Nov. 22, 2022).

[2] S. Mishra, H. Koduvere, I. Palu, R. Kuhi-Thalfeldt, and A. Rosin,
“Assessing demand side flexibility with renewable energy resources,”

statistics,”

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

EEEIC 2016 - International Conference on Environment and Electrical
Engineering, Aug. 2016, doi: 10.1109/EEEIC.2016.7555546.

S. Kerscher and P. Arboleya, “The key role of aggregators in the energy
transition under the latest European regulatory framework,”
International Journal of Electrical Power and Energy Systems, vol.
134, no. July 2021, p. 107361, 2022, doi:
10.1016/j.ijepes.2021.107361.

M. Cheng, S. S. Sami, and J. Wu, “Benefits of using virtual energy
storage system for power system frequency response,” Appl Energy,
vol. 194, . 376-385, May 2017, doi:
10.1016/J.APENERGY.2016.06.113.
A. Rahmoun, A. Armstorfer, J. Helguero, H. Biechl, and A. Rosin,
“Mathematical modeling and dynamic behavior of a Lithium-Ion
battery system for microgrid application,” 2016 [EEE International
Energy  Conference, ENERGYCON 2016, Jul. 2016, doi:
10.1109/ENERGYCON.2016.7513977.

R. Ahmadiahangar et al., “Energy Storage Expansion Planning in
Microgrid,” Proceedings - 2020 IEEE 14th International Conference
on Compatibility, Power Electronics and Power Engineering, CPE-
POWERENG 2020, pp. 433-437, Jul. 2020, doi: 10.1109/CPE-
POWERENG48600.2020.9161502.

A. Rosin, S. Link, M. Lehtla, J. Martins, I. Drovtar, and 1. Roasto,
“Performance and feasibility analysis of electricity price based control
models for thermal storages in households,” Sustain Cities Soc, vol. 32,
pp. 366-374, Jul. 2017, doi: 10.1016/J.SCS.2017.04.008.

K. Vijayalakshmi, K. Vijayakumar, and K. Nandhakumar, “Prediction
of virtual energy storage capacity of the air-conditioner using a
stochastic gradient descent based artificial neural network,” Electric
Power  Systems  Research, vol. 208, Jul. 2022, doi:
10.1016/J.EPSR.2022.107879.

S. Kumar, V. Krishnasamy, R. Kaur, and N. K. Kandasamy, “Virtual
Energy Storage-Based Energy Management Algorithm for Optimally
Sized DC Nanogrid,” [EEE Syst J, vol. 16, no. 1, pp. 231-239, Mar.
2022, doi: 10.1109/JSYST.2021.3050779.

Y. Ji, Q. Xu, K. Luan, and B. Yang, “Virtual energy storage model of
air conditioning loads for providing regulation service,” Energy
Reports, vol. 6, pp- 627-632, Feb. 2020, doi:
10.1016/J.EGYR.2019.11.130.

Y. Zhou, Y. Wu, Z. Dong, D. Fan, and S. Zhang, “TCL Aggregators
Based on Virtual Battery Model Participate in Energy Transaction,”
2021 IEEE IAS Industrial and Commercial Power System Asia, I and
CPS Asia 2021, pp- 633-638, 2021, doi:
10.1109/ICPSASIA52756.2021.9621565.

X. Zhang, W. Gao, Y. Li, Z. Wang, Y. Ushifusa, and Y. Ruan,
“Operational performance and load flexibility analysis of japanese zero
energy house,” Int J Environ Res Public Health, vol. 18, no. 13, Jul.
2021, doi: 10.3390/IJERPH18136782.

J. Wang, S. Huang, D. Wu, and N. Lu, “Operating a commercial
building HVAC load as a virtual battery through airflow control,” /EEE
Trans Sustain Energy, vol. 12, no. 1, pp. 158-168, 2021.

H. Hao, Y. Lin, A. S. Kowli, P. Barooah, and S. Meyn, “Ancillary
Service to the grid through control of fans in commercial Building
HVAC systems,” [EEE Trans Smart Grid, vol. 5, no. 4, pp. 2066-2074,
2014.

J. Wang, S. Huang, D. Wu, and N. Lu, “Operating a commercial
building HVAC load as a virtual battery through airflow control,” JEEE
Trans Sustain Energy, vol. 12, no. 1, pp. 158-168, 2021.

V. Maask, A. Mikola, T. Kordtko, A. Rosin, and M. Thalfeldt,
“Contributions to ventilation system demand response: A case study of
an educational building,” E3S Web of Conferences, vol. 246, Mar.
2021, doi: 10.1051/E3SCONF/202124611001.

V. Maask, T. Haring, R. Ahmadiahangar, A. Rosin, and T. Korotko,
“Analysis of ventilation load flexibility depending on indoor climate
conditions,” Proceedings of the IEEE International Conference on
Industrial Technology, pp. 607-612, 2020.

S. Rotger-Griful, R. H. Jacobsen, D. Nguyen, and G. Serensen,
“Demand response potential of ventilation systems in residential
buildings,” Energy Build, vol. 121, pp. 1-10, 2016.

G. Wei et al., “A review and comparison of the indoor air quality
requirements in selected building standards and certifications,” Build
Environ, vol. 226, p. 109709, Dec. 2022, doi:
10.1016/J.BUILDENV.2022.109709.



Publication IlI

Maask, V., Mikola, A., Kordtko, T., Rosin, A., Thalfeldt, M. (2021), “Contributions to
ventilation system demand response: a case study of an educational building,” Cold
Climate HVAC & Energy 2021 (1-6). E3S Web of Conferences.

143






E3S Web of Conferences 246, 11001 (2021) https://doi.org/10.1051/e3sconf/202124611001

Cold Climate HVAC & Energy 2021

Contributions to ventilation system demand response: a case
study of an educational building
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Abstract. The increasing share of volatile renewable energy in the electricity grid increases the importance
of load flexibility and Demand Response for balancing electricity supply with demand. Flexible loads in
office buildings (e.g. educational buildings) are heating, ventilation, and air conditioning (HVAC) systems.
This paper focuses on ventilation systems as flexible loads for providing ancillary services to the grid. A
number of studies consider ventilation system control based only on demand or discuss possibilities of
improving system performance. Previous studies provide little or no information about ventilation system
flexibility, e.g. amount of power modulation, the rate of change, and the duration of how long the power
level can be held. The described information is required by aggregators to provide load aggregation services
for transmission system operators (TSO). This paper proposes a robust and model-free approach to estimate
ventilation system flexibility according to CO2 concentration in extracted air. The proposed approach
includes power regulation boundaries for the ventilation system and duration estimation when operating at
the selected boundary. A case study is conducted on a ventilation system, which services an auditorium of
an educational building. The current paper analyzes the proposed robust approach for estimating ventilation
system flexibility and compares estimation to measured results.

1 Introduction

By introducing distributed volatile renewable energy
generation to the electricity grid the balance between
electricity supply and demand is becoming difficult to
maintain and predict. This is the reason why Demand
Response (DR) as a source for energy flexibility is
becoming important to provide ancillary services to the
grid to maintain system stability. Flexibility can be
characterized by the amount of power modulation, the
duration of forced power level, the rate of change, the
response time, location, etc. [1].

According to the European Commission buildings
consume around 40% of the energy produced in the
European Union [2]. In commercial buildings, heating,
ventilation, air conditioning, and lighting systems are
the biggest energy consumers, where ventilation
systems alone account up to 12% of the overall energy
consumption [3]. While the usage of heating, cooling,
and lighting is dependent on ambient conditions, their
utilization in DR programs can be limited. Nonetheless,
the thermal capacity of a building and its use to provide
flexibility has been studied in [4], [5]. Ventilation
systems on the other hand, are well suited to provide
ancillary services to the grid. The load flexibility of
ventilation systems is dictated by indoor air quality
(IAQ) as it must provide the defined minimum
requirements for indoor climate at all times. The
standard CEN/TR 16798 states minimum requirements

* Corresponding author: vahur.maask@taltech.ee

for three main [AQ parameters: CO, concentration,
temperature, and humidity.

The use of ventilation systems for providing load
flexibility has been of elevated interest of research.
Studies [6], [7] consider temperature based ventilation
control to provide grid services. A ventilation system is
considered as virtual battery storage in [6] where
physics-based thermal models and machine-learning
techniques are combined to achieve the required power
level. In [7] HVAC system was studied to provide
frequency regulation services where it was found that
15% of the rated fan power can be used to provide grid
services without jeopardizing occupants’ thermal
comfort. The potential use of a ventilation system in DR
is discussed in [8], where the authors state that a single
13 kW ventilation system in a 12-story apartment
building can provide 4.5 kW of power increase and 1.0
kW of power reduction when needed without
compromising IAQ. Ventilation system shutdown when
needed is discussed in [9] where it is found that CO;
concentration has the highest impact on ventilation
system flexibility and the minimum duration for a
residential building with a space volume of 100 m? is 5
minutes. Mikola et al. [10], [11] have shown that the
COs-based tracer gas methods are suitable for the
ventilation performance evaluation and they have
also confirmed that in many cases the fully mixed
ventilation is achieved.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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The studied literature does not consider all
parameters that characterize flexibility and proposed
methods for harvesting flexibility are tailored to function
in specific systems, which means it is not universally
applicable in other types of systems. One mentioned
approach was to use machine-learning techniques, but to
implement this approach, a vast amount of data is
needed. This paper diminishes the lack of research in the
given field by proposing a universal, model-free, and
robust method to estimate ventilation system flexibility.
Mass balance analysis is used to estimate a ventilation
system load flexibility based on CO; concentration. This
approach can be used in parallel with machine-learning
methods to immediately include the selected ventilation
system into an aggregator’s portfolio, which can
afterward be taken over by artificial intelligence. The
paper is organized as follows: in section 2, the
experiment setup for conducting the case study and the
method for estimating ventilation system flexibility are
given, and section 3 discusses the results of the
conducted case study.

2 Method

This paper is based on a case study conducted in an
auditorium of an educational building and the
ventilation system servicing it. In this chapter, the
equipment used to conduct this case study and the
methodology to estimate load flexibility for the
ventilation system is covered.

