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Increasing global energy demand, a foreseen
reduction of available fossil fuels and an
increasing evidence of global warming have
generated a great interest in renewable
energy sources (RES). However, energy
sources such as wind and solar power have
an intrinsic variability that can seriously
affect the stability of the energy networks
if they account for a high percentage of the
total energy generation. Therefore, future
high penetration of variable renewable
energy sources forces a transition from
“generation on demand” to “consumption on
demand” in order to match the instantaneous
energy generation. In practice, this means
that the energy consumption needs to
become flexible. Buildings are expected to
play a central role in this transition, where
consumers and “prosumers” (e.g. buildings
with PV) become energy flexible in order to
satisfy the generation and/or storage needs
of the energy networks, either as single
buildings, or as clusters of buildings.

In most developed countries, the energy use
in buildings accounts for 30% to 40% of the
total energy consumption. A large part of
the energy demand of buildings such as the
energy for space heating or cooling may be
shifted in time and may thereby significantly
increase the flexibility of the demand in the
energy networks.

One option for generating flexibility is to make
use of the thermal mass, which is embedded
in all building structures. Depending on the
amount, distribution, speed of charging/
discharging, etc. of the thermal mass it
is possible to shift the heating or cooling
demand in time for a certain period without
jeopardizing the thermal comfort of the
occupants. Typically, the time constant of
buildings varies between a few hours to
several days depending on the amount and
exploitability of the thermal mass together
with the heat loss, internal gains, user
pattern and the actual climate conditions. In
addition, many buildings use different kinds
of distributed energy storages (e.g. water
tanks, and electrical batteries), which may
add to the energy flexibility of the buildings.
One such typical storage is the domestic
hot water tank, which might be excess pre-
heated before a low energy level situation.
The excess heat may be used for space
heating but may also be used for white
goods such as hot-fill dishwashers, washing
machines and tumble dryers in order to
decrease and shift their electricity need.

Although various investigations of buildings
in the smart grid/smart energy context
have been carried out, research on the
relationship between energy flexibility in
buildings and future energy networks is still



in its early stages. There was no overview
or insight into how much energy flexibility
different types of building and their usage
may be able to offer to the future energy

systems.

As energy flexibility in buildings for many
is a rather new research area, there was a
need for development of a terminology. On
one hand the terminology should be easily
understood by the building community, who
should provide the energy flexibility, and on
the other hand it should also allow the grid
side to understand how the flexibility may
be utilized to stabilize the energy networks.
For the latter, there is a need for applicable
flexibility indicators that characterize the
buildings in such a way that it is possible
to determine how a building, or clusters of
buildings, may provide flexibility services to
the energy networks.

A building’ potential for energy flexibility
depends on many different factors including
the type of building, the types of energy
service systems in the building, the control
system, the state of the storage but also on
the climate where the building is situated, the
time of day and year, and the acceptance
of the users and owners of the building.
The value of energy flexibility is further
determined by the needs of the surrounding
energy networks to which the building
may provide flexibility services. There is,
therefore, a need for a consistent approach
for characterizing the available energy
flexibility of any building. In this project such
a methodology has been developed and

demonstrated. The methodology is based
on a flexibility function by which it is possible
to estimate the potential energy flexibility of
buildings while exposed to a varying penalty
signal (e.g. price signal or CO, content of
the energy in the energy networks), which
describes the conditions in the surrounding
energy networks. The result are the
expected flexibility saving index and the
flexibility index, which states how well the
building(s) respond to the requirements of
the energy networks seen from the building

and network side respectively.

When utilizing the energy flexibility in
buildings the comfort and economy of
the buildings are influenced. If the owner,
caretaker and/or users of a building are not
interested in delivering energy flexibility to
the surrounding energy networks, it does
not matter how energy flexible the building
is as the building will not be an asset for
any energy networks. It is, therefore, very
important to investigate and understand
which barriers exist for the stakeholders of
buildings and how the stakeholders may
be motivated to allow their buildings to
contribute with energy flexibility to stabilize
the future energy networks. Strategies to
benefit both the total energy system and the
customers are, therefore, important. The
roles, motivations, and barriers for different
stakeholders in energy flexible buildings
have been investigated based on sixteen
case studies. By systematically studying
the motivations and barriers revealed in
the sixteen case studies, suggestions on
how to strengthen the motivations and how



to eliminate or reduce the barriers have
been developed. It is shown that, although
‘consumer driven/centred’ approaches have
been emphasized in recent years, policy
makers are still the lead stakeholders for
strengthening opportunities and eliminating
barriers for making energy flexibility from
buildings available for supporting the future
energy systems.

Simulation is a powerful tool when
investigating the possible energy flexibility in
buildings. Simulations make it easy to quickly
test many different control strategies, among
which some may not be practical in the real
world. Control strategies and the combination
of components should, therefore, also be
tested in test facilities under controllable,
yet realistic, conditions, where the studied
systems are real physical components while
the boundary conditions (e.g. the weather
and occupant behaviour) are virtual. These
types of hardware-in-the-loop test facilities
have been utilize. Heat pumps and other
components were for example tested with
the energy demand of virtual buildings
and exposed to virtual weather and grid
conditions. Valuable insights into how to
run hardware-in-the-loop test facilities
provided a greater understanding of the
performance of different types of systems
aimed at providing energy flexibility services
to the energy networks. Subsequently,
recommendations on how to test energy

flexibility have been outlined.

