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ancillary; The prosumers flexibility procurement has increased due to the current penetration
services; of distributed and variable renewable energy sources. The prosumers flexibility
Sflexibility; low is often able to quickly adjust the power consumption, making it well suited as a
voltage level; primary and secondary reserve for ancillary services. In the era of smart grids,
prosumers the role of the aggregator has been increasingly exploited and considered as a

player that can facilitate small prosumers’ participation in electricity markets.
This paper proposes an approach based on the use of prosumers flexibility by an
aggregator to support ancillary services at a low voltage level. An asymmetric
pool market approach is considered for flexibility negotiation between prosumers
and the local marker operator (aggregator). From the achieved results it is
possible to conclude that the use of flexibility can bring technical and economic
benefits for network operators.
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1. Introduction

Ancillary services (AS), in electricity system operation, refer to services supporting the transmission
of electrical power between generation and load, maintaining a satisfactory level of operational security
and quality of supply. This definition is proposed by the Agency for the Cooperation of Energy Regula-
tors (ACER) in the guidelines on electricity system operations (Gerad et al., 2018). The AS are necessary
for the operation of transmission or distribution systems, including balancing and non-frequency AS, and
excluding congestion management (European Union Emissions Trading Scheme, 2019). Considering
the liberalization of the markets, the transmissions system operator (TSO) can contract AS from selected
grid users that qualify for providing these services. The AS contracted by TSO can be divided into two
types, frequency AS and non-frequency AS. Frequency AS are used for control the frequency balance
of the system, whereas non-frequency AS are used for steady state voltage control, fast reactive current
injections, the inertia for local grid stability, short-circuit current, black start capability and island oper-
ation capability (European Commision, 2016). The directive of reference (European Commision, 2016)
proposes rules for TSO and distributed system operators (DSO) procurement of AS considering demand
response providers and independent aggregators, in a non-discriminatory way.

The active power reserves and reactive power reserves are the main elements that constitute a given
AS. On the other hand, these elements can be acquired from the flexibility available in the system. The
flexibility available in the system has been increasing due to the penetration of distributed energy re-
sources (DER) installed into the distribution grid. The presence of DER in the distribution grid results
into new opportunities for system operators, both TSO and DSO, which might benefit from their effi-
cient use. End-users can also benefit from the flexibility they have if they use it correctly. In reference
(Faia et al., 2019), it is demonstrated the financial benefits that can be obtained from the correct use
of the flexibility using equipment already installed in the household. In fact, according to the Third
Energy Package directive of the European Commission, TSO and DSO will face some challenges in
the acquisition of AS due to the separation between transmission and distribution systems (Hancher
and Winters, 2017). Thus, the flexibility available in the distribution system may arrive from the lower
level, i.e., the prosumers' houses connected in low voltage.

The acquisition of AS in distribution grids has attracted some interest recently, with some pub-
lished studies around the topic. In reference (Gerad et al., 2018), the authors propose five different
mechanisms of coordination between TSO and DSO for AS acquisition in the distribution grid. In all
of the scenarios, the Aggregator is identified as a player for flexibility resources aggregation. Building
HVAC systems, providing flexibility for secondary frequency control, are one of the options explored
for AS provision presented in (Qureshi and Jones, 2018). An aggregation of domestic fridge-freezer
load to support AS is proposed in (Martin Almenta et al., 2016). In this case, the authors control the
operation of multiple fridge-freezers to optimize wind power integration (i.e., system load balancing).
Commercial buildings can also be another source for AS, as referred in (Lymperopoulos et al., 2015).
In this study, the authors focused on the Swiss AS market and an automatic Frequency Restoration
Reserve (aFRR). The grid operator procures about += 400 MW in a weekly auction for every hour of
the following week from a set of pre-qualified AS providers, which can be either loads or generators.
The grid operator activates the reserve in real-time operation, by sending signals in parallel to all AS
providers accepted in an action market.

Table 1 presents a literature overview related to AS application. The asset column represents the
AS providers. The AS product can be divided into two major categories: the Frequency Restoration
Reserve (FRR) and Non-Frequency. The FRR product can have two different subcategories, the aFRR
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Table 1. AS overview in literature

Ref. Asset AS Product AS type AS variable AS negotiation
type

(Lymperopoulos | Commercial aFRR SCR Frequency Pre-qualified
et al., 2015) Building action
(Hollinger et al., | Distributed FRR PCR Frequency Pre-qualified
2016) solar batteries action
(Huda et al., Electric aFRR PCR, SCR, Frequency Incentives
2018) Vehicles TCR
(Sasidharan and | DC community | Non frequency Reactive Power
Singh, 2017)
(Xavier et al., Photovoltaic Non frequency | SCR Reactive Power,
2018) inverters Harmonic