2.1 Experiment setup

The case study was carried out in an auditorium of a
building at the Tallinn University of Technology. The
experiment included a ventilation system that was
servicing only the selected auditorium. The floor area of
the selected auditorium is 224.5 m? and the estimated
volume of indoor air is 1122.5 m®. The maximum
occupancy of the auditorium is 200 persons and the
designed ventilation rate is 1.76 m3/s. The minimum
allowable ventilation rate was set by the fan drive
frequency of 17 Hz which is around 0.48 m%/s.

A pollution source, a CO; cylinder with accessories
to measure and regulate gas flow, was placed in the
center of the auditorium. The CO, cylinder was
weighted before and after the experiment to estimate the
average CO, generation rate during the experiment. An
air mixing fan was placed close to the CO, gas outlet to
introduce a vertical component into CO; pollution and
to assist in mixing the air (Figure 1). The use of a mixing
fan was required due to the low temperature of the
injected CO; gas that does not mix well with indoor air,
while the air exhaled by persons is warmer and has
better mixing properties. Fresh air is introduced to the
auditorium from beneath the floor with multiple fresh
air inlets and polluted air is extracted from above with
one air duct which can be located in Figure 1 at the right
part of the room plan.

TAQ loggers were placed into the auditorium marked
as LGRI to LGRI3 that are located at the height of
around 0.8 m, except LGR6 that is installed on the

extract air outlet at the height of around 3 m. The level
of CO, was measured using the Evikon E6226
measurement unit (CO; level 0 to 10000 ppm). These
loggers are added to have a better overview of CO,
distribution inside the auditorium, but they are not used
to estimate the ventilation system flexibility. Ventilation
system flexibility estimations use only a single CO;
concentration sensor located in the extract air duct,
which is the preferred placement for such sensors in
most ventilation systems. The described flexibility
estimation methodology can be applicable for most
ventilation systems with minimal investments.
e
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Figure 1. The auditorium and measurement equipment layout.

A mechanical ventilation system is used to change
the auditorium air, where two fans are used to supply
fresh air and to extract polluted air (Figure 2). The
system also includes rotary heat recovery which was set
to operate at a maximum rotational speed. The
ventilation system also includes air filters, preheating
and -cooling of the supply air that are not included in
Figure 2.
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Figure 2. The ventilation system layout with added
measurement equipment.

Airflow rates for extract and supply air were
measured with a timestep of 1 minute. To measure the
airflow, a multifunction indoor air quality meter Testo
435-4 (differential pressure 0 to 250 Pa and accuracy +1
Pa) was used. One IAQ logger was installed into the
extract air duct which measures extract air CO;
concentration with a timestep of 1 minute. Each fan
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speed is regulated with frequency converters FC/ and
FC2 where each fan drive is powered from the
distribution board. Each fan power consumption is
measured separately with one electricity meter
BFM136. This electricity meter complies with accuracy
requirements stated in IEC 62053-22 for class 0.5S. The
time interval for power consumption measurements is
selected to be 2 min.

2.2 Flexibility prediction

Two main parameters that need to be predicted for
flexibility estimation are (a) the amount of power
modulation and (b) the duration of how long the power
level can be held. The amount of power modulation can
be estimated based on historical data where the
assumption that each day the ventilation system is
operating with the same load pattern is made. The
amount of load modulation can be expressed as the
available power increase Pic or decrease Pgec which can
be calculated as follows:
Pinc:Pmax'Pi (N
Pdcc :Pi - Pmin @

where Prax and Pmin are ventilation unit power
consumption at maximum and minimum ventilation rate
which in this study are named as forced ventilation rate
(FVR). The power consumption of the ventilation
system at the time i is expressed as P;.

The duration for the selected power level is defined
by IAQ, where the CO; concentration is measured to be
used in estimations. The standard CEN/TR 16798-2
states limit conditions for IAQ, where the maximum
allowable CO, concentration for educational buildings
is around 1100 ppm.

A mass balance analysis can be used to estimate CO»
concentration in a space where the assumption is made
that CO;, concentration can be expressed as a single
variable C. The change of CO; concentration in a given
space is dependent on CO; generation (G), ambient CO»
concentration (Co), ventilation rate (Q), and the space
volume (V). The mass balance equation for mixing
ventilation can be expressed as follows [8]:

dC
VE =G+0C,-0C 3)

CO, generation must be known to estimate
ventilation system flexibility. Based on measurements
CO; generation rate can be calculated as shown in (4).
This equation is derived from (3) and is put into a
discrete form which is more suitable for a control
system.

_ V(G- Gy)

G;
! At

0 (G - Q) @

Knowing the CO2 generation rate at a given
timestep, estimation for ventilation system flexibility
according to CO; concentration can be made as shown

in (5). When the ventilation system is working at the
minimum ventilation rate to provide power decrease
then CO; concentration starts rising until the upper limit
is reached. Therefore, (5) can be used to estimate the
duration when the CO, concentration in a space will
reach its boundary. The main restriction for the duration
when the ventilation system is operating at lowered
power consumption is the upper limit of CO,
concentration. There is no lower limit for CO;
concentration, which means that there is no limitation to
increase ventilation system power consumption in the
CO; concentration perspective.

= V' (Cimic - C)
i Gt Cimi = 2Gy ®)
Gi : Qmin 2

CO; concentration and airflow measurements can
have fluctuations that do not correlate due to
disturbances or measurement reading lag. This will
cause unrealistic flexibility estimations (e.g. estimated
duration for FVR is infinitely long). To have a good
estimation, these values must be filtered. In this paper,
the maximum duration 7max is chosen to be 5 hours,
which was selected based on the results of the case
study. All estimations that exceed this limit are
considered unreasonable and will be replaced by an
alternative estimation based on the average CO,
generation during the last 5 minutes, which can be
calculated as follows:

n
1
T2 Tinax = Gi: ;Z Gi»k (6)
k=1

The same principle as described previously is used
when unexpected negative CO; generation is detected at
times the ventilation system is forced to operate at a
minimum rate. The CO; generation data of the previous
5 minutes will be used to calculate the new duration
estimation and also the next CO; concentration, using

3).

3 Results

In this section, results from the power consumption
measurement of the selected ventilation system are
discussed to estimate the amount of power modulation
available at each hour of the day. A case study is
conducted to estimate the duration of how long FVR can
be held until the CO, concentration reaches its limit.
Based on acquired data the proposed method to estimate
the ventilation system flexibility can be studied.

3.1 Amount of power modulation

The available amount of power modulation can be
estimated statistically based on historical data. In this
study, the ventilation system was monitored for one
week from 23 November to 30" November 2020.
Results show that the ventilation system is operating
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with the same schedule on all days, including weekends
(Figure 3). The ventilation system is scheduled to
operate at the maximum rate between 7:00 and 22:00
which means that between this time window ventilation
system power consumption can only be decreased. The
ventilation system is operating at the minimum rate
between 22:00 and 7:00 which means that during this
time the ventilation system power consumption can only
be increased. Transitions from maximum rate to
minimum and vice versa conducted at 7:00 and 22:00 do
not happen immediately which causes outliers in the
data.
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Figure 3. Studied ventilation system power consumption
during one day.

During the operation at maximum ventilation rate,
the average power consumption of the ventilation
system was around 4.77 kW, where the maximum
deviation of 0.56 kW was metered between 9:00 and
10:00. During the operation at the minimum ventilation
rate, the average power consumption of the ventilation
system was around 0.35 kW, where the deviation
between the maximum and minimum value was less
than 0.1 kW. Based on the measurements carried out, it
can be estimated that the amount of power modulation
for the selected system is around 4.42 kW.

3.2 Case study

A case study was conducted on the 9" of October,
where the ventilation system that services an auditorium
of an educational building was switched from normal to
minimum operation (Figure 4). The objective was to
reduce the power consumption of the system and to
estimate the load flexibility. The case study was divided
into events where one disturbance caused by the mixing
fan was added (Table 1).

The average power consumption of the ventilation
system before switching it to the minimum rate was
around 4.88 kW which corresponds to the airflow rate
of approximately 1.79 m?/s. Calculated specific fan
power (SFP) before the FVR was around 2,73
kW/(m?/s). During operation at the FVR, the system
power consumption was around 0.34 kW, which
corresponds to the airflow rate of approximately 0.48
m?/s. Calculated SFP at the FVR was around 0,71
kW/(m?/s). According to the standard EN 13779, SFP
should be less than 2.0 kW//(m?/s), which means that the
ventilation system has poor efficiency at maximum

ventilation rate. The ventilation system took around 90
seconds to reach from one power level to another which
means that the rate of power change was approximately
50 Wis.

Table 1. The case study events and schedule.

Event Description Time

1 Start of the experiment, CO2 gas 11:52
injection into the auditorium
11 The ventilation system is switched to the | 12:44
minimum rate

1 Start of the disturbance, the CO2 gas 13:03
mixing fan is switched off
v End of the disturbance, the CO2 gas 13:14
mixing fan is switched on
\% The maximum allowable CO2 13:39
concentration of 1100 ppm reached
VI End of the experiment, the ventilation 13:46

system is returned to normal operation

Power [kW]; Airflow rate [m 3/s]

Airflow rate

0
11:30 12:00 12:30 13:00 13:30 14:00
Time [hh:mm] Oct 09, 2020

Figure 4. The ventilation system power consumption and
airflow rate during the experiment.

The experiment started at 11:52 with the opening the
valve for the CO; cylinder (Figure 5). During the
experiment, the CO, gas flow rate into the auditorium
was kept around 22 I/min which is roughly equal to the
CO; generated by 66 persons, which corresponds to 33%
of room usage. At 12:44, the ventilation system was
switched to operate at the FVR. The time before this
action was used to stabilize the CO, concentration in the
auditorium and to estimate the time duration of how
long the ventilation system can be held at the minimum
rate. At 13:03 the mixing fan for CO; gas was switched
off and at 13:14 its operation was restored. This caused
a temporary decrease of CO; concentration in extract air,
which was the result of poor CO; gas mixing in the
auditorium air. The flexibility estimation algorithm
identified this event as an unexpected negative CO,
generation rate and started to calculate the CO;
concentration in the auditorium based on the CO;
generation data of the previous 5 minutes. This part of
the algorithm is only activated when the ventilation
system is forced to operate at a certain rate that is below
normal operating condition to achieve a decreased
power consumption.