33 examples (both modelled and measured)
on how to obtain energy flexibility from
buildings have been documented and this
collection of examples is considered to
be a unique source of inspiration when

considering the energy flexibility of buildings.
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1. Background

The development in building technologies
has during the last few decades been
concentrated on obtaining a sufficient indoor
comfort level and on increasing the energy
efficiency of buildings including the energy
service systems. In many countries this has
been forced by continuous strengthening of
the building regulations e.g. EU regulated
via the Energy Performance of Buildings
Directive (EPBD). However, up to now,
buildings have mainly been considered as
passive consumers (and in the later years
also passive producers) of energy where the
surrounding energy networks (electricity,
gas, district heating/cooling) ensure a
sufficient energy supply. This has started
to change as the stability of the power grids
was ensured by central fossil fuelled energy
plants, which many countries have decided
to phase out and replace with renewable
energy sources (RES). Most RES have,
however, an intrinsic variability that seriously
affectthe operation and stability of the energy
networks. There is, therefore, a need for a
transition from “generation on demand” to
“consumption on demand” in order to match
the instantaneous energy generation from
RES. In practise this means that the energy
consumption needs to become flexible.

Buildings will need to transition from being
passive consumers/producers to be active
consumers/producers, which are able to
adjust their energy consumption according
to the actual level of energy in the energy
networks. They need to consume more
during periods with more renewable energy
in the networks e.g. by storing energy, and/
or reduce the energy consumption during
shortages of energy in the networks.
Buildings needs to become energy flexible.
As energy flexibility of buildings for most is a
new concept, there is a need for a knowledge
increase and a knowledge transfer on how
to obtain, control and characterize energy
flexibility from buildings.

Therefore, the objectives of this project were:

— development of a common terminology,
a definition of ‘energy flexibility in
buildings’ and a classification method;

— investigation of user comfort, motivation
and acceptance associated with the
introduction of energy flexibility in
buildings;

— analysis of the energy flexibility potential
in different buildings and contexts,
and development of design examples,
control strategies and algorithms;

— investigation of the aggregated energy
flexibility of buildings and the potential
effect on energy networks; and



— demonstration of energy flexibility

through experimental and field studies.

2. Objectives

The objectives of the project were to:

— develop a common terminology, a
definition of ‘energy flexibility in buildings’
and a classification method;

— investigation of user comfort, motivation
and acceptance associated with the
introduction of energy flexibility in
buildings;

— analysis of the energy flexibility potential
in different buildings and contexts,
and development of design examples,
control strategies and algorithms;

— investigation of the aggregated energy
flexibility of buildings and the potential
effect on energy networks; and

— demonstration of

energy flexibility

through experimental and field studies.

3. Energy Flexibility in Buildings
Energy flexibility of buildings is typically
obtained by decoupling energy demand and
energy delivery using storage in the building
to shift the energy use e.g. from periods
with a high price for the energy to periods
with a low price. Energy flexibility can also
be obtained by peak shaving of the energy
demand without a later need of restoring
the situation with extra use of energy —
e.g. dimming of lights or switching off an
appliance.

Different ways of obtaining energy flexibility

are illustrated in Figure 1.

— Building mass:  walls, floors, ceilings
and furniture of buildings contain a
certain mass and thereby a certain
thermal capacity, which can be utilized
to store energy. During a shortage of
energy, the heating or cooling system
can, therefore, be switched off for a
period without decreasing the comfort of
the users. The possible duration of such
a period depends on the thermal mass
and the heat loss of the buildings but can
range from a few hours up to a couple of
days. However, care should be taken, as
the storage is directly connected to the
indoor climate and the thermal comfort
must not be jeopardized.

— Thermal storage: this refers to active
storage systems that are not part of
the building’s thermal mass. This can
be water in domestic hot water (DHW)
storage, buffer tanks between supply
and delivery e.g. a heat pump and the
space heating system (radiators or
underfloor heating), but can also be
indoor swimming pools. The storage
can, instead of water, utilise PCM (phase
change materials) as storage medium.

—  Fuel switch: if a building utilizes

different fuels (e.g. a gas or biomass

boiler and a heat pump) energy flexibility
may be obtained by using the boiler
during periods where the electricity
price is high (or when the production
from wind turbines or solar panels is
low), while using the heat pump when
surplus electricity is available in the grid.



— Battery: here electricity is directly
stored on site. Batteries can either be
the battery of an electrical vehicle or
the battery of a PV system. The battery
is charged during periods when there
is plenty of electricity in the grid, and
discharged during periods when there
is a shortage. The battery can also be
used for increasing self-consumption of
electricity from a PV system.

— Generation: many buildings are
becoming prosumers — i.e. they no
longer only consume energy, they also
produce energy through PV, a solar
thermal system, a micro wind turbine
or a CHP (combined heat and power
production) plant (not shown in Figure
1).

