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(57) Abstract: For allowing the scheduling of delay-tolerant power loads from multiple users sharing a single renewable energy
source, so that the renewable energy is nearly optimally used and power allocation maintains fair, a method for controlling load bal -
ancing within an energy system is claimed, wherein a renewable energy source for sharing local renewable energy consumption
between a predetermined number of users is provided, wherein a back-up energy source for buying back-up energy by the users is
provided for situations when the energy demand of the users exceeds the availability or a predetermined availability level of renew -
able energy from the renewable energy source, wherein the users operate time delay-tolerant loads and wherein a control of load bal-
ancing by scheduling and/or time-shifting the use of the loads is performed. The method is characterized in that the control of load
balancing is performed under consideration of a maximization of the users local renewable energy consumption and under consider -
ation of cost-fairness between the users regarding the assignment of the renewable energy to the users and regarding the buying
and/or prices of back-up energy from the back-up energy source. Further, an according energy system is claimed, preferably for car-
rying about the above mentioned method.
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A METHOD FOR CONTROLLING LOAD BALANCING WITHIN AN
ENERGY SYSTEM AND AN ACCORDING ENERGY SYSTEM

The present invention relates to a method for controlling load balancing within an
energy system, wherein a renewable energy source for sharing local renewable
energy consumption between a predetermined number of users is provided,
wherein a back-up energy source for buying back-up energy by the users is
provided for situations when the energy demand of the users exceeds the
availability or a predetermined availability level of renewable energy from the
renewable energy source, wherein the users operate time delay-tolerant loads and
wherein a control of load balancing by scheduling and/or time-shifting the use of
the loads is performed.

Further, the present invention relates to an energy system, wherein a renewable
energy source for sharing local renewable energy consumption between a
predetermined number of users is provided, wherein a back-up energy source for
buying back-up energy by the users is provided for situations when the energy
demand of the users exceeds the availability or a predetermined availability level
of renewable energy from the renewable energy source, wherein the users
operate time delay-tolerant loads and wherein means for performing a control of
load balancing by scheduling and/or time-shifting the use of the loads are
provided.

The aim for a more sustainable society demands high penetration of Renewable
Energy Sources, RES, in all domains, including the residential sector.
Furthermore, recent technology improvements made various renewable energy
systems more available and easier to deploy, even in urban areas. Residential
RES systems have been encouraged through guaranteed feed-in, leading to a
high number of installed Photovoltaic panels in the residential sector. Furthermore,
small-scale wind turbines that can be installed in urban zones have also become
available in the market.

The high penetration of Distributed Energy Resources, DER, presents an issue for
the stability of electricity grids which can be mitigated by local consumption of the
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generated energy. Also, local use of renewable energy should be favoured over
feed-in since it results in higher efficiency. Moreover, the trends show that this will
also be economically the most desirable option due to a decrease in feed-in rates
— that are sometimes not available at all — and the emergence of grid-parity
systems. The local consumption of energy is also motivated by the independence
from the grid and devotion to green energy.

The main challenge with local consumption of renewable energies is how to match
fluctuating supply and demand. Various approaches to balance between an
intermittent energy source and power loads have been proposed. In the residential
sector, a very common strategy is to shift in time the use of delay-tolerant
appliances based on the availability of renewable energy.

The load balancing problem becomes more complicated once the demand comes
from multiple users, requiring a certain form of fairness. Different notation of
fairness for shared resources can be defined. For instance, with proportional-share
fairness users are supposed to get the shared resource — here renewable energy —
proportionally to their shares in the system. However, this type of fairness is not
suitable for loads such as home appliances which operate only if they get the
entire required amount of power equal to their power consumption. Another type of
fairness can be defined as delay-fairness which considers the wait times
experienced by users.

Usual practice with delay-tolerant loads is that a user submits a request together
with a deadline until which the appliance should finish. These deadlines are hard
deadlines meaning that the appliance must finish by the requested timestamp
even if in that case additional grid energy has to be consumed. Contrary to
renewable energy that is free after the initial investments, the additional grid
energy comes at the price charged by the utility. Electricity pricing schemes may
still differ from country to country but a general trend towards dynamic electricity
pricing is obvious. With the electricity market deregulation and penetration of
renewable energy at grid scale, a widely accepted view is that in future electricity
price will depend on time of use, matching supply and demand. In this way
residential customers would get a day-ahead “menu” with electricity prices
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changing every 15-30 min. Some variations of this pricing scheme are already in
use.