The boundary for CO2 concentration was reached at
13:39 after which the ventilation system operated for 7
minutes at the lowest rate. At 13:46, the ventilation
system was set to operate at the normal rate and the
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valve for the CO; cylinder was closed, which marked the
end of the experiment. Poor mixing of the CO, gas with
the air inside the auditorium resulted in a high CO;
concentration. The build-up of the CO, concentration is
not expected when the CO» is generated by people inside
the auditorium instead of a gas dispensing system.
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Figure 5. CO:2 concentration in extract air during the
experiment.

The amount of power modulation achieved in the
experiment in accordance with the analytical estimation
shown in Figure 3. The duration of the period where the
CO, concentration reached or exceeded boundary
conditions was around 55 minutes. The estimated
duration which was calculated at 12:44 was around 53
minutes, which means that the error of the estimation
was 2 minutes or 4%. The initial estimation method for
reduced operation duration produced fluctuating results,
which is why a moving-average filter was implemented
(Figure 6). The window of length of the filter was set to
3 minutes that smoothed larger fluctuations and did not
cause significant lag from the initial estimation. The
measured duration shows how much time was left until
the CO; concentration boundary was reached from the
start of the FVR. At 13:07, the algorithm detected an
unexpected negative CO, generation rate, which meant
that the CO; concentration level was estimated and the
measurements did not affect the duration estimation.

The estimated CO; concentration reached the boundary
of 1100 ppm before it was measured which is why the
estimations are lower than measured results.
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Figure 6. Measured and estimated durations for forced
ventilation rate.

In this paper, IAQ loggers located inside the
auditorium were used to have an overview of conditions
in the auditorium during the experiment. During normal
operation, it was found that there is a weak positive
correlation with a coefficient of approximately 0.48
between the CO; concentration measured inside the
extract air duct and the average CO, concentration
inside the auditorium. It can be seen from Figure 7 that
during the ventilation system normal operation the
extract air CO, concentration was in the range of CO,
concentration inside the auditorium measured in
multiple points. During the period when the ventilation
system operated at the FVR CO;, concentration
measured inside the extract air duct and average CO;
concentration inside the auditorium did not correlate,
which can be also seen from Figure 7. This can be
caused by poor mixing of CO; gas in the auditorium or
inertia between the auditorium and the extracted air
measurements. To have a better understanding of the
reasons this experiment should be repeated with real
persons, where thorough planning and ethical reasons
should be addressed.
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Figure 7. CO> concentration in the auditorium and the extract air.
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4 Conclusion

In this paper, a method to estimate ventilation system
load flexibility was proposed. To test the method, a case
study was conducted in one auditorium of an
educational building, where air exchange was provided
by one ventilation system. The case study included the
investigation of ventilation system power consumption,
the impact of FVR on the CO, concentration, and how it
affects flexibility. Three main flexibility parameters
were considered: the amount of power modulation, the
rate of change, and the duration how of long the
minimum power level can be held.

The amount of power change was estimated with
statistical analysis and it is found that during
measurements ventilation system operated at two
scheduled power levels. During daytime or working
hours the ventilation system is operating at the
maximum ventilation rate which corresponds to
approximately 4.77 kW. During night hours the
ventilation system operates at the minimum rate and the
power consumption is around 0.35 kW. This means that
available power modulation is around 4.42 kW, but
according to the schedule, the ventilation system power
consumption can only be decreased during the daytime.
The rate of change was measured during the experiment
and it is found to be around 50 W/s for the selected
system.

The duration of how long FVR can be held is based
on mass balance analysis. Firstly, the CO, generation is
calculated based on the extract air CO, concentration
change, airflow rate, and space volume. Secondly, based
on the calculated CO, generation rate estimation for the
duration is made. High fluctuations and unrealistic
estimations are filtered out. The experiment showed that
with 33% of auditorium usage the ventilation system can
operate at the minimum rate for 55 min while the
estimated duration was around 53 min. To keep the
developed method robust and applicable for different
ventilation systems, only one CO, sensor in the extract
air duct of the ventilation system is used, thus the
developed method does not consider non-uniformity in
CO; concentration. It is the distinct aim of the authors to
avoid the limitation of the developed method to only
selected ventilation systems, due to alternating locations
of the CO; sensor. Based on the results, the proposed
method can be used to estimate ventilation system
flexibility.

Future work considers more ventilation systems and
buildings to have a higher amount of available power to
regulate. Typically, ventilation systems are configured
to operate according to building occupancy, thus to have
sufficient load flexibility available, commercial and
residential buildings should be combined. In the study
pollution source was CO, gas which was injected into
the auditorium from the gas cylinder, but in further
studies, heaters should be added to introduce conditions
that are closer to reality. Method to estimate duration
will be improved by considering the inertia in CO,
concentration, adding historical data to the estimation,

and including multi-zone ventilation systems, where
estimations can be based on the highest CO,
concentration zone. Also, changing the CO,
concentration limit according to a space size, air
exchange type, and airflow rate should be addressed in
further studies.

This work was supported by Estonian Centre of Excellence in
Zero Energy and Resource Efficient Smart Buildings and
Districts ZEBE, grant 2014-2020.4.01.15-0016 funded by
European Regional Development Fund. This work has also
been supported by the European Commission through the
H2020 project Finest Twins (grant No. 856602).
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Abstract. The energy performance assessment of buildings during design is usually based on energy
simulations with pre-defined input data from standards and legislations. Typically, the internal gain values
and profiles are based on EN 16798-1. However, studies have shown that the real electricity use of plug load
and lighting varies more smoothly than in the profiles of EN 16798-1 where zero occupancy outside working
hours is assumed. This might result in sub-optimal building solutions due to inadequate building
performance simulation input data. The aim of this work is to structure and analyse data from a total of 196
electricity meters in 4 large office buildings in Tallinn, Estonia. Typically, 3 to 8 electricity meters were
installed per floor with the consumption coming mainly from plug loads and electric lighting. The data had
been gathered between the years 2016-2020 with either 1 or 24 hour time steps, depending on the building
and the electricity meter. 3 out of the 4 buildings had an average normalized energy usage slightly below
the modelling value calculated according to EN16798-1. Some office spaces stood out with an abnormally
high electricity consumption; however, the 24-hour distributions were fairly compact, meaning quite steady
consumption patterns. When looking at the dispersion of energy consumption per 24h, averaged over all
given offices in a building, no outliers stood out, either. This means that there are not many days when the
average consumption and internal heat gains of all offices were simultaneously well below the mean.
Additionally, major events like holidays and the COVID19-induced lockdown show up well on the graphs,
but also planned changes in occupancy can be seen.

1 Introduction

Office buildings are well known to consume about 40%
of the total energy share of the European building sector
[1]. As the European Union (EU) has set long-term
targets to reduce carbon emissions and energy
consumption significantly, improving the energy-
efficiency of office buildings is a priority. To this aim,
researchers and designers are now focusing on structural
improvement as well as on smart technologies, which
can align building operation and occupants’ needs.

Such alignment is a crucial characteristic of modern
approaches: the heating system is now viewed as a
means for temperature control rather than just emitting
heat to rooms. It has been indeed demonstrated that
internal and solar heat gains of intermittently operated
buildings such as office buildings (OB) can cover the
majority of heat losses [2].

This happens because heat gains from people,
equipment and lighting as well as ventilation heat loss
have a large impact on heat balance. The fluctuating heat
gains and non-demand based ventilation operation make
the thermal behaviour dynamic. This is not accounted
for in the current design methods, whose conservative
and simplistic approach of accounting heat gains results

* Corresponding author: andrea.ferrantelli@taltech.ee

in over-dimensioned and sub-optimally operated
systems. On the contrary, the dynamics of heat balance
and energy performance of a modern OB require a fairly
complex analysis to be performed with advanced
computational  methods.  Building  performance
simulations (BPS) provide a powerful tool in this sense
already at the design stage: for instance, in Estonia it is
mandatory to use dynamic (namely, hourly-based) BPS
for calculating the Energy Performance Certificate
(EPC) of commercial and residential buildings.

Unfortunately, even with simulations there often exists
a sizeable difference between calculated and actual
energy performance of buildings. Cali et al. [3]
demonstrated that the consumed energy can be up to 3
times larger than the calculated estimates; occupants’
behaviour was identified as one of the causes of the
performance gap in addition to errors in installation and
operation of the buildings. Several studies have
therefore developed modelling strategies based on the
monitored use of OBs, focusing either on occupancy [4],
lighting [5] or plug loads/computers [6] measurements.
It became immediately clear that the real electricity use
of plug load and lighting varies more smoothly than in
the profiles of default occupancy schedules building
codes and standards, such as the EN 16798-1 [7], where
zero occupancy outside working hours is assumed. More

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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often than not, plug loads and lighting consumption are
indeed sizeable also outside occupied hours [8] [9];
significant variances between daily electricity uses of
single occupants or office rooms do exist as well. It is
thus necessary to track the OB’s energy use during the
entire 24 hours period, and to study how the
measurements correlate  with more sophisticated
occupancy schedules. This knowledge can then be
implemented into accurate BPS for guiding simulation-
based design decisions. Reducing the size and cost of
heating and cooling systems, simultaneously increasing
their efficiency, will then lead towards a new generation
of dynamic sizing methods for the heating and cooling
of office buildings.

In this paper we lay down such experimental
groundwork, which is critical for identifying the typical
use of equipment and lighting in office buildings in
order to develop methods for e.g. integration into
building simulations in order to reduce energy use,
improve tenants’ comfort, building flexibility etc. The
aim of this work is structuring and analysing data from
a total of 196 electricity meters in 4 large office
buildings in Tallinn, Estonia. Three to eight meters were
installed per floor, monitoring plug loads and electric
lighting. The data had been gathered between the years
2016-2020, with either 1 or 24 hour time steps
depending on building and electricity meter.