— Networks: a building may be connected
to one or more energy networks.
Buildings are typically connected to a

power grid (electricity) but may in many

Figure 1: Sources for obtaining energy flexibility [6].

countries also be connected to a district
heating or a gas grid.
In order to take advantage of the
aforementioned sources for energy flexibility
efficiently, there is a need for preferably
Different
control may be utilized for obtaining energy

automated control. types of
flexibility from buildings. This control can be
very simple like a heat pump being switched
off every day during a predefined period,
or more complex rule-based control where
several constraints are included (e.g. that the
heat pump is switched off during high price
periods unless the indoor temperature is too
low), or be advanced model-based control
including forecasts of weather, occupancy
behaviour (these two provide a forecast of
future demand) and energy prices.

There exist many definitions on energy
flexibility in buildings.



This project defines energy flexibility in
buildings as: The energy flexibility of a
building is the ability to manage its demand
and generation according to local climate
conditions, userneeds and grid requirements.
Energy flexibility of buildings will thus allow
for demand side management/load control
and thereby demand response based on the
requirements of the surrounding grids.

4. Characterization of Energy
Flexibility in Buildings

How much energy flexibility can buildings
provide? The quick but correct answer is
‘it depends”. The actual energy flexibility
potential depends on the type of building,
the types of energy service systems in the
building, the control possibilities, the climate,
the time of day and year, the acceptance of
the users and owners of the building, the
state of the storage, etc. Having energy
flexibility which is actual useful is further
determined by the needs of the surrounding
energy networks to which the building is
providing flexibility services.

The amount of available energy flexibility

cannot be expressed with a single
number as it can for energy consumption.
Therefore, this project has developed a
methodology including key parameters for
the characterization of energy flexibility [2].

The methodology, introduced by this project,
characterizes energy flexibility by quantifying
the amount of energy a building can shift

according to an external forcing factor

Figure 2. Example of aggregated response
when some buildings receive a penalty signal
— here a price signal [7]. The parameters in
figure are: 1 is the time from the signal being
submitted to when an action starts, a is the
period from the start of the response to the
max response, A is the max response, 8 is
the duration of the response, A is the shifted
amount of energy, and B is the rebound
effect for returning the situation back to the
“reference”.

(penalty signal), without compromising the
occupant comfort conditions as well as
accounting for the technical constraints
of the building and its HVAC (heating,
ventilation and air condition) system. It
acknowledges that the penalty signal acts as
a boundary condition for the building. Figure
2 shows an example of the aggregated
response of buildings when receiving some
sort of control signal — in the following called
penalty signal. Figure 2 further shows the
parameters describing the response to the
signal.

Consequently, the energy flexibility of a
building is not a fixed static value, but varies
according to environmental conditions,
occupants’ use of the building as well as
the penalty signal, which induces a system
response (see Figure 2). Hence, a building’s

energy flexibility is determined by its ability



to shift the instantaneous energy demand
to minimize the effect of the penalty signal.
The penalty signal could be designed to
1) minimize the energy consumption, 2)
minimize the cost, or 3) minimize the CO:
foot-print of the building — or a combination
of those criteria.

The penalty signal can either be:

— a step response (e.g. a sudden change
of the price of energy) as in Figure 2
in order to test different aspects of the
available energy flexibility in a building
or clusters of buildings, or

— a temporal signal varying over the day
and year according to the requirements
of the energy networks, see Figure 3.

A step response test may be utilized in
simulations to test the capacity of a thermal
storage system for example, but may also
be utilized for peak shaving in real energy
networks. Temporal signals will often be
used when utilizing the energy flexibility
in an area of an energy network and will
concurrently feedback knowledge on the
available energy flexibility in this area.

Due to the variation of the conditions for
obtaining energy flexibility, the focus of this
project was on a methodology rather than
a number. However, using the methodology,
numbers may be obtained to characterize
the parameters mentioned in Figure 2 and for
comparison with a reference case in which

Figure 3. Top plot: the room temperature in a building is controlled by a penalty aware controller
(green line) or a conventional controller (red line). Both controllers are restricted to stay within

the dashed lines. Middle plot: The black columns give the penalty, while the green and red lines
show when the two controllers calls for heat. Bottom plot: the accumulated penalty for each of the
controllers. The penalty aware controller results, for the considered period, in 20 % less emission of

CO2 compared to the traditional controller [7].



no flexibility is obtained. The difference
between the case with and without utilization
of the energy flexibility (bottom plot of Figure
3) may be used for labelling, where buildings
including their energy systems may be
rated by their share of reduction on price/
consumption/CO, emissions etc. (depending
on the target of the labelling) when using
penalty aware control instead of penalty

unaware control.

The energy flexibility of a building can be
described by a dynamic Flexibility Function
(FF) — e.g. the curved line in Figure 2, which
describes how the building reacts to a penalty
signal that may be a price signal, the CO:
contentin the grid or the amount of RES in the
grid. For simulations, the FF is found based
on the difference between the performance
of the penalty aware building and the non-
penalty aware building, as a function of the
penalty signal. For real buildings, only the
penalty aware performance is measured
and more advanced mathematical methods
are necessary in order to derive the FF [2].

Figure 4 shows the FF for three different
buildings. Building 1 has alarge time constant
(e.g. a low energy building with a significant
amount of thermal mass), while building 3
has a very low time constant (e.g. a poorly
insulated building with resistant heating).
Building 2 has a medium time constant.

The FF can be used to investigate how a
building may support a specific grid. Figure 5
shows three different grids: one with a large
amount of wind power, one with much solar
power, and one with large peaks (ramps) in
the morning and afternoon. Figure 5 shows
an example of dynamic penalty signals for
such grids, where a penalty of 1 means that
there is little or no wind or solar power in
the grid or that there are ramping (peak)
problems.