Currently, users rarely actively share a renewable energy source in developed
countries. For instance, in Germany there are still feed-in tariffs that are more
profitable than local use of energy. However, this is going to change, Fulfon et al.,
The German feed-in tariff: Recent policy changes. Furthermore, there are
countries where neither this tariffs nor net-metering are available and the energy is
consumed locally. For installation of renewable systems in residential building, not
only a load balancing that minimizes additional costs is needed, what is provided
by the current state of the art.

Contrary to developed countries, shared renewable systems used locally within a
community are more frequent. Social studies show that a certain type of control
over a use of particular users is desired, Jenny et al, Psychological factors
determining individual compliance with rules for common pool resource
management: The case of a Cuban community sharing a solar energy system.

It is an object of the present invention to improve and further develop a method for
controlling load balancing within an energy system and an according energy
system for allowing to schedule delay-tolerant power loads from multiple users
sharing a single renewable energy source, so that the renewable energy is nearly
optimally used and power allocation is fair between the users.

In accordance with the invention, the aforementioned object is accomplished by a
method comprising the features of claim 1 and by an energy system comprising
the features of claim 21.

According to claim 1 the method is characterized in that the control of load
balancing is performed under consideration of a maximization of the users’ local
renewable energy consumption and under consideration of cost-fairness between
the users regarding the assignment of the renewable energy to the users and
regarding the buying and/or prices of back-up energy from the back-up energy
source.
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According to claim 21 the energy system is characterized in that the means are
designed for performing the control of load balancing under consideration of a
maximization of the users’ local renewable energy consumption and under
consideration of cost-fairness between the users regarding the assignment of the
renewable energy to the users and regarding the buying and/or prices of back-up
energy from the back-up energy source.

According to the invention it has been recognized that a very important and
suitable notation of fairness for users is cost-fairness. The combination of
maximization of the users’ local renewable energy consumption with such cost-
fairness aspects results in a very sustainable notation of fairness and allocation of
generated renewable energy.

Within a preferred embodiment of the method a use case of a load, a device or a
machine, for example, is described by its power profile given as a task or an array
of subtasks specified by its or there durations and energy consumptions.
Particularly such an array of subtasks can be scheduled in a very flexible and
simple way.

Depending on individual limitations regarding the duration of a special use case at
least one or each use case can have a user specified deadline. This will consider
use cases, where time-shifting can not be performed within a too wide range.

Also depending on the individual use case and for providing a flexible scheduling a
duration or a minimal duration or a maximal duration of a pause between at least
two subtasks of a use case can be defined. For instance, a washing phase of a
washing machine must start not longer than about fifteen minutes after the heating
phase during the washing process.

For providing very actual situations and a best possible control of load balancing
under consideration of maximization of renewable energy consumption and cost-
fairness the scheduling and/or time-shifting can be done periodically at an
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adjustable frequency. By each new scheduling and/or time-shifting the
consideration of changed circumstances is possible in this case.

For providing a very sensible scheduling and/or time-shifting the scheduling and/or
time-shifting can be done at the level of the above subtasks.

Further, for providing a very fair load balancing future back-up energy prices or
dynamic back-up energy pricing schemes can be considered within the scheduling
and/or time-shifting.

Additionally or alternatively, prediction or forecast of renewable energy generation
of the renewable energy source can be considered within the scheduling and/or
time-shifting.

With regard to a very simple performance of the method the method can be
performed in a first level and in a second level, wherein different processes and
aspects can be realized or considered within said levels.

The first level can provide the scheduling and/or time-shifting of the task or
subtasks. Concretely, the scheduling and/or time-shifting can provide a start time
assignment for each task or subtask. This scheduling and/or time-shifting is
performed under consideration of the maximization of the users’ local renewable
energy consumption. This maximization can be performed within first level.

The second level can provide the assignment of the renewable energy to the users
or tasks or subtasks. This concrete assignment can consider the start time
assignment for each task or subtask.