Table 1 List of relevant properties for all the buildings.

Properties A B C D
No. of floors (total)| 13 13 8 13
Monitored floors 7 12 8 12
Zones per floor 4 4 6 8

Total area 4938.318508.2|4052.0| 13989.6
monitored (m?)
Customer service

nr. of offices 4 2 3 5
% 19% | 11.8%| 7.5% | 4.2%
Administrative
nr. of offices 9 11 33 107
% 42.9% | 64.7% | 82.5%| 89.9%
IT
nr. of offices 8 4 4 7
% 38.1%1(23.5%| 10% | 5.9%
Total 21 17 40 119
Meas. points (total)| 32 48 50 102
Outlier % 5.09 | 11.91 | 5.01 9.91
Resolution 0.001 | 0.001 1 1

Original data unit |[kWh/h|kWh/h| kWh | kWh

Start date 2019-{2019- | 2017- | 2018-
01-01 | 01-01 | 12-08 | 01-05
End date 2019- | 2019- | 2020- | 2020-
12-31 | 12-31 ] 03-07 | 03-07

2 Methods

In this section we describe the datasets acquisition and
structure, data preprocessing and methods of statistical
analysis.

0.04 COVID-19

Figure 1 Raw data for Building A.

2.1 Datasets acquisition

This study is based on electricity consumption data
acquired from four office buildings located in Tallinn,
Estonia (Table 1).

Each floor of any building was divided into zones
where electricity consumption was metered separately;
most of the floors follow a standard layout, only the first
and second floor have a larger area.

Each measurement point had three-phase electricity
meters that were compatible with a 230/400 VAC
voltage system. Measurements were performed with
class B meters conforming to EN 50470-3, which had
been installed during the construction of the building.
The data acquired from the meters was stored in a
building management system from which it could be
downloaded into a CSV file.

The amount of data from each building ranged from
11 to 27 months. The time resolution of the data was
preset by the building management system operator; two
buildings displayed hourly data and the other two had
daily data (Table 1).
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Figure 2 Raw data and outlier predictions for Building B.
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2.2 Data preprocessing

2.2.1 Data format

A detailed overview of the building-specific
parameters, including floor areas, measurement point
counts and time ranges is given in Table 1. The original
data came in two types of formats. For Buildings A and
B, this was a non-cumulative series of hourly kWh
consumption readings with 0.001 kWh resolution, for
Buildings C and D it was a cumulative series of daily
kWh readings with 1 kWh resolution.

The data of Buildings C and D was then converted to a
non-cumulative series (kWh/24h) by calculating the
differences of two contiguous entries.

In order to give the finalized consumption values in
units per square meter, the project documentation of the
buildings was used to gain information about the
serviced floor areas for each electricity meter. The
official areas were given with 0.1m? precision, however,
since there were some inconsistencies, we fixed the
estimated error at 1m?.

2.2.2 Data cleanup

As a first step, some periods of data were left out
based on existing knowledge about building occupancy
(see Table 1). A few electricity meters, which according
to the project documentation were labelled as ordinary
office meters, were also excluded, since their behaviour
and power consumption were significantly different
from a typical office meter’s pattern, possibly
monitoring the consumption of some mechanical
equipment.

The COVID-19 impact could also be seen in the
graphs as the power usage significantly dropped from
March 2020 onwards (Figure 1), so the latest cut-off
date for all buildings was set to March 7", 2020.

After visualizing the time-series graphs of used
power (kW), numerous other problematic time periods
showed up, as in Figure 1. These were either affected
by stuck readings or by abnormally high peaks. The
reasons for such errors could have likely originated from
the BMS (Building Management System). One possible
explanation for such peaks is the accumulation of used
energy while the BMS was shut down since most
electricity meters do not log energy consumption with a
timestamp. There is also a possibility of external
interference in the measurements caused by
electromagnetic compatibility issues or poor error
mitigation inside the BMS. However, these eventualities
have not been verified in the current scenario.

For further analysis of anomalous behaviour and
outliers, an algorithm was developed to remove
potentially bad data points. Some parameters were
adjusted slightly for a couple of buildings for more
optimal detection, but the general method is as follows,
in the given order:

« If the reading of a single electricity meter at any
given time is significantly different from the mean of all
meters at that time, exclude the slice. This is necessary

to avoid losing outliers after the data has been averaged
across a building.

« This step applies only to Buildings A and B (1h
timestep). If more than half of the meters show static
behaviour, exclude the slice. This is again necessary,
since there appeared to be numerous small stops in the
readings of individual electricity meters, additionally to
the large, synchronized freezes mentioned before.

» Calculate the average consumption across a
building at any given time.

 Group the averaged data by weekdays (and hours,
if applicable) and exclude points where the value is
further than 2 standard deviations of that group’s mean.

* Create a combined score of first and second
absolute differences of the series, where the second
difference has a slightly higher weight. Exclude points
where the combined score exceeds a threshold. This
helps to remove smaller peaks and abrupt changes.

After visualizing the predictors with this method,
some additional time periods stood out with poor
behaviour, as can be seen on the left side of Figure 2,
thus they were left out.

2.2.3 Conversions for distribution analysis
(Buildings A and B)

The data for power consumption distribution
analysis were given in units kWh/(24h-m?) for
compatibility. This has already been achieved with
Buildings C and D, but conversion was needed for
Buildings A and B.

Since the data had been cleared of outliers, simply
summing up the hourly readings of each day could have
returned lower than actual results, due to missing values.
However, excluding all days that have any missing data
would result in a huge loss of data; to reduce the number
of lost days, a linear forward interpolation of maximum
four hours was thus applied before excluding days with
any missing values.

2.2.4 Statistical data analysis

The cleaned-up data were processed with the software R
[10] through various packages that allowed exploring
distributions as well as performing normality and
correlation tests. For Buildings A and B, the 1-hour data
were used for daily and weekly analysis, while the
monthly assessment used hourly data that were averages
of all Mondays, Tuesdays etc. of that month. These
correspond to the “average” or “representative” days
that are addressed in the next Section.

3 Results

3.1 Boxplots of daily consumption

3.1.1 General

The plots in Figure 3 to Figure 6 show distributions
of datapoints in kWh/(24h-m?) of each measuring point
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in a building. The whiskers of the boxplot are drawn at
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5% and 95" percentiles. Green triangles represent T et
arithmetic means and green lines represent medians. 033
The red, dashed horizontal line represents the 030

reference value used for modelling energy consumption
of office buildings, calculated according to EN16798-1
[7]. The value is 0.1089 kWh/(24h-m?), which assumes
power consumption of 0.018 kW/m? (0.006 for lights

o
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and 0.012 for equipment) at an average usage level of 013
55%, over an 11h period in a day. The blue horizontal 0.10 4
line represents the calculated average consumption of
the selected offices in a building. 00 EE
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3.1.2 Analysis

For Buildings B, C and D the average falls only Figure 4 Boxplots for Building B.
slightly below the reference value, but for Building A - -
the average consumption is significantly higher. It SNt T o6 3 § 5o
seems that most of the monitored offices in Building A 0.35 ? alllg 9 g
have an average consumption above the reference value, o b gg 03
so the high average is not caused by any outstanding =0 °2 ol % al ]2
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offices. On the far right, a column called “AVG” shows
the distribution of average daily consumption values of
all the measurement points combined. The variance is
quite small, compared to the variance of all other offices Figure 5 Boxplots for Building C.
in that given building.

This means that there are no large, synchronized
swings in the building’s total consumption, which can
also be seen in Figure 2 in the graph “mean and clean”.

LD COTIOANMEHNEOTNO MO OO
N A

[T Y T T T T T T T T T T T e e i)

0.40 + — offices average
—-- EN16798-1

0.35 g

et
He

=3
-
w

kWh/(24h * m?)
(=] o o
N N ()
s & 8
=
P OO
i =}
i
10N O
-
1 HemD
| iama 53
P
e
>
[ ————— R}

o o
o =
G o
O -om
o —> lam
ami———» a0
- ¥ T-ewoo
om——Teo
L g
-
Lt
D

L e s T e AL A e p e s

Figure 3 Boxplots for Building A.
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Figure 6 Boxplots for Building D consumption was recorded in March, followed by
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Figure 7 Cumulative daily power consumption, 2019 monthly
breakdown for all buildings.

3.2 Monthly analysis and seasonal variations

For each of the four buildings, a monthly
breakdown of weekday cumulative consumption
[Wh/m2] for the year 2019 was computed. This was
obtained, for buildings A and B, by adding all the
average hourly values; for buildings C and D cumulative
daily values were averaged (24h time step for the data).
The result is plotted in Figure 7 for each building.

Considering the full interval 2016-2020, small
differences among the years do exist, whilst the overall
pattern does not change qualitatively. Consumption is
higher in the Autumn and Spring months, not during the
winter as generally expected. For each case, we found
very little correlation between climate and tenants
consumption: let us remind that only plug load and
lighting consumption were monitored, not heating.

Let us consider Building A as an example: a Pearson
correlation test returned 0.999 for January versus June,
showing a high correlation between winter and summer
months. This was confirmed by a Kendall test (more
sensitive than the Pearson test) as well.

Furthermore, the same test provided -0.69 and -0.68
for tenants consumption versus, respectively, measured
sunshine duration and daily external temperature, which
is indicative of a weak correlation. For 2019, the largest

October and November.

It is interesting to investigate the role of sunshine
duration more into detail, since our data addressed both
equipment plug load and lighting. Since sunshine
duration accounts for cloud coverage, differently from
daylight hours, it can influence switching lights on and
off. A plot of daily average power consumption in
function of measured monthly sunshine hours is given
in Figure 8 for Buildings A and B, and in Figure 9 for
C and D. For Building B we used January 2020 data, as
the January 2019 data were not sufficient for the
statistics. Remarkably, January 2020 was as sunny as
March 2019, namely over 3 times sunnier than January
2019. It was also much warmer, with average T=3C
versus -3C in 2019. Yet, its average daily consumption
was 10% larger than February 2019 (T=1C) and March
2019 (T=2C), confirming the importance of occupancy
schedules.

