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List of Acronyms and Abbreviations

Abbrevia- Definition
tion

Flex-offer A flexible offer — a representation of a
single flexibility unit
BRP Balance Responsible Party
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1 Bottom-up energy systems

The GOFLEX (Generalized Operational FLEXibility for Integrating Renewables in the Distribu-
tion Grid) project focuses on a new so-called bottom-up or cellular energy system:

e An energy system where significant energy production is occurring at
lower levels of the grid, and energy market roles such as "producers"
and "market operators" have new opportunities at the lower levels of
the grid. Each grid level may possess most of the functions present at
higher levels. Each portion of a system that contains a minimal set of
roles may be called a cell. In the future energy system, such cells may
very well sit within other cells in a manner similar to nesting dolls.

This cellular approach to arranging the energy system is well suited to incorporating distrib-
uted sources of renewable energy. A group of actors capable of meeting their own energy
needs can trade energy and flexibility with each other and form their own cell.

The cellular system works bottom-up: the smallest cells (subsystems) are commercial and res-
idential buildings, houses and industry plants (e.g. performing as microgrids). The next level
typically correspond to distribution grids and the third level to transmission grids.

2 Flex-Offer Concept Overview

To be able to exchange information about energy flexibility among different actors within a
cell, there is a need for a common representation of flexible loads. The European project
MIRABEL proposed a format to encode this information, called a flex-offer [1, 3].

A visual representation of a (simple) flex-offer is shown in Figure 1. Each bar in the graph cor-
responds to a time slice of energy consumption, with the lower part representing the mini-
mum amount of energy that a flexible resource needs to provide its service, and the upper
part an interval within which it can adjust its consumption, while still satisfying functional con-
straints (e.g., comfort temperature). This is called to (energy) amount flexibility. Another type
of flexibility is time flexibility as shown in Figure 1. Time flexibility is provided when an energy
load can be shifted within a time interval, defined by an earliest start time at which the flexible
resource can start its consumption, and a latest end time at which it should be done. When
created, a flex-offer is assigned a baseline schedule that corresponds to the consumption pat-
tern that the associated flexible resource prefers to follow. Updated schedules can be assigned
to the flex-offers to modify the consumption behaviour of the flexible resource, utilizing its
provided flexibility. More advanced forms of the flex-offer exist, and will be discussed later.
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Figure 1 A visual representation of the simple Flex-Offer

3 Flex-offer Aggregation and Disaggregation

In general, the flex-offer representation makes it practical to exchange flexibility information
between different entities. However, flex-offers from individual flexible resources (e.g., heat
pumps, electric vehicles) typically represent small flexible loads. Thus, a single (small) flex-
offer has low impact and is of little interest for electricity trading, peak shaving, and balancing
demand and supply on the grid, where required balancing capacities are much higher. At the
same time, optimising energy loads based on a large number of flex-offers is a computationally
hard problem, which requires dealing with many decision variables and constraints originating
from many flex-offers. By utilizing flex-offer aggregation [2], flexibilities from individual appli-
ances can be combined and thus offered in a more useful and effective aggregated form. Such
aggregated flexibility can again be represented as flex-offers — but with much larger energy
amounts and flexibility margins. Aggregation is typically performed by BRPS, system opera-
tors, and/or entities called Aggregators. They receive flex-offers from individual flexible re-
sources and then aggregate these flex-offers. The flexibility of aggregated flex-offers tends to
be lower than the joint flexibility of the flex-offers that compose them. This reduction in flex-
ibility is, however, unavoidable in order to reduce flex-offer scheduling complexity and to in-
crease their value (e.g., on the flexibility market). After aggregation, schedules are typically
assigned to the aggregated flex-offers (e.g., based on energy sold on the market). By respect-
ing all inherent aggregated flex-offer constraints, a schedule specifies exact start times and
aggregated energy amounts be assigned to the underlying flexible resources. Such schedules
are disaggregated to schedules for each individual flex-offer it is composed of. This operation
is denoted flex-offer disaggregation. Disaggregated schedules are finally forwarded to the
flexible resources which initially offered flexibility. This flex-offer aggregation, scheduling, and

disaggregation process is illustrated in Figure 2.
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Figure 2 — Flex-offer aggregation, scheduling, and disaggregation process

4 Flex-offer Constraints

To cover a wide range of flexible resources, a flex-offer identifies different types of flexibility
and uses specialized constraints to characterize each type of flexibility — see Fig. 3.
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Figure 3 — Complexity of load flexibility patterns supported by flex-offers

A flex-offer in simple forms (Fig. 1) activates the following types of constraints to capture start
time and energy amount flexibilities:

e Start time constraint — it is a range defined by the two parameters: startAfterTime,
startBeforeTime - see Fig. 1.

e Energy amount constraint - for every discrete (e.g., 15min) interval of an active de-
vice operation, energy amount flexibility is characterized by a range with energyCon-
straint.lower and energyConstraint.upper as lower and upper bounds, respectively —
see Fig. 1.
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However, some flexible resources might require additional more advanced (flexibility) con-
straints to be added to a flex-offer to model its flexibility or data exchange flow more accu-
rately:

e Total energy constraint — it is a range [totalEnergyConstraint.lower, totalEnergyCon-
straint.upper] which bounds the total energy amount requested or offered within the
full active operation of a flexible resource.