Generally, the assignment of the renewable energy can be performed over a
definable time interval. Such a time interval can be defined by the user.

Within such a two-level structure the second level can consider the cost-fairness
between the users. A measure of cost-fairness and/or the assignment provided
within the second level can then be considered within the first level. In this regard
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the first level can amend a prior scheduling and/or time-shifting scheme after
consideration of such measure of cost-fairness and/or assignment of the
renewable energy by the second level, so that the first and the second level can
preferably be completely interleaved.

With regard to a simple and reliable realization of the processes within the first
level and/or second level genetic algorithms can be used within the first and/or
second level.

Within a concrete embodiment cost-fairness can comprise the meaning that users
with generally equal shares or with generally equal assigned amounts of
renewable energy pay on average the same or comparable back-up energy prices.
By such a meaning a very sustainable notation of fairness can be provided.

Within a further concrete embodiment users that consumed less renewable energy
than other users can get lower prices for back-up energy than the other users. In
this way a balance regarding costs can be provided between the users.

Within a further preferred embodiment loads requiring an immediate start can be
considered within the scheduling and/or time-shifting. By this feature an universally
usable method can be provided.

Preferred aspects of embodiments of the above mentioned method and energy
system can be explained as follows:

If dynamic electricity pricing is assumed and grid energy is needed to complement
the renewable generation, a central question here is how the available renewable
energy is allocated to the users and whose appliances are scheduled during
periods of low electricity price. In this way, we come to another notation of fairness
— cost-fairness. Though some variations of the definition are possible, with cost-
fairness we assume that in general users with equal shares in the system should
pay on average comparable prices for kWh of energy used from the grid. It's also
possible to achieve lower grid energy price for users that consumed less
renewable energy.
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Conditions:

e Under insufficient power generation, additional energy can be fetched from
the grid at dynamically changing prices that are known in advance.

e It is possible to obtain prediction of power generation, e.g. solar irradiance.

e The assumed power loads are delay-tolerant loads with user specified hard
deadlines.

However, note that under given assumptions, the method and system can also
manage a certain portion of loads that have to start immediately, selecting for the
deadline duration of the appliance use. These loads are not flexible in time but
they still need to be considered for fair renewable power allocation.

Here it is proposed a control method for load balancing in an energy sharing
system that maintains cost-fairness among competing users. In the discussed
system, users share a renewable energy source with back-up energy bought from
the utility in situations when demand exceeds supply. The price of electricity
bought from the utility can change dynamically, varying depending on time of use.
The proposed balancing method schedules power load that includes delay-tolerant
appliances using an optimization approach. The objective of this approach is to
maximize local consumption of renewable energy and cost-fairness. Cost-fairness
is closely related to the execution schedule since the user needs to pay current
electricity price for the portion of his/her power consumption that is not covered by
the renewable energy assigned to the user. Furthermore, the method aims at
minimization of the total costs paid to the utility.

An embodiment of the claimed method refers to a control method for load
balancing for local shared energy supply system distributed to multiple competing
users performing the power assignment through an optimization of high utilization
of energy sources — control level 1 — and cost-fairness between users — control
level 2.
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The method can comprise a time-shifting control by delay-tolerant loads with user
specified deadlines. The energy system should preferably consider the following
conditions:

Certain portion of load can require immediate start

A fluctuating sharable power source with generation forecast (prediction)
Stochastic demand from multiple competing users

Grid-connected system with a dynamic energy pricing scheme.

The method can assign the available power to the loads active over a specified
interval. An optimization-based rescheduling or re-time-shifting can be done
periodically in order to consider newly arrived jobs or loads.

The method schedules in time the use of loads or appliances aiming at an optimal
local consumption of the available renewable energy and minimization of
additional utility costs. The combination of time schedule and power assignments
determines the costs to be paid by each user. The method maintains a certain
form of cost-fairness.

It is provided a control method for supply-demand balancing combining the goal
for maximizing efficiency of local supply utilization with the goal for providing cost-
fairness under participants or users. The control method performs nested
optimization of the different goals:

o Providing a form of cost-fairness among all users
o Maximizing the utilization of local energy supply, RES
o Minimizing additional energy costs.