At the building level, Table 2 features the
correlation matrix of 2019 monthly consumption for the
four datasets. Building A is fairly uncorrelated from the
others, consistently with e.g. Figure 7, while B and C
seem to be slightly more comparable. Although the fact
that A and B have lhr and C and D have 24hr data
hinders any speculation about occupancy patterns, the
low overall correlation mirrors the absence of a common
climate-induced seasonality in the data.
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Figure 8 Building A (dots, left axis) and B (triangles, right
axis) - Cumulative daily power vs monthly sunshine hours.
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Figure 10 Building A - Tenants' consumption for January
2017, representative week.

Table 2 Correlation matrix for the four datasets, 2019.

A B C D
1.000 | 0.273 | 0.333 | 0.455
0.273 | 1.000 | 0.636 | 0.515
0.333 | 0.636 | 1.000 | 0.455
0.455 | 0.515 | 0.455 | 1.000

o A= >

3.3 Daily analysis

3.3.1 General considerations

The tenants’ electric consumption is illustrated for a
representative January 2017 week in Figure 10. Notice
the sharp decrease at lunch break and the lower
consumption for Fridays, as expected.

Qualitatively, the weekday curves do not differ
much between winter and summer months, confirming
the high correlation already discussed. This agrees with
the data distribution, which is sharply bimodal with the
two peaks at the histogram extremes for each month.

We recall that Buildings C and D provided only with
24h data, therefore it was not possible to investigate the
hourly breakdown as in Figure 10. This section will
therefore discuss our findings only for A and B.
Considering a specific day with expected full
occupancy, we chose a central Wednesday in January

2017. The daily consumption reflects our results for
monthly averages: normality is confirmed by QQ
(Quantile-Quantile) plots and a Cullen and Frey plot,
while histograms show a clear bimodal pattern with
modes at the extremes. The statistical parameters of the
distribution are an estimated standard deviation (SD) of
4.797, a skewness of 0.288 and a 1.219 kurtosis. The
large SD and low kurtosis signify that, despite the
substantial data cleanup described in Section 2.2.2, we
are still in the presence of outliers, as illustrated in
Section 3.1.

3.3.2 Energy consumption prediction formulas for
building performance simulations (BPS)

Aiming at using our measurements for
implementation into BPS, we generated prediction
formulas of energy consumption by adapting to our
dataset a bottom-up method that was introduced for
domestic hot water data in [11] and then applied to
buildings’ energy consumption in [12]. The case of [12]
addressed a much larger building, with relatively small
variances in the hourly consumption profiles for
different weeks and months, so it was possible to
identify a unique representative day whose consumption
could be correlated to other days, to cover a full year.

On the other hand, for Building A (and even more
for B) too many days had very different profiles,
requiring a less simplistic approach. For instance, July
2019 showed the cumulative consumption of the most
correlated Monday to be equal to that of the average
Monday, while for Tuesdays the difference was
remarkable, 5.62%. Preferring an average day to a
specific day as representative was therefore more
suitable.

Since hour-by-hour prediction in this case is not
reliable, we focused on predicting the cumulative energy
consumption with the lowest error possible; we also
wished to keep smooth interpolation curves to avoid too
biased predictions. The procedure followed these steps:

1. The cumulative consumption of average days for
each month is split into four groups: Mon to Thu (WD),
Friday, Saturday and Sunday. The value that is closest
to the average is called Ewd, Esi, Esat, Esun. For Building
B, the corresponding days were February Wednesday,
March Friday, June Saturday and September Sunday.

2. Interpolate each of these four reference days and
obtain the fit formulas Egewp(t) etc. These are our
“structural formulas” according to the terminology of
[12]. Consumption for a random day can now be
predicted by using linear correlations with the formulas

E(t) = AxEgwp (D) + B, (W/m2] (1)
for weekdays and

Eim(t) = Egii(t) * Rim [W/m2] (2)
for Fridays and the weekend, where i=Fri, Sat, Sun and

m=1,...,12. The coefficients A and B are computed by
correlating each month with the one corresponding to
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the structural formula. For Building B, February holds
for weekdays, with coefficients listed in Table 3.

Table 3 Monthly correlation formulas for Building B.

Month A, B (Mon-Thu) | R?
January 1.0891, 0.0545 0.9739
February 1,0 1
March 0.957,0.1653 0.9965
April 0.9406, 0.2385 0.991
May 0.9925, 0.1338 0.9963
June 0.945, 0.2415 0.9923
July 0.8788, 0.3439 0.9929
August 0.9478, 0.2147 0.9932
September 0.9785, 0.1522 0.9938
October 1.0452,0.1172 0.9772
November 1.0753, 0.0216 0.9719
December 1.0374, 0.1425 0.9803

For Friday and the weekend, one should instead use
Eq.(2), where
Rim = Eim/Eei ()

(i=Fri, Sat, Sun) is a non-dimensional coefficient that is
computed for each case, given the cumulative energy of
the average desired day Ej,, (say, for January Friday)
and that of the fitted day Ef;. The R;y, coefficients for
Building B are listed in Table 4.

Table 4 Rim coefficients for Building B.

Month Fri Sat Sun
1] 1.074 1.056 1.079
210973 0.935 0.925
3 | 1.000 0.984 0.945
410.992 0.976 0.947
511.019 0.960 1.005
6 10.984 1.000 0.984
7 10.928 0.960 0.959
810.974 0.978 0.964
9 10.985 0.978 1.000

10 | 1.041 1.031 1.021
11 ] 1.044 1.031 1.029
12 | 1.024 1.042 1.056

Using the above method, we could predict the
consumption with small deviations from measurements.
The errors ranged from 0.96% to 3% for Mon-Thu,
0.94% to 4.31% for Friday, 0.15% to 3% for weekends.

4 Discussion

During analysis, numerous concerns arose regarding
the actual reliability of the data. Inconsistencies in the
project documentation, occasionally over-dimensioned

electricity meters, numerous logging problems with the
BMS and major occupancy changes resulted in a dataset
that was far from ideal.

However, it can be shown that computing the error
propagation for weighted averages of all electricity
meters per unit floor area resulted in negligible final
error bounds (0.004 W/m2 on the average). This
suggests that installing more meters could produce more
accurate data, giving an advantage over measuring
everything at the building level only. Additionally,
having more meters would allow excluding undesirable
zones, which will very likely be present, as well as
leaving the ability to distinguish between different types
of consumption. It is indeed well known that diverse
space-use typologies (distinguished by a combination of
tenants’ tasks and time-based occupancy) generate a
variety of daily consumption profiles, see e.g. [9]; a
whole-building zonal analysis would thus allow
tailoring the HVAC design to these diverse needs.

One of the data features that could be learned from
the box plots comes from the average daily consumption
values of all the measurement points combined, which
has a small relative variance for that given building. This
means indeed that there are no large, synchronized
swings in the building’s total consumption, which can
also be seen in Figure 2 in the graph “mean and clean”.

However, further analysis can be done about the
upper, 95" percentile values of individual offices,
especially for buildings where hourly data is also
available. This could give more information about local
peak loads for dimensioning mechanical equipment, as
well as finding different correlations.

Our efforts in measuring electricity locally instead of
per building showed that it is advisable to invest in
measuring electricity locally, rather than being content
with measurements at building level, for two reasons.
First, the variance induced by diverse types of offices is
substantial; this important information disappears if data
are aggregated for the whole building. Secondly, our
statistical analysis of monthly and daily patterns showed
a lower impact of climate and irradiation hours than
expected, illustrating the predominant role of occupancy
that strongly depends on the specific office typology.

The analysis of monthly consumption brought
forward some interesting non-trivial features. First of
all, the high correlation between daily profiles during
winter and summer months is a signal of a recursive
pattern that is not influenced by added sunshine hours.

Figure 8 and Figure 9 also illustrate that although
some correlation with sunshine duration does exist, this
is seemingly dominated by the plug load. In Figure 8,
March dominated over January and February, and April
and May over August (Building A). This is common to
all the buildings here studied (see also Table 2),
suggesting a central role of occupancy consistently with
[12] and underlining a necessity to address its impact
thoroughly.

The daily analysis showed that, although the absence
of a standard energy profile was problematic for an
hour-by-hour prediction, by focusing instead on the
cumulative consumption we managed to establish a
procedure that allows implementation into BPS with
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good accuracy. The basic idea was that the
inconsistencies tend to compensate each other, giving
room to some unavoidable tolerance.

5 Conclusions

In this paper we have investigated plug loads and
lighting consumption data of four office buildings in
Tallinn, Estonia, over a four years period. Data
acquisition and preprocessing of some very problematic
measurements were discussed into detail, together with
a simple, yet effective prediction method for application
into BPS towards energy estimates.

Among the other results, we have demonstrated that
it is preferable to install more meters rather than
measuring everything at the building level, for increased
accuracy and for keeping relevant information.
Consistently with previous studies, we also found that
occupancy patterns are central in determining the
electricity consumption.

The definition of a typical office building should
therefore be discussed (e.g., IT and administrative work
can be quite different in terms of energy use intensity),
occupants’ density (measured or estimated?), installed
plug loads and lighting power etc. These could all
provide useful information in order to shift the focus of
energy performance research, in order to consider the
actual energy use.

We wish to remark that the amount of data analysed
is quite remarkable by itself: whilst not providing a fully
exhaustive overview of energy consumption in non-
residential buildings, it is larger than the average
datasets that appear in this type of studies.

Overall, the gathered information has a number of
applications on different levels, from tailored
predictions aimed at renovations, to refinement of
applied predictive modelling strategies, to classification
and benchmarking of building energy consumption.