Based on the FF for the buildings and the
dynamic penalty signal, it is possible to
calculate an Expected Flexibility Savings
Index (EFSI), which basically states the
saving potential (cost or COz) of the three

Figure 4. The Flexibility Function for three different buildings [7].



Figure 5. Penalty signals based on wind and solar power production in Denmark during 2017. Ramp
penalty based on consumption in Norway during the same period (this situation is also typical for

district heating networks) [7].

buildings when located in different energy
networks with different needs. Table 1 shows
the EFSI in % savings for the three buildings
in Figure 4 when situated in the three grids

shown in Figure 5.

Table 1 shows that the building with the
large time constant is best suited for a grid
with much wind power - an EFSI of 11.8%
compared to 3.6% and 1.0% for the two other
buildings. The reason is that there often is
wind or nearly no wind for several days, so
energy needs to be stored for several days.
Building 3 with the fast reaction is best
suited for a grid with short peak problems,
while building 2 with a medium time constant
best supports the grid with daily swings in
the amount of RES (solar power) in the grid.
Table 1 shows the potential savings in cost or
CO:zdepending on the applied penalty signal.
However, the grid operators are typically
more interested in knowing how much of the
problems in the grid the buildings may help
solve. Again based on the FF (Figure 4) and

a well-chosen penalty signal similar to those
shown in Figure 5, but focusing on solving
the problems in the networks, the Flexibility
Index (FI) may be calculated for the actual
grid, describing the extent to which each
of the buildings are able to solve the grid

problems.

1 11.8 4.4 6.0
2 3.6 145 10.0
3 1.0 5.0 18.4

Table 1: EFSI for each of the three buildings
based on the dynamical penalty shown in
Figure 5.

1 11.8 4.4 6.0
2 3.6 14.5 10.0
3 1.0 5.0 18.4

Table 2: FlI for ech of the three buildings based
on the dynamical penalty shown in Figure 5.
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Table 2 gives the Fl in % for the considered
examples. Table 2 shows how much the
buildings are able to correspond to problems
in the grid. During 35% of the time, Building
1 is able to help the grid with a fluctuating
amount of wind energy, while Building 3
in 71% of the cases can provide energy
flexibility to a grid with ramp problems. It is
further seen that the trend of Table 1 and 2
are similar except that the values of Table 2
are approximately 3 to 4 times higher than
in Table 1. This means that if a building
performs well from the grid operators’ point
of view it also gives the highest savings for
the customer. This is a very encouraging
result for actually getting consumers to
accept participating in the stabilization of the
future energy grids, if there are mechanisms
for appropriately compensating building
owners for the services they can provide.

During the course of this project the EU
Commission proposed to include SRIs
(Smart Readiness Indicators) in the EPBD.
The aim of SRIs is to rate the readiness
of the building to adapt its operation to the
needs of the occupant and the grid, and to
improve its performance, which is clearly in
line with the objectives of this project. The
project participated as a stakeholder in the
first study on SRIs and produced a position
paper [8]. The viewpoint of this project is
that there is a need for an approach that
takes in to account the dynamic behaviour
of buildings rather than a static counting
and rating of control devices as proposed
by the SRI study. It is more important to

minimize the CO2 emissions from the overall

energy networks than to optimize the energy
efficiency of the single energy components
in a building.

5. Stakeholders Perspective

Stakeholder acceptance and behaviour are
crucial to the success of strategies for energy
flexibility in buildings. Without careful design
and implementation, introducing energy
flexibility has the potential to disrupt occupant
lifestyles, building systems for thermal
comfort and health, as well as potentially
increasing cost and/or energy consumption.
Stakeholder acceptance and behaviour may
also be a barrier, but this can be reduced,
if the related stakeholders are informed
about flexibility measures and support the
introduced measures. Knowledge about
the acceptance and behaviour of the
stakeholders are, an important outcome
of the project as some solutions, although
technically sound, may not be feasible as the
consequences for the involved stakeholders
may not be acceptable.

There are a wide range of different
stakeholders who may be affected by energy
flexibility measures: end-users (occupants
of buildings), building owners, facility
managers, Energy Service Companies
(ESCOs),

contractors, and product/system suppliers.

developers, architects,
The energy flexibility is ultimately useful for
aggregators, DSOs (Distribution System
Operators — both for power and district
heating systems) and TSOs (Transmission
System Operators). It is important to
establish a comprehensive understanding



of acceptance, behaviour, and motivation
at different levels of involvement for the
relevant stakeholders. In this project various
methodologies, including questionnaires and
interviews, have been utilized to understand
stakeholders’ acceptance, behaviour, and
motivation at different levels of involvement
in energy flexible buildings.

The flexibility resources and potentials are
different for different types of buildings.
Building asset managers have different
needs and behaviours compared to building
owners, end users, electricity providers
and energy production stakeholders. Thus,
it is essential to understand the needs of
various stakeholders. Shaping stakeholder
needs and preferences are a variety of
policy and market structures including,
incentive programs, national regulations,
local policies, and energy and construction
market characteristics.