The prediction of renewable energy generation and dynamic electricity pricing
schemes can be used as an input. The dynamic adjustment of schedules
depending on changes in the load provides an impact on load processing.

As the results, users are motivated to provide flexible/loose deadlines knowing that
it directly affects their bill. In this way providing a short deadline would affect only
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the very user and not others as it would be the case with schemes that would
share electricity costs proportionally to consumption or according to any other user
agreements.

Operational configuration of the method can be given by:

e Scheduling at the level of subtasks provides flexibility to achieve good
balancing capabilities and high degree of fairness.

e Possibility to select the exact notation of cost-fairness, for instance,
smaller users should pay less per kWh of energy on average, or all users
should pay similar price per kWh; furthermore additional parameters can
be introduced such as users’ shares in the system.

The above mentioned method and energy system is influenced by an imbalance of
supply and demand due to intermittent and/or resource-limited energy generation
and fluctuating demand/load pattern. The local balancing system is backed-up by
an energy system which can be characterized by dynamic energy pricing
schemes.

In this way, users are motivated to provide loose deadlines since their costs are
directly effected by the time of use of energy if additional energy needs to be
fetched from the utility.

Furthermore, deadline/demand of a given user can affect other users only if the
user's accumulated “benefit” is lower, otherwise other users will have higher
priority to use energy when it is cheaper and will also get a higher fraction of the
renewable generation.

In a preferable way the scheduling and/or time-shifting and/or prediction of costs
can be provided in accordance with previous cost and/or consumption patterns of
users or loads. This can result in a high utilization degree of the renewable energy
source.
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The above method and energy system provide an economical method and
system, as energy costs paid to the back-up energy system can be minimized.
Further, cost variations between competing users can be minimized for providing
cost-fairness. Further, there is a social impact by the above mentioned method
and energy system, as user behaviour can be modified, as users are motivated to
take responsibility for their behaviour by provision of loose deadlines.

There are several ways how to design and further develop the teaching of the
present invention in an advantageous way. To this end it is to be referred to the
patent claims subordinate to patent claim 1 on the one hand and to the following
explanation of preferred examples of embodiments of the invention, illustrated by
the drawing on the other hand. In connection with the explanation of the preferred
embodiments of the invention by the aid of the drawing, generally preferred
embodiments and further developments of the teaching will be explained. In the
drawings

Fig. 1 is illustrating the scheduling of delay-tolerant loads considering renewable
power generation and utility electricity prices according to one
embodiment of the present invention,

Fig. 2 is illustrating a two-level optimization approach according to one preferred
embodiment of the present invention and

Fig. 3 is illustrating the need for assignment of available energy to subtasks
active during a time interval.

According to embodiments of this invention, we propose a control method
performing optimization on sharing and cost-fairness for balancing of local supply
and demand. The control method facilitates high efficient local consumption of
energy from a renewable energy source shared among multiple users. This
method performs load balancing by time-shifting of delay-tolerant loads like
washing machines, dishwashers and tumble dryers. Load balancing is
optimization-based, aiming at optimal or best possible use of locally generated
energy.
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In the following text, we refer to one use of an appliance as a job. A job is
described by its power profile given as an array of subtasks specified by their
durations and power consumptions. Furthermore, each job has a user specified
deadline and there might be constraints for the maximal pause between subtasks
of a given job. For instance, washing phase must start not longer than 15 minutes
after the heating phase during washing process. Also, each job belongs to one of
the system users.

The optimization-driven scheduler is invoked periodically at adjustable frequency.
Every time the scheduling algorithm is used, all unexecuted subtasks are
scheduled or rescheduled including both previously scheduled subtasks and newly
arrived jobs. Fig. 1 illustrates the idea of periodical rescheduling considering newly
arrived jobs, future electricity prices and a prediction of local power generation. At
the moment f, an optimization process is done on the space of all possible
subtask schedules. Note that already running subtask — represented by full lines —
can not be pre-empted and accordingly, they cannot be rescheduled. Once the
suboptimal solution for all waiting subtasks is found, the subtasks that have been
waiting continue according to the new schedule. Again, the subtasks that start
immediately will not be affected by the new scheduling decisions made at the
moment £ +7 — rectangles represented by full lines. All other subtasks that are still
waiting for execution — represented by dotted lines — can get different start times
assigned, depending on job arrivals between fand # +7.