Considering our findings and the above
improvements, this study and its developments have the
potential to contribute to future calculations of energy
performance estimation in office buildings. And even if
after COVID-19 we may never go back to the old way
of office use, our dataset finds formal application in
predictive modelling strategies. It also constitutes a
good basis for energy consumption benchmarking, as it
provides a baseline upon which future optimisation
strategies based on new working styles can be
compared.
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Abstract—Load flexibility and Demand Response are
becoming increasingly important to balance the electricity
supply and demand. Ventilation systems can be used as flexible
loads in an electric power system. A number of studies in the
field of load flexibility deal with ventilation system control in
reference to measured temperature. However, inadequate
attention is paid to the effect of using ventilation shutdown for
providing load flexibility to pollutant concentration. This paper
presents a ventilation shutdown period estimation according to
indoor air quality (IAQ) for different space sizes and numbers
of occupants. This study shows how long the ventilation system
can be shut down before a pollutant concentration or
temperature reaches its boundary considering the average level
as an initial condition. Simulations were carried out to
demonstrate an application of ventilation system 2-point control
and to verify that this will not jeopardize the IAQ for normal
conditions.

Keywords—ventilation, Demand Response, flexibility, indoor
climate, number of occupants

I. INTRODUCTION

A ventilation system is used to provide fresh air to the
building and to extract polluted air. According to the European
Commission [1] more than 2% of the energy is consumed by
ventilation units in the European Union, which constitutes as
the third biggest electricity consumer in a building after
heating, cooling and lighting. Furthermore, in office buildings
ventilation alone can form up to 12% of the overall energy
consumption [2]. The indoor climate of a building is dictated
by three indoor air quality (IAQ) parameters: CO»
concentration, temperature and humidity. To provide a
healthy and comfortable environment for occupants, these
three parameters must be between limits given in the standard
EN 16798.

Electric power system flexibility is the ability to balance
the grid continuously by maintaining electricity supply and
demand on an equal level [3], while simultaneously providing
an acceptable service quality to connected loads [4].
Flexibility is characterized by response time, forced load,
delayed load and the amount and duration of aggregated
power. The response time characterizes the system inertia to
respond to requested changes. Delayed and forced loads are
used to decrease peak load and increase valley load. The
amount and the duration of aggregated power characterizes
both, the demand and supply. Demand-side flexibility can be
utilized through Demand Response (DR) programs [5]. It has
been suggested in the vision of Smart Grids to harness the
positive effects of an aggregated residential load flexibility in
electricity markets [6], [7]. In residential buildings, Heating,
Ventilation and Air Conditioning (HVAC) systems are a
possible source of flexibility. Furthermore, load flexibility is
not only considered for residential buildings and can also

include commercial or industrial sector where one approach is
studied in [8] or a recent trend of electrical vehicles as
discussed in [9].

Studies [10], [11] consider temperature based ventilation
control while also considering the thermal comfort of
occupants. Ventilation DR is considered in [10], where the
study was made for a commercial building to minimize the
sum of HVAC energy- and thermal discomfort costs related to
occupants. In [11] testing was not based on any detailed model
but relied on the actual measurement from the experiments
performed on site. Both studies did not consider all IAQ
parameters and focused merely on temperature. The control of
a ventilation system only in reference to measured indoor
temperature does not guarantee that other IAQ parameters are
within the required limits.

A HVAC system used for providing frequency regulation
service is studied in [12]. It is found that up to 15% of the rated
fan power can be implemented in the frequency regulation
without having a substantial effect on indoor temperature. The
DR potential of ventilation systems in residential buildings is
discussed in [13], where it is stated that a single 13 kW
ventilation system in 12-storey apartment building can
provide 4.5 kW of power increase and 1.0 kW of power
reduction when needed without compromising IAQ. The
outcome of the study was that an automated DR for ventilation
systems could be used to provide both, prolonged load sheds
and ancillary services, without jeopardizing IAQ. Study [4]
shows that buildings can provide a short-term energy
flexibility without requiring substantial changes and extra
investments in the HVAC system. Mentioned studies do not
consider ventilation shutdown as an option to provide load
flexibility. Furthermore, existing research mainly focuses on
one IAQ parameter while discarding the influence of other
parameters on system flexibility.

The authors of [14] monitored indoor air pollutant
concentration and climate factors based on the number of
occupants and their activities. The measured parameters
included particulate matter and the CO, concentration. It was
found that the pollutant concentration increases along with the
increase in the number of occupants and the level of their
physical activities. The behavior of occupants was studied in
[15], where it was concluded that the CO, concentration and
the absolute humidity level are in correlation, since during
respiration, both the CO, and the water vapor are generated.
The findings imply that the absolute humidity level can be
estimated based on CO2 concentration measurements. In [16],
measurements in classrooms were carried out to investigate
the dependence of CO2 concentration from ventilation rate
and the number of pupils. The study showed that in a poorly
ventilated space with the volume of 210 m* and an occupancy
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of 20 persons, the CO, concentration rose from 472 ppm to
1732 ppm within 4 hours.

The studied literature does not consider the effect of the
number of occupants and the space size on the ventilation
flexibility, which is needed for a ventilation system open-loop
control methodology. The ventilation system 2-point control
and taking advantage of the inertia in pollutant concentration
build up is not discussed in present studies. This paper
diminishes the lack of research in the given field by estimating
a ventilation shutdown period according to the number of
occupants and common room sizes. The paper is organized as
follows: in section 2 [AQ modeling is given with equations to
estimate an allowable ventilation system shutdown time;
section 3 gives an overview of the methodology for a
flexibility analysis, and section 4 discusses the results.

II. INDOOR AIR QUALITY MODELING

The standard EN 16798 states three main parameters and
corresponding limits for those parameters to monitor IAQ,
which have vital importance in providing a healthy and
comfortable environment for occupants. These three
parameters are

e CO; concentration,
e temperature and
e relative humidity.

IAQ models, which consider the number of occupants and
the space size, are needed for simulations to estimate a
ventilation shutdown period.

A. CO; concentration

To estimate the CO; concentration change in a space or
building a mass balance analysis is used. It is assumed that the
COs concentration of a building or a space can be expressed
with a single variable C. The indoor CO, concentration
depends on the volume of the space (V), the CO, generation
rate (G), the outdoor CO, concentration (C), the ventilation
rate (Q), and the time (7). The mass balance of the CO,
concentration can be expressed as follows [13]:

VdC—G C C 1
T =6+Q6-0 M

The CO, generated by a person (Qco,gen) during
respiration can be estimated as follows [13]:

0.00276 - Ap - MET

Qcozgen = (0 23R + 0.77) - 10° @

where Ap is the DuBois surface area, MET is the level of
physical activity, and RQ is a respiratory quotient (i.e., the rate
of CO, produced to oxygen consumed). An average size adult
has an Ap of 1.8 m? and RQ of 0.83 [13]. The standard EN
16798 states that for residential and office buildings humans
are mainly occupied with sedentary activities and therefore the
MET value is 1.2.

When the ventilation is shut down, it is assumed that no
fresh air is introduced to the building or space (Q = 0). To
estimate a ventilation shutdown, period z (1) can be
transformed into a discrete form as presented in (3), where AC

is the allowable CO, concentration change from the initial
condition to the limit and K is the number of people in a space
or building.

AC-V _ AC-V
G K- QCOZ,gen

T=

3)

B. Temperature

According to the ASHRAE Handbook — Fundamentals
[17], the heat dissipation of a human Pperso, during one hour is
140 W which is considered in the temperature calculations. It
is assumed that heat loss through the building envelope is
compensated by heat dissipation from appliances and the
room heating.

To calculate the coefficient beta with the specific heat
capacities (c,) and densities of wood and air [18]:

1
b= “4)

Vmax * Pair * Cp,air + Vwood * Pwood * Cp,wood

using the densities (p.) and ¢, values of air and wood.

Considering the number of people (k;) in a space or
building during time step i the temperature change can be
calculated as [19]:

T,

people = k; - Pperson “At-p 5)

The temperature for the next time step:
Thext = Ti + Tpeople (6)

C. Relative humidity

The relative humidity is increased by the human
respiration where during exhaling some moisture is added to
the inhaled air, which is a function of the room humidity and
the temperature as expressed in (7). It is considered that the
respiration rate for the average person is 0.12 L/s [20].

W, = 0.202W; + A + BT; 7

where W, is humidity ratio of the expired air, W; is the
humidity ratio of the indoor air, 7; the indoor air temperature,
constants 4 and B have values of 0.0276 and 0.000065,
respectively [20].

III. VENTILATION SYSTEM FLEXIBILITY ANALYSIS

This paper presents an estimation for a ventilation
shutdown period which was conducted on different room sizes
and numbers of occupants. According to Statistics Estonia
[21], a common two-room apartment is 40 — 49 m?, a three-
room apartment 60 — 79 m?, and a single family home is at
least 100 m?. An average four-room apartment and an average
office in Estonia have space areas of 120 m’ and 150 m?
respectively. According to the Estonian Building Code the
room height must not be less than 2.5 m, which is considered
in space volume calculations. All selected building types and
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calculated space volumes proposed in this paper are presented
in Table . In this paper it is estimated that approximately 5%
of space is covered by furniture.

TABLE 1. SELECTED SPACE TYPES AND VOLUMES.
Space type Space area, m*>  Space volume, m?
Two-room apartment 40 100
Three-room 60 150
apartment
Four-room apartment 120 300
Single family home 100 250
Office 150 375

According to the study [22] the average CO, concentration
in a building is 837 ppm, the average temperature 22.6 °C, and
the average relative humidity 31%. The standard EN 16798
states limits for a normal IAQ level where the limit for the
indoor CO; concentration is 1200 ppm. The indoor
temperature must be between 20...25 °C for a residential
building and between 20...24 °C for an office building during
the heating season. The relative humidity must be between
25% - 60% to be considered as a normal condition.

In this paper, three IAQ parameters were selected to
simulate the IAQ conditions when the ventilation system is
shut down with a different number of people from 1 to 20. In
every case, the average level was selected as an initial
condition and the time was measured when the IAQ parameter
reached its limit. Occupants are the only disturbance source,
and other sources (e.g., candles, appliances, pets, etc.) are not
considered in this paper.

A single-family house with a space area of 100 m* was
selected to test proposed method of a ventilation 2-point
control according to electricity price. In the simulation the
maximum number of people in the building is 5 and the
building occupancy throughout the day in hourly resolution
(Fig. 1) is based on the methodology for calculating the energy
performance of buildings [23]. Simulations were done in
MATLAB software.