General and specific laws and rules, specific
exemptions, covenants and agreements can
be deployed to engage building stakeholders
to comply with energy stakeholders’
demands, or vice versa. These could, for
example, include energy balancing targets,
minimum renewable energy share standards,
and requirements for energy flexibility or
the promotion of technical solutions such
as building energy management systems.
Economic instruments can also be deployed
to help motivate stakeholders into action:
grants, subsidies, beneficial loans, revolving
funds and tax incentives for investments are

all possible policy instruments that lead to

an improvement in the adoption of energy
flexible buildings. Also, disincentives might
be applied like tariff structures, where higher
consumption of energy leads to higher
tariffs, a mortgage system or real estate tax
system.

In addition, the involvement of governments
and regulators in aggregation can provide
incentives and increase demand response
(DR) awareness and participation. However,
the aggregation market is still immature in
many countries, and the regulations and
policies of aggregation markets vary across
countries. For instance, in Europe, the
countries Belgium, France, Ireland, and the
UK have created the regulative framework
to enable both DR and independent
aggregators, whereas other European
countries have not yet engaged with DR
reforms, e.g. Portugal and Spain.

The European Commission recently
proposed new directives covering measures
relating to energy efficiency, renewables, and
changes to reorganize the electricity market
and tackle energy poverty. It is expected
that the upcoming directives will support
the implementation of energy flexibility. For
example, the implementation of the revised
European Performance of Buildings Directive
already introduced the deployment of “smart
grid ready” buildings in the member states.
Therefore, the business models exploiting
aggregation potentials for buildings need to
be based on emerging international policies,
national regulations and visions regarding

energy market restructuring.
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The roles, motivations, and barriers for
different stakeholders in energy flexible
buildings have in this project been
investigated based on sixteen case studies.
By systematically studying the motivations
and barriers revealed in the sixteen case
studies, suggestions on how to strengthen
the motivations and how to eliminate or
reduce the barriers have been listed. The
recommendations for related stakeholders
are presented in[3]. Itis shown that, although
‘consumer driven/centred’ approaches have
been emphasized in recent years, policy
makers are still the lead stakeholders for
strengthening opportunities and eliminating
barriers in the energy system.

6. Control of Energy Flexibility
in Buildings
Since buildings in many cases are

unpredictable  consumers of energy,

optimization-based control is a key

technology in next-generation energy

efficient  building systems. Traditional
control strategies are still being used even
with the development of better alternatives
presented over the past years. In addition,
the majority of studies focus on independent
components of the building rather than
building-wide optimization, neglecting the
potential efficiency improvements to be
exploited for the entire system in order to
achieve significant energy savings and

energy flexibility.

It is necessary to consider important factors
suchasoccupantbehaviourpatterns, weather
conditions, thermal properties and their
complex interactions, without compromising

the occupants' comfort. In order to use the
potential of both commercial and residential
buildings as providers of energy flexibility
to the smart energy networks, it is further
fundamental to redesign the way a building
and its HVAC system is controlled.

Furthermore, the building-wide optimization
is a non-linear and multivariate problem
having no unique solution where competitive
objectives arise in practice, involving
interdependent issues distributed among
multiple building climate zones. In this way,
the coordinated operation of interconnected
subsystems performing autonomous control
is essential to achieve the overall system

goals.

In this context, where the control process
of buildings should be optimized, there is a
need to seek new methods and technologies
that provide fast and optimized management
and control. Appropriate methods must be
efficient and robust, performing inter-context
considerations ensuring reliability and
security in the operating conditions of the

system.

In order to achieve an overall optimization
of the building energy performance, control
architectures must be developed, enabling
the estimation of weather, occupancy
behaviour trends and energy consumption
within each building zone. More importantly,
control methods are multi-variable systems
that can exploit the interactions between
states to optimize performance, making
buildings more adaptive to system variations



and reducing the energy and environmental
cost. In addition, the sensor information
helps to better understand the building
performance and the provided services, like
air-conditioning, lighting and heating and
their equivalent parameters, as well as its
indoor environmental quality and comfort
level in a real-time format.

In order to model/simulate the energy
flexibility in buildings, it is necessary to
define control strategies. Different studies
described in [4] investigate algorithms for
efficient implementation of strategies for
realizing the energy flexibility in buildings,
including strategies for storage capacities
(thermal and electrical) and local renewables
sources, like PV panels. Different control
algorithms and strategies are introduced,
ranging from simple low-level control of
single devices, to more complex control
of several devices, and further to decision
making based on different types of forecast
(weather, energy prices, and occupancy).

7. Test of Energy Flexible
Components and Systems

Test and demonstration in real buildings is
preferable when evaluating new concepts
like energy flexibility in buildings in order
to convince the stakeholders of the validity
of the concept. However, there are many
non-controllable variables in a real building,
which makes it difficult to draw reliable,
significant conclusions - unless the concept
is demonstrated in several buildings.
Moreover, test and demonstration in real
buildings can be time consuming and very

expensive.

Simulation is, in comparison cheap and fast,
so that parametric studies can easily be
performed. However, since all inputs and
the environment are often specified in a very
simple way, this may lead to conclusions that
are not applicable in real life.