The proposed control method is a two-level method as depicted in Fig. 2. We
propose to decompose the problem into two, since the search space with all
control variables considered here would be too large to solve it in a reasonable
time. Furthermore, the problem can be naturally decomposed into multiple ones
because of different goals that we want to achieve — subtask scheduling and
power allocation to competing users.

The goal of the first method level is high utilization of locally generated energy.
Accordingly, the first level of optimization searches for a schedule that maximizes
the use of renewable energy:
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¢ A schedule here means a start time assignment for each pending subtask
such that all deadline constraints are satisfied.

¢ Inputs of this level are the subtasks and their requirements, as well as a
generation forecast. In this way, at this level the percentage of load served
from renewable energy can be computed for each schedule.

* Each evaluated schedule — a feasible solution — is passed on to the second
level of optimization.

The second level of the control method assigns the available renewable energy to
all active subtasks over each considered interval until the end of the last subtask
according to the schedule. This control step takes care for cost-fairness under all
users.

¢ An interval can represent a period of 5-15 minutes that could coincide with
the scheduling or rescheduling frequency. If over an interval, demand is
higher than generation then the entire amount of renewable energy will be
assigned to subtasks — users — and the rest of energy needed by the
subtasks will be provided by the utility.

e At this level of optimization, the number of control variables is equal to the
sum of subtasks active over each interval. Each control variable Py
represents how much renewable power is assigned to the subtask & over
the interval £ If this amount is lower than required, the user that is the
owner of the job, has to obtain the remaining amount of energy from the
utility at price valid during the interval £ Fig. 3 depicts power demand and
generation over an interval.

This level of the control method takes care to respect cost-fairness under all users.
It does not change the schedule itself — given via subtask start times —, but aims to
achieve (sub)-optimal or best possible cost-fairness for a given schedule. The
measure of fairness is returned to the Control level 1 and there considered
together with the efficiency of use of renewables and the total schedule cost. The
total schedule cost should be also considered with a certain weight in order to
avoid scenarios in which a job that can run during a period of lower prices is
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scheduled for a period of high prices just to balance fairness among users. This
should not happen, since it does not come from user competition and has no
positive effect on users that have benefitted less in past. Also, between schedules
with the same degree of fairness and efficiency, cheaper ones should be
preferred. With the output from Control Level 2, optimization search is continued
in Control Level 1 until the specified computation time elapses or until a satisfying
solution is found.

According to a preferred embodiment the objective function of the Control Level 1
can be formulated as follows:

Efficiency + a/AveragekWhCost + BFairnessMeasure (1)

where Efficiency represents the portion of load served from renewable energy,
AveragekWhCost is the average price of kWh to be paid to the utility according to
the evaluated schedule, FairnessMeasure is an output from the Control Level 2
reflecting degree of cost-fairness, a and B are constants used to tune the behavior
of the control approach. The problem constraints should reflect the deadline
requirements and assure that subtasks belonging to the same job always run
sequentially. This problem can be solved e.g. with genetic algorithms.

On the other hand, the problem corresponding to Control Level 2 can be
formulated with the following objective function:

Yij|AveragekWhCosti/TotalRenewCons; - AveragekWhCosti/TotalRenewConsj| (2)

where AveragekWhCostk represents the average price that the user k is supposed
to pay per kWh for the subtasks currently being scheduled according to the current
schedule and power assignment. TotalRenewConsk is the total amount of
renewable energy used by the user k over the current accounting period, e.g. a
month. The problem constraints should reflect that the entire generation of
renewable energy within the considered time step is allocated, if demand is
greater than the current supply. Again, e.g. genetic algorithms can be used to
solve this problem.
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For shared energy systems, a mean of fairness is mandatory and cost-fairness
together with load balancing has not been considered before this invention.