The ventilation rate was calculated according to the
standard EN 16798 which states the following principle:

1) Calculate the total ventilation rate for the residence
based on

a. The floor area — the air change rate for normal
conditions is 0.42 L/s per m2;

b. The number of occupants — the living room and
bedroom’s outdoor airflow is 7 L/s per person.

2) Select the higher value from the above a) or b) for the
total ventilation rate of the residence.
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Fig. 1. Residential building hourly occupancy [23].

Considering this principle for a 100 m2 floor area single
family home with a maximum occupancy of five people the
needed ventilation rate is 42 L/s. A commercially available
fan, which is close to the demanded ventilation rate hasa45 W
nominal power and a 41 L/s ventilation rate [24]. This fan was
selected for simulations and energy cost estimations.

IAQ parameters limit values and a space or building
occupancy are the main factors which dictate the ventilation
system electric flexibility. Harvesting this flexibility can be
achieved through ventilation system 2-point control where
ventilation system is shut down during high price period.
Motivation to implement 2-point control on ventilation system
is to introduce cost savings for end users.

IV. RESULTS

Occupants have the highest influence on the space or
building CO» concentration level where for a higher number
of people the limit is reached in minutes (Fig. 2). While the
temperature and the humidity level will take roughly hours
and days before reaching the limit (Fig. 3 and 4). Thus, the
COs concentration gives the most adequate information about
the space ventilation demand and the air quality. For selected
two-room apartment, the ventilation cannot be shut down
more than two hours for one person and this time is decreased
by the increase in the number of people. Five minutes is the
minimum ventilation system flexibility considering the most
severe case when 20 people occupy the space with a volume
of 100 m3. For larger spaces the shutdown period for the
ventilation system can be increased.

If the ventilation system is used for cooling, a
differentiation is made between residential and office
buildings. In Fig. 3, an office with a space of 375 m3 can be
seen as a residential building with a space size close to 250
m3. The shorter period for a ventilation shutdown based on
temperature is due to more demanding requirements of office
building indoor air temperatures, with the upper limit of 24 °C
instead of 25 °C.
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Fig. 4. Ventilation shutdown period dependence on humidity.

Simulations were carried out based on the day-ahead
electricity price data from the third to the ninth of December
2018 (Fig. 5) [25]. The depicted energy price is the total price
for the end user including all corresponding costs (e.g. price
for electricity generation, margins, transmission costs, taxes
etc.) that residential consumers pay in Estonia. A two tariff
energy metering was considered, where the high tariff period
is between 7:00 — 23:00 and the low tariff period is between
23:00 — 7:00 and during weekends [26]. The average CO2

concentration for outdoor air is 400 ppm which is considered
in the simulations [1].

Two cases were selected for the simulations:
e (Case 1: The ventilation system operates continuously;

e (Case 2: The ventilation is shut down for one hour
during the maximum price period.

Case 1 is a base condition where no cost savings are
present; this is used as a benchmark. Case 2 has no sensor
feedback and the space or building IAQ is unknown. The
ventilation system shut down duration is selected according to
an estimation of a ventilation system shutdown period for a
single family home with five occupants, 100 m? of space area,
and 250 m® of space volume.

Each day in the week the ventilation system was shut down
for one hour to verify that the ventilation system can be shut
down without exceeding the limit for the CO, concentration.
The CO; was selected for the study due to its higher impact on
the ventilation shutdown period considered in the previous
section. One hour was selected according to the ventilation
shutdown period study (Fig. 2). Simulations are based on an
open-loop control methodology where the control system has
no information about the IAQ. Simulations show the
applicability of a ventilation 2-point control and do not
consider an optimization of the system. As an example for a
dwelling size of 250 m® and an occupancy of 5 people the
ventilation can be shut down for one hour without exceeding
the boundary.

The ventilation shutdown was conducted between 15:00 —
17:00 for most of the days in the week when the electricity
price was the highest (Fig. 6). During this timeframe, the
building occupancy, according to the methodology described
in [23], was 1 to 3 people, which means that ventilation could
have been shut down for a longer period. A ventilation system
with a nominal power of 45 W the reduced energy
consumption for one week is 0.315 kWh, which is
approximately 4% of the total energy consumed during
continuous operation.

For Case 2, the CO2 concentration boundary of 1200 ppm
was not exceeded, and the cost savings on electricity were
close to 5% compared to Case 1 (Fig. 7). During the morning
high price period which occurred on the second day between
7:00 — 8:00 the CO2 concentration reached close to its
boundary. While during the evening high price period the
ventilation shut down showed no substantial effect on the CO2
concentration. It can be explained by the occupant behavior
that during night hours the residential building has the
maximum occupancy which increases the CO2 concentration
to its highest level, but during midday the building occupancy
is the lowest which decreases the CO2 concentration to its
lowest level. This affects the ventilation flexibility in a
residential building during the morning and evening high price
period where the ventilation can be shut down longer in the
evening, because during this time the difference between the
CO2 concentration level in a space and its boundary is the
largest.
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Fig. 5. Electricity price during one week from 3% to 9™ of December 2018 [25].
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Fig. 6. Ventilation system power consumption during one week without and with ventilation scheduled control.
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V. CONCLUSION

The ventilation system can be considered as a flexible load
for use in DR programs. A ventilation flexibility by shutdown
is possible, where the space size and the number of people
dictate the time limit. The minimum time limit for a residential
building is 5 minutes considering a space volume of 100 m?

and an occupancy of 20 people. The CO, concentration has the
highest impact on the ventilation shutdown period compared
to the temperature and the humidity.

It can be concluded from this study that a ventilation
system can be shut down for 1 hour when the number of
people does not exceed 2, 3, 5, 6, and 7 in a two-room, three-
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room, four-room apartment, single-family house and office,
respectively.  The  ventilation shutdown period is
approximately 22 times longer for temperature and 270 times
longer for relative humidity compared to CO, concentration
based estimation.

Another contribution of this paper is achieving cost
savings by shutting down the ventilation system during a high
price period without exceeding the limit parameters for the
IAQ. Simulation results showed that up to 5% cost savings
could be achieved. This approach is preferable for ventilation
systems, which do not have a variable frequency drive and are
operating at a fixed ventilation rate.

Future work considers larger commercial buildings (e.g.,
supermarkets) with powerful ventilation systems. This study
considered robust systems without a variable frequency drive
and with an open-loop control methodology. The
development of a control method and an optimal shut down
period for these systems is needed, where the control signal is
applied according to the market electricity price or an
aggregator demand. Another interesting area for future work
may be using the residential building ventilation flexibility in
an aggregation level of the power market.
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Abstract—Over two third of total electricity produced are
consumed by residential and commercial buildings. According to
this the nearly zero-energy building (NZEB) with local renewable
power sources will play important role to reduce greenhouse
gases. Local and intermittent renewable power generation is
challenge for power quality and supply reliability of NZEB. It
means higher demand for an Energy Management System (EMS)
to provide power quality and balance between load and
generation. This paper gives a brief overview of EMS for
residential buildings. To test an EMS, the behavior of NZEB
must be simulated in the laboratory. For this purpose, an
experimental system was developed which includes variable load
and its control as a part of EMS. Two load simulation methods
for load management were studied and experimentally verified.

Keywords—energy  management system; load control;
experimental system; nearly zero-energy building

1. INTRODUCTION

Studies have shown that over 60% of total electricity
produced in the world is consumed by buildings. This
consumption is almost equally divided between residential and
commercial buildings [1]. This establishes the direction for
energy efficient nearly zero-energy buildings (NZEB).
Estonian government has approved a regulation for minimum
requirements for energy performance. According to the
regulation, buildings erected after 31 December 2018 which
belong to the public sector and all other buildings that erected
after 31 December 2020 must not exceed the limit values
shown in Table I. These values have been established with
respect to nearly zero-energy buildings [2].

A nearly zero-energy building is a building that is
characterized by sound engineering solutions, built according
to the best possible construction practice that employs solutions
based on energy efficiency and renewable energy technologies
and whose energy performance indicator is greater than 0
kWh/(m2-y) but does not exceed the limit values in Table I.
Energy performance indicator is total weighted specific use of
delivered energy utilized during standard use of the building,
less than the weighted specific use of energy fed into energy
networks [2].

NZEB needs an EMS to provide power quality and load
balance. The main task is to control local generators, loads and
energy storages in such manner that electricity expenses and
demand peaks would be kept minimal [3].

978-1-5386-6903-7/18/$31.00 ©2018 European Union

TABLE 1. LIMIT VALUES FOR ENERGY PERFORMANCE INDICATORS IN
NEARLY ZERO-ENERGY BUILDINGS [2]
Building type kWh/(m2-y)

Small residential buildings 50

Multi-apartment buildings 100
Libraries, office and research buildings 100
Business buildings 130
Public buildings 120
Commerce buildings and terminals 130
Educational buildings 90

Pre-school institutions for children 100
Healthcare buildings 270

The EMS control approaches can be divided in two: fully
decentralized and hierarchical control. In fully decentralized
approach, the main responsibility is given to controllers of
energy generators that must maximize their production to
satisfy the demand and probably provide maximum possible
export to the grid [3].

In a hierarchical approach, the system is controlled
centrally to optimize the general operation. The primary control
has the fastest bandwidth compared to other control levels. The
main tasks for primary controllers are: voltage and current
control of the nanogrid. The secondary control is the EMS that
maintains secure and reliable functioning of the nanogrid either
in grid-connected or islanded mode. Its control loops operate
on slower timescale than a primary controller. The main task
for a secondary controller is to provide settings for target real
and reactive power. The main objective of the future control
systems is to reduce the use of high-speed data connections and
the computation of critical tasks [4].

Part of the project of Power Electronics Based Energy
Management Systems for Nearly Zero Energy Buildings an
experimental system is developed to test EMS and Power
Electronic Interface (PEI) behaviour in laboratory conditions.
For load simulation an electronic load can be used such as
Chroma 63800 or NH Research 4600 Series, both are
programmable to simulate linear and non-linear AC loading
[5], [6]. In the experimental system covered in this paper real
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loads are needed to simulate multiple appliances and their
composition in building’s load pattern. Variable AC load is
added to the system to provide load simulations in variable
power range used in light dimming or electric heater power
regulation. To develop appropriate load control method, the
variable load is tested, analysed and experimentally verified.