Many components are exposed to certified
tests in order to prove their performance.
These tests in laboratories give insight into
important parameters of the components,

SEILAB IREC - Catalonia Institute for Energy Research

Tarragona, Spain

Energy Smart Lab

IREC - Catalonia Institute for Energy Research

Barcelona, Spain

NZEB Emulator VTT / Aalto University

Espoo, Finland

EnergyVille labs

EnergyVille (VITO, KU Leuven, IMEC)

Genk, Belgium

OPSYS test rig

Danish Technological Institute (DTI)

Taastrup, Denmark

ZEB Living Lab NTNU / SINTEF

Trondheim, Norway

Semi-Virtual Laboratory

Polytechnique Montréal

Montréal, Canada

Energy Research Lab

Institute Energy in Building, FHNW

Muttenz, Switzerland

Test Lab Heat Pumps and Chillers

Fraunhofer Institute for Solar Energy Systems

Freiburg, Germany

Table 3: The test facilities hosted by participants in IEA EBC Annex 67.
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which are necessary inputs for simulations.
However, the tests do not answer the
question of how the component will perform
in a building under realistic use, as the
components are tested under standardized
steady-state conditions, which often do
not resemble the dynamic conditions the
components will be exposed to in real
environments.

Hardware-in-the-loop test facilities, where
parts of a system are physical components
while others are virtual, establishes a bridge
between the three approaches described

above. Systems and energy flexibility
strategies are usually developed through
simulations, so there is a need for validation
through tests under dynamic, real (or as close
as possible to real) operating conditions.
Hardware-in-the-loop test facilities
represent, therefore, a necessary tool where
researchers and industry can test, under
controlled conditions, the performance of
new systems before they are implemented in
real buildings and/or field tests. Compared
to field testing, dynamic tests in a controlled
laboratory environment with a semi-virtual

approach, offer the flexibility of imposing

Figure 6. The general layout of the Semi-virtual Energy Integration Laboratory test facility at IREC,

Spain [5].



Building
typology

Single-family house

Only one single house or a flat is considered

Multi-family house

The considered building is a multi-family building with a number of flats

Non-residential building

These buildings are in this report offices or multi-use e.g. university buildings

Cluster of buildings

The flexibility of several buildings are considered at an aggregated level.
The buildings can either be located physically next to each other or not be
physically connected but have the same aggregator controlling their energy
flexibility — e.g. buildings with the same type of heating system e.g. a heat
pump, and are controlled as a group

Energy system

Heat pump

The utilized heat pumps are located in the buildings and may both be ground
source or air source heat pumps

District heating

Is considered in the sense, that the building(s) heat demand is covered by
district heating via typically a heat exchanger in the building

Other HVAC system

This includes any other ventilation and/or cooling systems

PV PV systems located at the building make the building a prosumer, which may
put extra stress on the grid when they export electricity to the grid
Source of Constructions The thermal mass of the building (walls, floors, ceilings but also furniture) are
flexibility utilised to store heat

Thermal storage

Thermal storage are here both DHW tanks, buffer tanks in space heating and
cooling systems but also swimming pools or PCM storage

Battery

Batteries may both be a stationary battery in the building (e.g. in connection
with a PV system) or the battery of an electrical vehicle owned by the user of
the building

Fuel switch

Energy flexibility obtained in a building, which has two or more energy
systems covering the same demand — e.g. a gas boiler and a heat pump

Control system

Rule based

Traditional control where the energy service systems are controlled by a
set of predefined rules. A traditional Pl thermostat is a simple rule based
controller

Model based

The controller is based on a model of the energy demand of the building in
the form of a white box model (e.g. TRNSYS), a grey box model (typically a
low order RC (resistance-capacitance) model) or a black box model (where
the model is generated from measurements and the parameters of the model
give no direct physical meaning). Model based controllers give the possibility
of applying forecasts and can thereby make them more efficient but also more
complex

Table 4.Brief introduction to the features dealt with in the 33 documented Annex 67 flexibility case

studies.
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well-controlled and repeatable boundary
conditions on the equipment, without
waiting for given conditions to occur in the
real world. The same system can be tested
in different environments (e.g. connected
to different building types, or exposed to
different climatic conditions) quickly by
reconfiguring the simulation of the virtual
parts. Unwanted interferences (e.g. from
users) can be avoided and the accuracy
of measured data is generally better in a
controlled laboratory than in a field study.
Of course, field tests are still necessary for
a complete performance assessment, but
semi-virtual testing allows going further than
conventional laboratory tests at a fraction of
the cost of a pilot project.

During this project nine facilities around the
world (Belgium, Canada, Denmark, Finland
Germany, Norway, Spain and Switzerland —
listed in Table 3) specially conceived to test
control strategies and the combination of
components under controllable, yet realistic,
conditions have been documented [9].
Eight out of the nine test facilities use the
hardware-in-the-loop concept while the last
is a Living Lab being a zero energy house.

During this

project experiments for

investigation of energy flexibility of
components and systems have with success
been carried out in six of the test facilities
mentioned in Table 3 and have been
documented in [5]. Valuable insight into how
to run hardware-in-the-loop test facilities
with regards to gaining knowledge of the
performance of different types of systems

aiming at providing energy flexibility services

to the energy networks have been obtained.
Based on this recommendation on how to
test energy flexibility have been given in [5].
Figure 6 shows and example of a hardware-
in-the-loop test facility — at IREC, Spain.