Many modifications and other embodiments of the invention set forth herein will
come to mind the one skilled in the art to which the invention pertains having the
benefit of the teachings presented in the foregoing description and the associated
drawings. Therefore, it is to be understood that the invention is not to be limited to
the specific embodiments disclosed and that modifications and other embodiments
are intended to be included within the scope of the appended claims. Although
specific terms are employed herein, they are used in a generic and descriptive
sense only and not for purposes of limitation.
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Claims

1. A method for controlling load balancing within an energy system, wherein a
renewable energy source for sharing local renewable energy consumption
between a predetermined number of users is provided, wherein a back-up energy
source for buying back-up energy by the users is provided for situations when the
energy demand of the users exceeds the availability or a predetermined
availability level of renewable energy from the renewable energy source, wherein
the users operate time delay-tolerant loads and wherein a control of load
balancing by scheduling and/or time-shifting the use of the loads is performed,
characterized inthatthe control of load balancing is performed under
consideration of a maximization of the users’ local renewable energy consumption
and under consideration of cost-fairness between the users regarding the
assignment of the renewable energy to the users and regarding the buying and/or
prices of back-up energy from the back-up energy source.

2. A method according to claim 1, wherein a use case of a load is described
by its power profile given as a task or an array of subtasks specified by its or their
durations and energy consumptions.

3. A method according to claim 2, wherein at least one or each use case has
a user specified deadline.

4. A method according to claim 2 or 3, wherein a duration or a minimal
duration or a maximal duration of a pause between at least two subtasks of a use
case is defined.

5. A method according to one of claims 1 to 4, wherein the scheduling and/or
time-shifting is done periodically at an adjustable frequency.

6. A method according to one of claims 2 to 5, wherein the scheduling and/or
time-shifting is done at the level of subtasks.
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7. A method according to one of claims 1 to 6, wherein future back-up energy
prices or dynamic back-up energy pricing schemes are considered within the
scheduling and/or time-shifting.

8. A method according to one of claims 1 to 7, wherein prediction or forecast
of renewable energy generation of the renewable energy source is considered
within the scheduling and/or time-shifting.

9. A method according to one of claims 1 to 8, wherein the method is
performed in a first level and in a second level.

10. A method according to claim 9, wherein the first level provides the
scheduling and/or time-shifting of the task or subtasks.

11. A method according to claim 9 or 10, wherein the scheduling and/or time-
shifting provides a start time assignment for each task or subtask.

12. A method according to one of claims 9 to 11, wherein the first level
considers the maximization of the users’ local renewable energy consumption.

13. A method according to one of claims 9 to 12, wherein the second level
provides the assignment of the renewable energy to the users or tasks or
subtasks.

14. A method according to one of claims 9 to 13, wherein the assignment of the
renewable energy is performed over a definable time interval.

15. A method according to one of claims 9 to 14, wherein the second level
considers the cost-fairness between the users.

16. A method according to one of claims 9 to 15, wherein a measure of cost-
fairness and/or the assignment provided within the second level is considered
within the first level.
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17. A method according to one of claims 9 to 16, wherein within the first and/or
second level genetic algorithms are used.

18. A method according to one of claims 1 to 17, wherein cost-fairness
comprises the meaning that users with generally equal shares or with generally
equal assigned amounts of renewable energy pay on average the same or
comparable back-up energy prices.

19. A method according to one of claims 1 to 18, wherein users that consumed
less renewable energy than other users get lower prices for back-up energy than
the other users.

20. A method according to one of claims 1 to 19, wherein loads requiring an
immediate start are considered within the scheduling and/or time-shifting.

21.  An energy system, preferably for carrying out the method for controlling
load balancing within an energy system according to any one of claims 1 to 20,
wherein a renewable energy source for sharing local renewable energy
consumption between a predetermined number of users is provided, wherein a
back-up energy source for buying back-up energy by the users is provided for
situations when the energy demand of the users exceeds the availability or a
predetermined availability level of renewable energy from the renewable energy
source, wherein the users operate time delay-tolerant loads and wherein means
for performing a control of load balancing by scheduling and/or time-shifting the
use of the loads are provided,

characterized inthatthe means are designed for performing the control of
load balancing under consideration of a maximization of the users’ local
renewable energy consumption and under consideration of cost-fairness between
the users regarding the assignment of the renewable energy to the users and
regarding the buying and/or prices of back-up energy from the back-up energy
source.
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