Current

compensation
(Qureshi and HVAC systems | FRR Frequency
Jones, 2018)
(Martin Almenta | Domestic fridge | Non frequency Spinning Pre-qualified
et al., 2016) freezer reserve action

and manual FRR (mFRR). The AS type is related to the control reserve bid, e.g., Primary Control Re-
serve (PCR), Secondary Control Reserve (SCR) and Tertiary Control Reserve (TCR). The AS variable
represents the service control for the management of the power system. For instance, FRR is used for
frequency control, whereas non-frequency can be used for reactive power and harmonic compensation
or spinning reserves. For AS negotiation type, the literature analyzed considers two different mecha-
nisms based on pre-qualified action or incentives.

In this paper, we propose a methodology for AS acquisition on the level of domestic prosumers.
The references (Xavier et al., 2018), (Qureshi and Jones, 2018) and (Martin Almenta et al., 2016) also
considered the acquisition of AS at domestic level using a specific appliance, e.g., a fridge-freezer.
Different from those works, the proposed methodology does not consider a particular type of appli-
ance. Instead, it is assumed that the prosumer can change its consumption by a certain percentage. As
in references (Sasidharan and Singh, 2017), (Xavier et al., 2018) and (Martin Almenta et al., 2016),
the proposed methodology is used for Non-frequency AS products we don't define the AS type due to
the minimum limits that are required by each category. For AS variable, the proposed methodology
considers the voltage control in + 5 % range related to the optimal value in each bus of the grid. The
negotiation type is regarded as a pre-qualified auction as used in references (Qureshi and Jones, 2018),
(Lymperopoulos et al., 2015) and (Hollinger et al., 2016). For the proposed methodology, a low volt-
age (LV) distribution network is used as described in the case study.

This paper is divided into five sections. After this introductory section, section 2 presents the
proposed methodology divided into three subsections. Subsection 2.1 presents the procedure and a
pseudo-code of the proposed methodology. Later, subsection 2.2 presents the bidding formulation as
input to the market model while subsection 2.3 presents the scenario for application. Section 3 presents
the numerical results. Finally, Section 4 the conclusions of the work are presented.
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2. Proposed Methodology

The acquisition of AS at the domestic or LV level is proposed considering coordination between
the DSO, Aggregator (AGG) and Prosumer. As previously mentioned, the Non-Frequency AS is used
by TSO or DSO for steady-state voltage control, fast reactive current injections, inertia, and black start
capabilities. Thus, the proposed methodology considers an AS, available from prosumers in the LV
networks, used by the DSO for voltage control.

The proposed coordination mechanism and involved players are presented in Figure 1. In the co-
ordination, it is considered two different times for operation, namely the day-ahead and real-time. It
is assumed that the DSO is responsible for the management of the distribution network. For the day-
ahead planning, the DSO performs the power flow (PF) for the next 24 hours considering the forecast
of all variables. With the results of the PF, the DSO identifies the periods when violation of the allowed
voltage levels may occur. With the knowledge of periods with violations, the DSO is able to request
the AS to the AGG. The AGG acts as a market operator, organizing the auction with LV users and se-
lecting the AS providers. The qualification of providers is performed considering an asymmetric pool
model where the AGG makes an amount request and the providers submit bid. The accepted bids are
qualified for AS providers. In the next 24 hours after the qualified auction, the LV users must provide
flexibility if the DSO requests for it. The AGG receives the auction results and is able to communicate
the available AS to the DSO. All of these steps are performed for a day-ahead, and the DSO checks
in real-time (i.e., at every period) the grid operation. The DSO is expecting a need for using the AS in
the periods already detected, although these have been identified using forecasts and there might be
changes in the variables. Taking into account these deviations, as the figure 1 shows, a PF validation
is performed again with the updated forecasts. Thus, if the AS is really needed, the DSO will send an
activation signal to the AGG, which in turn will pass the same signal to the providers pre-qualified in
the auction already held. The AS is ready to be delivered, and the AGG communicates the results to the
DSO. The DSO can do the settlement in every month with all accumulated values.

The AGG plays an essential role in this methodology, establishing the interaction between DSO
and prosumers with available flexibility. It is considered that the AGG has contracts with the prosumers
for flexibility reserve. The AGG operates at a localized level of the distribution grid and therefore, the
DSO can assess the impact that aggregated flexibility can have as AS. In the coordination example of
Figure 1, it is assumed that the DSO also has its own resources and other contracted AS (e.g., with
small industries). When the AS is requested to the AGG, a local market with asymmetric pool model
is considered for the flexibility price determination.