8. Examples of Energy
Flexibility from Buildings

In order to investigate the different
possibilities to obtain and control energy
flexibility from buildings the participants of
this project have studied several specific
cases either by modelling or by measuring
in real buildings or systems. 33 case studies
have been documented in [6], [4] and [10]. As
energy flexibility from buildings for most is
a new concept, well documented examples
will often be easier to comprehend than
theoretical descriptions of this very complex

area.

The 33 case studies covers a broad variety
of the building typologies, energy systems,
sources of flexibility and control strategies
highlighted in Table 4. The technologies of
the four categories in Table 4 are mixed in
many different ways in the 33 case studies,
which makes this collection of case studies
of energy flexibility in buildings a unique
source for inspiration.

9. Performance Documentation

With respect to the objectives listed under
Background, this project has:

— developed a methodology for
characterisation energy flexibility from

buildings and decided on a common



way of referring to energy flexibility in
buildings;

— increased the knowledge on the
acceptance, motivation and barriers
for the involved stakeholders around
energy flexible buildings. Knowledge
which is important when introducing
energy flexibility in real buildings;

— documented 33 cases of different ways
of obtaining and controlling energy
flexibility in buildings and clusters of
buildings and determined the potential
available energy flexibility;

— mainly investigated energy flexibility in
single buildings, however, the aggregated
energy flexibility from clusters of
buildings have also been studied in
some cases. It has further been shown
that different types of buildings performs
better in some energy networks than in
others depending on the actual mix of
renewable energy sources in the actual
network;

— tested energy flexibility in Hardware-in-
the-loop test facilities and in some field
studies.

This project is, therefore, a major step
forward in making energy flexible buildings
an important asset for the future energy
networks.
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The International Energy Agency

The International Energy Agency (IEA) was established
in 1974 within the framework of the Organisation for
Economic Co-operation and Development (OECD)

to implement an international energy programme.

A basic aim of the |IEA is to foster international co-
operation among the 31 IEA participating countries
and to increase energy security through energy
research, development and demonstration in the fields
of technologies for energy efficiency and renewable
energy sources.

The IEA Energy in Buildings and
Communities Programme

The IEA co-ordinates international energy research and
development (R&D) activities through a comprehensive
portfolio of Technology Collaboration Programmes.
The mission of the IEA Energy in Buildings and
Communities (IEA EBC) Programme is to develop and
facilitate the integration of technologies and processes
for energy efficiency and conservation into healthy, low
emission, and sustainable buildings and communities,
through innovation and research. (Until March 2013,
the IEA EBC Programme was known as the IEA Energy
Conservation in Buildings and Community Systems
Programme, ECBCS.)

The R&D strategies of the IEA EBC Programme are
derived from research drivers, national programmes
within IEA countries, and the IEA Future Buildings
Forum Think Tank Workshops. These R&D strategies
aim to exploit technological opportunities to save
energy in the buildings sector, and to remove technical
obstacles to market penetration of new energy efficient
technologies. The R&D strategies apply to residential,
commercial, office buildings and community systems,
and will impact the building industry in five areas of
focus for R&D activities:

— Integrated planning and building design
— Building energy systems

— Building envelope

— Community scale methods

— Real building energy use

The Executive Committee

Overall control of the IEA EBC Programme is
maintained by an Executive Committee, which not
only monitors existing projects, but also identifies new
strategic areas in which collaborative efforts may be
beneficial. As the Programme is based on a contract

with the IEA, the projects are legally established as
Annexes to the IEA EBC Implementing Agreement.
At the present time, the following projects have been
initiated by the IEA EBC Executive Committee, with
completed projects identified by (*):

Annex 1: Load Energy Determination of
Buildings (*)

Annex 2: Ekistics and Advanced Community
Energy Systems (*)

Annex 3: Energy Conservation in Residential
Buildings (*)

Annex 4: Glasgow Commercial Building
Monitoring (*)

Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of
Communities (*)

Annex 7: Local Government Energy
Planning (*)

Annex 8: Inhabitants Behaviour with Regard to
Ventilation (*)

Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and
System Integration (*)

Annex 17: BEMS 2- Evaluation and Emulation
Techniques (*)

Annex 18: Demand Controlled Ventilation
Systems (*)

Annex 19: Low Slope Roof Systems (*)

Annex 20: Air Flow Patterns within Buildings (*)

Annex 21: Thermal Modelling (*)

Annex 22: Energy Efficient Communities (*)

Annex 23: Multi Zone Air Flow Modelling
(COMIS) (%)

Annex 24: Heat, Air and Moisture Transfer in
Envelopes (*)

Annex 25: Real time HVAC Simulation (*)

Annex 26: Energy Efficient Ventilation of Large
Enclosures (*)

Annex 27: Evaluation and Demonstration of
Domestic Ventilation Systems (*)

Annex 28: Low Energy Cooling Systems (*)

Annex 29: Daylight in Buildings (*)

Annex 30: Bringing Simulation to Application (*)

Annex 31: Energy-Related Environmental

Impact of Buildings (*)



Annex 32:

Annex 33:
Annex 34:

Annex 35:

Annex 36:

Annex 37:

Annex 38:
Annex 39:

Annex 40:

Annex 41:

Annex 42:

Annex 43:

Annex 44:

Annex 45:

Annex 46:

Annex 47:

Annex 48:

Annex 49:

Annex 50:

Annex 51:

Annex 52:

Annex 53:

Annex 54:

Annex 55:

Annex 56:

Integral Building Envelope
Performance Assessment (*)
Advanced Local Energy Planning (*)
Computer-Aided Evaluation of HVAC
System Performance (*)

Design of Energy Efficient Hybrid
Ventilation (HYBVENT) (*)
Retrofitting of Educational

Buildings (*)

Low Exergy Systems for Heating and
Cooling of Buildings (LowEX) (*)
Solar Sustainable Housing (*)

High Performance Insulation
Systems (*)

Building Commissioning to Improve
Energy Performance (*)

Whole Building Heat, Air and
Moisture Response (MOIST-ENG) (*)
The Simulation of Building-Integrated
Fuel Cell and Other Cogeneration
Systems (FC+COGEN-SIM) (*)
Testing and Validation of Building
Energy Simulation Tools (*)
Integrating Environmentally
Responsive Elements in Buildings (*)
Energy Efficient Electric Lighting for
Buildings (*)

Holistic Assessment Tool-kit on
Energy Efficient Retrofit Measures
for Government Buildings
(EnERGO) (*)

Cost-Effective Commissioning for
Existing and Low Energy

Buildings (*)

Heat Pumping and Reversible Air
Conditioning (*)

Low Exergy Systems for High
Performance Buildings and
Communities (*)

Prefabricated Systems for Low
Energy Renovation of Residential
Buildings (*)

Energy Efficient Communities (*)
Towards Net Zero Energy Solar
Buildings (*)

Total Energy Use in Buildings:
Analysis and Evaluation Methods (*)
Integration of Micro-Generation and
Related Energy Technologies in
Buildings (*)

Reliability of Energy Efficient
Building Retrofitting - Probability
Assessment of Performance and
Cost (RAP-RETRO) (*)

Cost Effective Energy and CO,
Emissions Optimization in Building
Renovation (*)

Annex 57: Evaluation of Embodied Energy and
CO, Equivalent Emissions for
Building Construction (*)

Annex 58: Reliable Building Energy
Performance Characterisation Based
on Full Scale Dynamic
Measurements (*)

Annex 59: High Temperature Cooling and Low
Temperature Heating in Buildings (*)
Annex 60: New Generation Computational

Tools for Building and Community
Energy Systems (*)

Annex 61: Business and Technical Concepts for
Deep Energy Retrofit of Public
Buildings (*)

Annex 62: Ventilative Cooling (*)

Annex 63: Implementation of Energy Strategies
in Communities

Annex 64: LowEx Communities - Optimised

Performance of Energy Supply
Systems with Exergy Principles (*)
Annex 65: Long-Term Performance of Super-
Insulating Materials in Building
Components and Systems (*)
Annex 66: Definition and Simulation of
Occupant Behavior in Buildings (*)
Annex 67: Energy Flexible Buildings (*)
Annex 68: Indoor Air Quality Design and
Control in Low Energy Residential
Buildings (*)
Annex 69: Strategy and Practice of Adaptive
Thermal Comfort in Low Energy
Buildings (*)
Annex 70: Energy Epidemiology: Analysis of
Real Building Energy Use at Scale Annex 71:
Building Energy Performance
Assessment Based on In-situ

Measurements (¥)

Annex 72: Assessing Life Cycle Related
Environmental Impacts Caused by
Buildings (*)

Annex 73: Towards Net Zero Resilient Energy
Public Communities (*)

Annex 74: Competition and Living Lab
Platform (*)

Annex 75: Cost-effective Building Renovation at

District Level Combining Energy
Efficiency and Renewables (*)

Annex 76: Deep Renovation of Historic
Buildings Towards Lowest Possible
Energy Demand and CO,
Emissions (*)

Annex 77: Integrated Solutions for Daylight and
Electric Lighting (*)
Annex 78: Supplementing Ventilation with Gas-

phase Air Cleaning, Implementation

23



24

Annex 79:
Annex 80:

Annex 81:
Annex 82:

Annex 83:
Annex 84:

Annex 85:
Annex 86:

Annex 87:

Annex 88:

Annex 89:

Annex 90:

Annex 91:

Working Group -

Working Group -

Working Group -

Working Group -

Working Group -
Working Group -

and Energy Implications

Occupant-centric Building

Design and Operation

Resilient Cooling

Data-Driven Smart Buildings
Energy Flexible Buildings towards
Resilient Low Carbon Energy
Systems

Positive Energy Districts

Demand Management of Buildings in
Thermal Networks

Indirect Evaporative Cooling
Energy Efficient Indoor Air Quality
Management in Residential Buildings
Energy and Indoor Environmental
Quality Performance of Personalised
Environmental Control Systems
Evaluation and Demonstration of
Actual Energy Efficiency of Heat
Pump Systems in Buildings

Ways to Implement Net-zero Whole
Life Carbon Buildings

Low Carbon, High Comfort
Integrated Lighting

Open BIM for Energy Efficient
Buildings

Energy Efficiency in Educational
Buildings (*)

Indicators of Energy Efficiency in
Cold Climate Buildings (*)

Annex 36 Extension: The Energy
Concept Adviser (*)

HVAC Energy Calculation
Methodologies for Non-residential
Buildings (*)

Cities and Communities (*)
Building Energy Codes
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