e Dependent energy amount constraint - like the energy amount constraint, this con-
straint captures the minimum and maximum energy amounts at a discrete interval t
depending on the total energy consumed at the intervals 1..t-1. A dependent energy
amount constraint [4] for a specific discrete time interval t is given as 2D energy flexi-
bility polygon — see Figure 4. This constraint should be used for the most advanced
forms of flexible resources (e.g., heat-pumps), where the flexibility changes over time
and is dependent on an internal system state (e.g., temperature).

e Acceptance time constraint - defined by the parameter acceptanceBeforeTime, this
constraint sets the deadline on when a flex-offer receiving party (e.g., BRP) should
acknowledge successful acceptance or rejection of the flex-offer. A flex-offer rejec-
tion may occur if, e. g., flex-offer constraints or other metadata (e.g., prices) are inva-
lid or inappropriate (e.g., quantities are too small, prices are too high).

e Assignment time constraint — defined by the parameters assignmentBeforeTime and
assignmentBeforeDurationSeconds, this constraint sets the deadlines on when flex-
offer schedule update (assignment) is allowed to be sent by the flex-offer receiving
party (BRP) to a flex-offer issuing party (flexible resource). A deadline can be an abso-
lute timestamp (assignmentBeforeTime) or a relative duration (assignmentBefore-
DurationSeconds) with respect to the scheduled operation activation time.
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Figure 4 — An example of a flex-offer with dependent energy amount constraints

For all these flex-offer constraint types, scalable aggregation and disaggregation techniques
have been developed [2, 4, 6].

5 Flex-Offer Pricing

In addition to flexibility, flex-offer may capture related information such as price. Each flex-
offer may define, a deviation price, which has to be paid to flexibility provider (e.g., Prosumer)
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by a flexibility consumer (e.g., BRP), for requesting a 1kWh deviation from the baseline (pre-
ferred schedule) which was initially reported by the flexibility provider — see Fig. 1. This yields
a number of “V”-shaped price curves (in the linear case) associated to each discrete time in-

terval of an active device operation — see Fig. 5.
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Figure 5 — An example of a flex-offer with associated deviation prices

The deviation price is paid for the successful activation of flexibility (a deviation from the base-
line). Alternatively, flexibility may be treated as an asset and priced in the explicit form (e.g.,
monthly). For this, the flexibility provider (a flexible resource) may get rewarded by the flexi-
bility consumer (e.g., BRP) based on the number of flex-offers, total time and energy amount

flexibility, etc. offered — see Fig. 6.

Customer: arrowhead_lift

Item Value Price
Number of flexoffers 2
Fixed reward for all flexoffers 10.00 DKK
Total Time Flexibility 0 time units (15 min) 0.00 DKK
Total Energy Flexibility 68.83 kWh 6.88 DKK
Number of default schedule deviations 0 0.00 DKK
The sum of stat time scheduling deviations with respect to the default schedule 0 time units (15 min) 0.00 DKK
The sum of energy deviations with respect to the default schedule 0.00 kWh 0.00 DKK
16.88 DKK

Total Reward

Figure 6 —Pricing of flexibility based on flex-offer contracts
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6 Flex-Offer JSON representation

An example JSON representation [6] of a flex-offer used in the ARROWHEAD [1] and
TOTALFLEX [5] projects with activated basic constraints for acceptance time, assignment time,
start time, energy amount, and total energy flexibilities is as follows:

{
"id": O,
"state": "Assigned",
"offeredById": "SELF",
"acceptanceBeforeTime": "2018-01-12T06:45:00+01:00",
"assignmentBeforeDurationSeconds": 0,
"assignmentBeforeTime": "2018-01-12T07:00:00+01:00",
"creationTime": "2018-01-12T06:15:004+01:00",
"durationSeconds": 9000,
"endAfterTime": "2018-01-12T09:45:00+01:00",
"endBeforeTime": "2018-01-12T11:45:00+01:00",
"numSecondsPerInterval": 900,
"startAfterTime": "2018-01-12T07:15:00+01:00",
"startBeforeTime": "2018-01-12T09:15:00+01:00",
"totalEnergyConstraint": {
"lower": 18.0,
"upper": 20.0
},
"slices": [{
"durationSeconds": 900,
"costPerEnergyUnitLimit": 1,
"energyConstraint": {
"lower": 2.8771
"upper": 4.650334

}
},
{
"durationSeconds": 900,
"costPerEnergyUnitLimit": 1,
"energyConstraint": {
"lower": 5.42455 ,
"upper": 8.5894
}
},
{
"durationSeconds": 900,
"costPerEnergyUnitLimit": 1,
"energyConstraint": {
"lower": 6.02222779348911,
"upper": 9.055657773803548
}
1,

"flexOfferSchedule": {
"startTime": "2018-01-12T07:15:00+01:00",
"energyAmounts": [3.7637223407929588,
7.0070125514544195,
7.538942783646329]

"defaultSchedule": {
"startTime": "2018-01-12T07:15:00+01:00",
"energyAmounts": [3.7637223407929574,
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