2.1. Procedure

In this subsection, the procedure of the proposed methodology, and the pseudocode for correction
of voltage violations (algorithm 1), are presented. Equation 1 represents the voltage limits:

Vnmin S ‘/n S ‘/nmax (1)

where V" represents the minimum voltage magnitude limit in each bus, V" represents the max-
imum voltage magnitude limit in each bus, and V, represent the voltage magnitude in each bus.

Considering algorithm 1, a radial PF model from (Thukaram et al., 1999) is used for PF analysis.

This radial PF was used by the authors in reference (Soares et al., 2013) to calculate the PF in a radial
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Figure 1. Coordination mechanism

distribution network with high penetration of DERs and electrical vehicles (EVs). The algorithm 1 can
be divided into two different operation times, namely day-ahead and real-time. In the day-ahead, action
numbers 1 - 9 are performed while real-time execute the action 10 - 16.

The day-ahead starts with the execution of the PF by the DSO. The violations of the voltage mag-
nitude are obtained with the application of equation 1. If any bus has the magnitude of voltage out of
limits, correction is needed. The AS providers are qualified with the results of the asymmetric auction.
In an asymmetric auction, a request is performed and the bids are submitted. Each bid is constituted
by two components, the price and the amount of energy (flexibility). The bids are sorted by price with
ascending order and the sum of the bids (flexibility amount) is performed. When the cumulative sum
of flexibility intersects the requested amount, the bid intersecting will determine the price, bids with
lower price are also accepted.

2.2. Bidding Formulation

This subsection presents the equations to create the bids. The creation of bids is done randomly
considering no intelligence. Equation 2 presents the bid formulation:
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Algorithm 1. Voltage Violations Corrections

1: DSO run PF For the next 24 hours
2: DSO check all violations Magnitude voltage limits
3: IF Violations are found THEN

4 Request the AS to AGG

5: AGG preforms the pre-qualifications actions

6: Procedure Asymmetric Pool

7: Prosumers submit bids of flexibility

8 Accepted bids determine AS providers

9 AGG communicates to DSO the list of AS providers

10: DSO runs PF again In real Time
11: IF Violations continue THEN

12: DSO activates the AS to AGG

13: AGG sends the activations signal to AS providers

14: The AS is deliverable by the providers

15: ELSE IF Violations mitigated THEN

16: AS is not activated

17: ELSE IF There are no violations THEN
18: System is ok

bid, = {bid}""" bid}" } @

where bid, is considered the bid for bus i. Notice that only only buses with end-consumers con-
nected are able of proposing bids. The energy amount is represented by bid"*"" and the price is rep-
resented by bid”" . The equation 3 represents the amount bid creation:

bid"""" = rand (0,1)x 0.1x S, 3)

where rand(0,1)is a random number uniformly distributed between 0 and 1. The 0.1x.S; means
that the power amount for reduce can only reach 10% of the apparent power S; of bus i. The equation
4 represents the price bid creation:

bid”™* = 0.095+ 0.05 x randn
5.0.0 < bid"™ < 0.25 “)

where bid," is a random number taken of a normal distribution with mean 0.095 and standard
deviation of 0.05. The mean value of 0.095 is chosen considering the price of energy sales for consum-
ers connect to the low voltage network in Portugal. The bid" can only takes values between 0 and
0.25 €/kWh. The upper limit for bid creation is imposed to comply with the restrictions that the DSO
imposes on the payment of flexibility. Otherwise, the price could tend to infinity and it would be more
economically viable for the DSO to pay the cost of the violations. Figure 2 shows the normal distribu-
tion representation used in this work for price formation.
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In Figure 2, the shadow area represents the possible values for price bids. As can be seen in Figure
4, there is a high probability that the price value will be close to the average. It is considered that there
is a 1.8% of probability that the price will be 0.

2.3. Case Study

This section presents the case study and the scenario in which the proposed methodology is imple-
mented. Figure 3 shows the LV network used in this work to perform the simulation.
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Figure 3. Network Example, 26 buses
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It is considered that the network operates on 0.4 kV and consist of 26 buses, from which 12 have
households connected. The buses description is present below:

e Bus 1 - External source;
e Bus 2 - Bus bar;

e Buses {3,5,6,7,8,13,14,15,16,17,18,19} - Transfer buses;
e Buses {4,9,10,11,12,20,21,22,23,24,25,26} - Households loads;
e Buses {9,10,12,23,24} - Distributed generators.