II. OVERVIEW OF EMS

Search in the database (IEEE Xplore) revealed many
articles that address EMS use in nanogrids including renewable
energy sources. Different approaches to the EMS have been
reported, but some aspects are not covered.

References [7] and [8] include use of on-grid photovoltaic
(PV) and battery bank based energy storage (BES) without
scheduling time of use of an electric appliance. One approach
to manage BES charge and discharge is reported in [7], which
considers PV energy production and local energy demand. The
main aim is to increase PV energy local consumption by
charging BES when PV energy production exceeds local
demand. When BES has reached its full charge, the rest of the
energy is injected to the grid. BES is only discharged when
local demand exceeds PV energy production. BES back-up
supply is also under consideration in the outages estimated to
last up to 180 minutes. BES price based management is
described in [8] where Particle Swarm Optimization is used to
optimize multiple variables. In addition to BES management,
residents’ privacy was also discussed because the central
information collecting system was replaced with a local EMS
with limited information about demand behavior in residential
areas. These two articles neglected the shortening of the
investment payback period and did not shift loads in time to
maximize the profitability of the system.

Measures for the increase of PV energy local consumption
are described in [9] and [10]. Without BES, the EMS is based
on controllable loads like a washing machine, a dishwasher, a
freezer, an air conditioner, and a water heater. Timestep for
demand and local energy production calculations were chosen
to be 15 minutes, which is a part of ENTSO-E standard.
Studies in [9] and [10] do not analyze the use of electrical
energy storage, price based load management and
maximization of investment profitability. However, the general
aim of EMS is:

e to increase PV energy local consumption as much as

possible;

e to maintain a controlled profile according to energy

price;

e to minimize PV energy grid injection.

In [11] an interesting concept of energy management is
proposed. In that study, demand side management is done by
residents. User interface is set up to forecast energy price and
PV energy production, so it can notify a user to switch on
appliances on more affordable time. Buildings are connected to
the grid through a Smart Meter that measures energy
consumption in a given time. The article does not address
flexible loads that can be controlled centrally and the main
focus is on users who must decide by themselves when to turn
on electric appliances. In this type of solution, residents
comfort and system profitability may be questionable.
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On-grid PV with BES and demand side management to
maximize PV energy local consumption and to decrease
demand peaks are reported in [12] and [13]. Flexible loads
were a water heater, a heat pump, a freezer, a washing
machine, a dishwasher, and a dryer. BES was only storing PV
energy on peak production hours to decrease peak injection to
the grid. According to [12], their system was estimated to
increase PV energy local consumption by 55% to 65% and
decrease peak grid injection by 55%. Electricity price based
management and maximization of system profitability were
neglected in the above articles.

On-grid PV with BES, demand side and price based
management has been addressed in [14], [15] and [16].
Flexible loads were a washing machine, a dryer and a
dishwasher. Two price based management systems were
considered:

e Time of Use (ToU) offers two or three price levels:

“off-peak”, “mid-peak” and “peak”;

e Real-Time Price (RTP) is based on hourly or half-hour

price differences in the energy market.

Two different demand side management methods were
considered in [14] and [16]:

e RTPDCPT is a price based management where
maximum profit was achieved by charging BES in more
affordable night hours;

e CPTBAVP is an average demand based management
where energy demand throughout the day is constant,
but in this way, at the end of the day, energy in the BES
is depleted.

Two PV energy grid injection methods are described in
[15]:
e Feed in Tariff where all the PV generated energy is sold
to the grid;
e Net Metering where the amount of PV energy, which is
not consumed by a building, is injected to the grid.

Two BES management systems were considered:

e PV energy, which is not consumed directly, is stored in
BES. This is preferred when the energy price is low;

e Excessive PV energy, which is not consumed directly,
is injected to the grid the amount of which does not
exceed 0.5 kW and the rest is stored in BES.

References [14] — [16] lack analysis of system profitability
and payback period. In these articles, off-grid islanded system
operation was not discussed and energy injection back to the
grid was kept minimal.

III. PROPOSED EMS CONCEPT

It is required to do further research in the field of EMS that
is suitable for NZEB. Also, smart hardware is needed to
maximize system profitability and to ensure residents comfort.

A. Research on EMS

In on-grid operation mode, intelligent price based EMS is
needed that would include PV energy production, BES and
flexible loads, for example, a water heater, a freezer and room
heating. Two approaches can be explored:
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e Maximizing PV energy local consumption to reduce the
share of energy taken from the grid;
e Analyzing economic aspects to reduce the payback
period and maximizing profitability.
Correlation between these two approaches can be investigated.

In the islanded operation mode, power quality and energy
reserve are important. Demand side management and load
shifting can improve power quality and reduce the risk of
energy reserve depletion. Optimal energy storage reserve for
BES must be calculated to provide backup power to the
building when grid failure occurs.

B. Description of the experimental system

First goal is to develop an appropriate EMS for NZEB (i.e.
nanogrids). Second goal is to test it in real-life situation. To
achieve this in the laboratory, a scaled experimental system
must be developed. Error! Reference source not found.
shows the structure of the experimental system for building’s
energy consumption and EMS behavior simulations.

The experimental system is divided into two main parts:
control part as an energy management system and control of
PEI and controllable objects as building integrated PV, storage
and loads. PEI includes a bidirectional inverter connected to
the grid, energy storage and power input of the building.
Control of PEI situated on the primary control level is
responsible for controlling the bidirectional inverter and the
battery DC/DC converter. EMS, which is based on Raspberry
Pi, is situated on the secondary control level and is responsible
for controlling loads and giving higher level commands to the
control system of PEI.
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LOUD SERVER
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. 2 f
A e ac /Y
/ 2 H 1%
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Fig. 1. Structure of the experimental system
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For the energy demand simulations of the building in a
given timestep, scaled loads “Load 17, “Load 2”, “Load 3” and
“Load 4” were arranged. Load 1 and load 2 are remotely
controlled appliances connected to the grid through smart
sockets, which can be wirelessly controlled to simulate load
shifting. Load 3 and load 4 are variable loads powered through
AC/AC converters controlled by Raspberry Pi. To compare the
systems and to find flaws and advantages of each system, two
wireless technologies were used: 433 MHz radiofrequency and
Wi-Fi. PV with an inverter was added to the system to simulate
local power generation. The system is expandable, more
devices can be added on the AC or the DC bus.

C. Load control

In the experimental system, AC/AC converters are used to
provide a variable load. This variable load can be changed
between 0 to 400 W, which is the maximum output power for
the dimmer set by manufacturer. From the EMS perspective,
this variable load can be seen as dimmable lighting or regulated
heater, providing extra control opportunity. Due to the nature
of light dimmers, which cut sinus waveform, the output root
mean square (RMS) voltage is not linearly dependent on the
input 0 to 10 V control voltage. Two different topologies have
been considered for use to ensure accurate load control:

e Lookup table;

e Model-based.

The method of lookup table is based on the measurements
taken in the range of 0 to 400 W and collected into the table.
When a specific load value is required, the program will search
an appropriate input control value from that table. Lookup table
consist of 32 measured values and linear interpolation is used
to obtain the accurate load value.

Model-based method is based on the transfer functions of
the dimmer control circuit elements. The light dimmer chosen
is controlled by 0 to 10 V analog input voltage. Unfortunately,
Raspberry Pi is not supporting analog output, which leads to
external digital-analog converter (DAC) use. DAC transfer
function is presented in (1), where N is a digital input value for
DAC sent from Raspberry Pi, using the I’C data exchange
protocol. DAC maximum output value is 3.3 V, amplified for
three times with an operational amplifier.

N-33-3

Voup = ————
54C = —00¢ M

Firing angle a of the dimmer is dependent on the DAC
output voltage Vpsc. Our measurements showed that DAC is
not dimming the whole range of sinus waveform and there are
upper and lower limitations to be considered in (2).

@ =—0,2629 - Vpue + 2,6111 )

Output RMS voltage is dependent on the supply RMS
voltage Vuppy and firing angle. The transfer function of the
dimmer is given in (3) [17].
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1 1
Visad = Veuppiy ;(?T —a+t+ 5 sin Zar) 3)

The final transfer function is the load itself. Power
consumed by the load is calculated by (4), which considers
RMS voltage on the load and the load resistance Rjpaa-

2
Visaa

Pload = R
load

“

Open-loop control methods have been tested on the
experimental system. The load power was increased in 10 W
steps from 0 to 400 W (Fig. 2), and measurements were taken
with the power analyser. Error means deviation between the
reference and the measured power. Our measurements show
that the mean error for the model-based method is 1.71% and
the mean error for the lookup table is 2.65%. The probability
of the error to be in the range of 0 to 4% is 0.93 for the model-
based method and for the lookup table it is 0.83 (Fig. 3).
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Fig. 2. The behavior of different load control methods
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Fig. 3. Error probability comparison of different methods

IV. CONCLUSIONS

Different EMS concepts have been developed but they lack
several aspects required for the analysis of EMS. One of the
aspects is on-grid and islanded EMS behavior to achieve
maximum profitability in normal operation whereas acceptable
power quality must be provided during the grid failure.

This paper presents an experimental system for NZEB
energy flow simulations. The purpose of the system is to
simulate energy consumption of a building and to provide a
platform for testing different EMS concepts. The system
consists of five parts: bidirectional inverter, BES with DC/DC
converter, PV with inverter, EMS based on Raspberry Pi, and
different loads that can imitate energy consumption of a
building.

Two load simulation methods for load management were
studied: lookup table and model-based. Each control method
was tested on the experimental system. Results show that mean
error for the model-based method is 0,94% smaller than the
mean error for the lookup table method. Furthermore, with
model-based load control method the error is more probable to
occur in the range of 0 to 4% than with the lookup table
method. Therefore, the model-based method is more
appropriate for use in load control.
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