The transfer buses are used for a reduction of cable dimensions. As the network used is character-
istic of a rural area, the size of the cable is decreased as households may be far from the main cable,
thus reducing the costs of installation. It is also assumed that the distributed generators installed in the
network are PV generators and belong to the households of specific buses. The description of trans-

former and lines are present below

e Transformer {1-2} - 0.25 MVA 20/0.4 kV;

e Line {2-3} - length 260 m, type NAYY 4x150mm?2;

e Line {2-5,5-6,6-7,7-8} - length 133 m, type NAY'Y 4x150mm?2;

e Line {2-13,13-14,14-15,15-16,16-17} - length 68 m, type NAYY 4x150mm?2;

e Line {17-18,18-19}- length 68 m, type NAYY type NAYY 4x120mm?2;

* Line {Households connections} - length 29 m (average), type NAY'Y 4x50mm?2.

The households connections consist in lines between transfer buses and the household. Table 2
presents the characteristics of the lines.

Table 2. Line Characteristics

Type of lines 0 0
r— xX—
km km
NAYY 4x50mm? 0.642 0.083
NAYY 4x120mm? 0.225 0.08
NAYY 4x150mm? 0.208 0.08

0
Notice that lines characteristics in Table 2 are presented in o For PF analysis, the length of the

m

line must be taken into account. The column of r represents the resistance of the line, and the x col-
umn represents the reactance of the lines. Figure 4 presents the voltage analysis for buses with loads
connected and reference bus number 1.
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As can be seen in Figure 4, the analysis of voltage is performed with the boxplots images. The box-
plots of all buses presented in Figure 4 is constructed considering the results for all periods analysed,
which are 24. In this case was detected violations in three buses, numbers 24,25,26. Figure 5 shows the
magnitude voltage analysis for all periods in buses where violations were identified.

The red line in Figure 5 represents the voltage magnitude, and the shadow area represents the
limits of the voltage magnitude. These limits are defined by equation 1. The buses {24,25,26} are
out of limits in periods 5,9,19,20,21 and 22. These periods, with exception of 5, represent peak
consumption periods.

L% I s s e S S S S S B LI e S B L
|

, ]
10111213141516 1718192021 222324

Bus 25

-y
LS S
w
»~ b
o |
» L
~N b
w |
o

S R M e H i e e

M

T T SR TR S S S SR S S TR S S T

1234567 89 101112131415161718192021222324
Bus 26

0.9

0 0 e s o o i S

1234567 89101112131415161718192021222324
Periods

0.9

Figure 5. Voltage of Buses {24,25,26}

Ricardo Faia, Tiago Pinto, Fernando Lezama, Zita ADCAIJ: Advances in Distributed Computing
Vale, Juan Manuel Corchado and Alfonso and Artificial Intelligence Journal
Gonzélez-Briones TA] Regular Issue, Vol. 11 N. 1 (2022), 65-80
Prosumers Flexibility as Support for Ancillary Services h 4 elSSN: 2255-2863 - https://adcaij.usal.es
in Low Voltage Level Ediciones Universidad de Salamanca - cc BY-NC-ND

73


https://adcaij.usal.es


3. Numerical results

In this section, the numerical results of the proposed methodology are presented. Considering the
algorithm 1, the DSO request AS to the AGG after identified the violations. The AGG performs the
pre-auctions qualifications. The results of the pre-auctions qualification in periods that have violations
are presented in Table 3.

Table 3. Pre-auctions results

N.° Per. Req. kWh Req. Acc. Price €/ kWh Cost €
1 5 26.4 10 of 12 0.14 3.75
2 9 27.1 7of 12 0.09 2.56
3 19 42 12 of 12 0.22 9.28
4 20 26.8 50f 12 0.10 2.81
5 21 35 120f 12 0.16 5.61
6 22 21.1 6of 12 0.08 1.97

As can be observed, all 12 households make bids. There is a trend between the quantity that the
AGG requires and the closing price of the market, with the increase of the request also increases the
closing price. The action from 19" period is the one that registered a highest request and the highest
price, in this auction all bids were accepted (12 of 12). On the other hand, the action of 22" period was
the one with the smallest request and also the smallest piece. In Figure 6 is presented with more detail
the pre-auction results for 20" period.
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Figure 6. Pool result for 20" period
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Table 5 presents the results in detail for the 20" period. Making an information crossing between
Table 5 and Figure 6, it is possible to analyze the accepted bids of the pre-auction in more detail.

As can be seen in Figure 6, the clearing price corresponds to the last accepted bid. With Table
5, it is possible to see that this bid belongs to the household of bus 22. Notice that the quantity of
the last bid accepted is not fully covered because the accumulate flexibility exceeds the requested
flexibility by the AGG. In fact, only 38% of the quantity amount of this bid is covered. The last
accepted bid determines the clearing price, so this bid is clearing bid, and for 20" period, as Table
5 shows, this price is 0.105 €/kWh. On the other hand, the bids from buses {4,11,21,22 and 26} are
fully accepted. In the pre-auction, the household of bus 4 has the bid with the smallest price 0.066 €/
kWh, and the bus 24 has the bid with highest price 0.221 €/kWh. The smallest quantity is bided by
household of bus 20 (1.60 kWh) and the household of bus 26 has the bid with the highest quantity
11.65 kWh.

After all pre-actions are performed, results are presented in the Table 3. Notice that the DSO may
or may not perform the AS activation. To determine this, the DSO performs the PF again and checks
if violations are present. In this case study, all violations firstly identified were verified in real-time so
that it was necessary to activate the pre-contracted AS. During periods when violations persist, AS is
activated. Activation as already stated is accomplished by sending a signal to the AGG which it trans-
mits to the prosumers.

Figure 7 presents the box plots for the voltage magnitude of all buses. As can be seen, Figure 7 is
obtained after the application of the methodology. All buses have the minimum values between the
limits imposed by equation 1.
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Table 5 presents the differences between the application of the proposed methodology and the
base case. The Table 4 shows the periods when the activation of AS has occurred and the average
of the magnitude voltage. The average of the magnitude voltage is presented as the initial (without
application of the presented methodology) an after (application of the methodology). All period have
increased the value of magnitude voltage average. From the analysis of Table 4, it is observed that
period 19" was the one with the highest increase, 2.65E-03 (pu).

Table 4. Summarized results for magnitude voltage analyses

Periods Mag. ave. initial (pu) Mag. ave. after (pu) Increase
5 0.994 0.995 3.36E-04
9 0.994 0.994 3.45E-04
19 0.961 0.964 2.65E-03
20 0.991 0.991 6.07E-04
21 0.983 0.984 1.14E-03
22 0.976 0.978 1.57E-03

Table 5. Bids submitted by each bus. Detailed results corresponding to the 20™ period

Player Quantity | Price € | Result Closed price | Sale quantity | Revenue € | Observation
kWh €/kWh kWh

Bus 4 4.72 0.066 Accept 0.105 4.72 0.49

Bus 9 2.25 0.137 Excluded | 0.105 0 0

Bus 10 1.9 0.206 Excluded | 0.105 0 0

Bus 11 |4.33 0.084 Accept 0.105 4.33 0.45

Bus 12 |5.68 0.137 Excluded | 0.105 0 0

Bus 20 1.60 0.121 Excluded | 0.105 0 0

Bus 21 4.59 0.088 Accept 0.105 4.59 0.48

Bus22 |3.94 0.105 Accept 0.105 1.51 0.16 Last bid
accepted

Bus 23 4.54 0.136 Excluded | 0.105 0 0

Bus 24 6.13 0.221 Excluded | 0.105 0 0

Bus25 |2.23 0.149 Excluded | 0.105 0 0

Bus 26 11.65 0.096 Accept 0.105 11.65 1.22

In this case and considering the results of the presented methodology, the DSO needs to pay 25.32€ for
182 kWh of flexibility when the AS is used in all periods. In this case, the mean price per kWh is 0.14€, if
comparing a tariff for Portuguese electricity user in network sales is 0.95'€/kWh, the price of this method-
ology is profitable for the end-user. On the other hand, for the network operator, in this case the DSO could
contract the AS to a combined heat and power (CHP) generator and get a better price. However, this net-
work's connection to the CHP is performed in median or high voltage and required a very high investment.
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4. Conclusion

In this work a methodology for acquiring AS from prosumers flexibility located on the LV network
is proposed. The coordination and communication between the agents are an important part of this
methodology, allowing AS to be contracted at the lowest voltage level of network. As we can show
with the results for the presented case study, the voltage level was restored within limits with the aid of
AS from the prosumers flexibility. This flexibility acquisition presented here is accomplished through
a pre-auction, pool-based model, that is often used in energy markets (e.g., the spot market). Such ap-
proaches are in line with the roadmap defined by the EU, in which the electricity consumer should be
at the center of the system and have an active participation on it.

It is important to notice that different assumptions were made in this paper and should be explored
in future works. One of such assumptions is the method of creating bids that is used to define the bids
on the market by prosumers. This method should be intelligent and distributed so that each prosumer
(agent) can do its best bid on the market and on the other hand can have the ability of learn from the
results obtained over time.
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