
0885-8950 (c) 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2710481, IEEE
Transactions on Power Systems

IEEE TRANSACTIONS ON POWER SYSTEMS 1

Wind and Solar Power Integration in Electricity
Markets and Distribution Networks Through

Service-centric Virtual Power Plants
Despina Koraki and Kai Strunz

Abstract—A virtual power plant (VPP) is formulated and
developed as a service-centric aggregator that enables the market
integration of distributed energy resources and simultaneously
supports co-operation with the distribution system operator
(DSO) in addressing the issue of network usage. A suitable sched-
ule of interactions and communications between aggregators,
market operators, system operators, generators, and consumers,
regarding electricity market participation and network operation
is proposed and presented in a sequence diagram. The co-
operation on congestion management in the distribution network
is highlighted as solution to relieve network constraints via the
optimal adjustment of active and reactive power of VPP resources
while maximizing renewable energy integration across the pool
under management. The VPP reduces uncertainty affiliated
with input data by employing the latest forecasts through a
rolling horizon approach in the planning stage. Thanks to the
flexibility of the VPP to perform rescheduling in accordance with
agreements it negotiated with its resources, it becomes possible
to refrain from undesirable curtailments. Both the market-
integrative and the service-centric roles of the VPP are verified
through modeling and simulation with a benchmark European
distribution network. The results confirm the added value of the
proposed VPP in enhancing the integration of wind and solar
power.

Index Terms—Aggregator, congestion management, distribu-
tion network, electricity market, flexibility market, renewable
energy, rolling horizon, solar power, virtual power plant, wind
power.

NOMENCLATURE

Abbreviations and Acronyms

Alt Alternative.
CHP Combined heat and power.
DER Distributed energy resources.
DSO Distribution system operator.
EV Electric vehicle.
HV High voltage.
LV Low voltage.
MV Medium voltage.
Opt Option.
PV Photovoltaic.
RES Renewable energy sources.
TSO Transmission system operator.
VPP Virtual power plant or power pool.
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Variables

aP,mn,i, Sensitivities relating change of branchm-n
aQ,mn,i flows to nodal injection changes of active and

reactive power at nodesi with VPP resources.
α

T

mn Row vector of sensitivities relating change of
branchm-n flows to nodal injection changes
of active and reactive power in network.

bmn Susceptance of branchm-n.
Cf,chp Fuel cost of CHP during intervalτ .
cm,da Forecasted day-ahead market price per amount

of energy.
cNG Natural gas price per amount of energy.
Cop,e,sto Operational cost of electrical storage unit dur-

ing intervalτ .
cop,e,sto Average operational cost of electrical storage

unit per amount of energy.
Cpen,imb Penalty cost for intraday imbalances.
Ee,sto Energy level of electrical storage unit.
Ee,sto0 Initial energy level of electrical storage unit.
Ee,sto,max Maximum energy level of electrical storage

unit.
Ee,sto,min Minimum energy level of electrical storage

unit.
Eth,sto Energy level of thermal storage unit.
Eth,sto0 Initial energy level of thermal storage unit.
Eth,sto,max Maximum energy level of thermal storage unit.
Eth,sto,min Minimum energy level of thermal storage unit.
gmn Conductance of branchm-n.
Ha Anticipation horizon.
Hb Bid horizon.
Hda Day-ahead planning horizon.
Hid Intraday scheduling horizon.
i Integer counter.
I Number of VPP resources on network.
JPQ,θV Power flow Jacobian matrix.
JθV,PQ Power flow Inverse Jacobian matrix.
k Integer counter.
Nchp,Ne,sto,Number of CHP and electrical and thermal
Nth,sto storage units.
Ns Number of scenarios of day-ahead renewable

power generation forecasts.
Pe,chp Electrical power injection of CHP unit.
Pe,chp,max, Maximum and minimum electrical power
Pe,chp,min injection of CHP unit.
Pe,l, Pth,l Total electrical and thermal loads in VPP.
Pe,sto Electrical power injection of storage unit.
pf Penalty factor in EUR/MWh.
Pf,mn Active power flow from nodem to n.
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Pfmax,mn Maximum active power transfer capability of
branchm-n.

Pi Active power injection at nodei.
Pimb,id Active power imbalance exchanged toward in-

traday energy market.
Pm,da Active power exchanged toward day-ahead en-

ergy market.
Pres Electrical power injection of renewable energy

sources.
Pth,chp Thermal power injection of CHP unit.
Pth,sto Thermal power injection of storage unit.
ps Probability of occurrence for each scenarios.
Qi Reactive power injection at nodei.
reconf Boolean that indicates if network has been

reconfigured or not.
s Counter of day-ahead renewable power gener-

ation forecast scenarios.
ta Actual time.
th Horizon time.
Tm Intraday market processing interval.
Vi Voltage at nodei.
∆ Difference operator.
ηe,ch, Charging and discharging efficiency of
ηe,dis electrical storage unit.
ηth,ch, Charging and discharging efficiency of thermal
ηth,dis storage unit.
ηchp Electrical efficiency of CHP unit.
θi Voltage angle at nodei.
λchp Heat to electrical power ratio of CHP unit.
τ Time step size.
τda Day-ahead time step size.
τid Intraday time step size.
ϕi Phase angle between voltage and current at

nodei.

I. I NTRODUCTION

T HE share of wind and solar power in electricity grids has
rapidly increased in the last years, with a main driver

being the reduction of green house gas emissions. A number
of governments have developed incentives to facilitate the in-
tegration of renewable energy sources (RES). In Germany, for
example, the large-scale integration of RES has been supported
by the German Renewable Energy Sources Act through which
feed-in tariffs for wind and solar energy were introduced.
Moreover, a revision of the Renewable Energy Sources Act
in 2014 suggested the direct marketing of RES [1]. According
to this mechanism, the RES owners can directly participate
in the energy market and receive a market premium. The
premium covers the revenue difference between the market
clearing price and the subsidized feed-in tariff. It so reduces
the financial risks for the RES owners. However, there is
a power limit for the participation in the direct marketing
scheme. This lower limit is 500 kW for the units that are
commissioned to be installed by 2016 and 100 kW for the
following installations. Furthermore, for the participation in
the German day-ahead energy market, there is a minimum
increment of 100 kW for each hour [2]. The aggregation of
multiple RES plays, therefore, an important role in enabling
their market participation.

Virtual power plants respectively pools (VPPs) serve as
aggregators of distributed energy resources (DER), including

RES, storage, controllable loads, and electric vehicles (EVs)
to support their market integration. Prior research was mainly
concerned with the optimal dispatching of the resources within
a VPP to participate in energy markets. In [3] the bidding
strategy of a VPP participating in a joint energy and reserve
market was presented. In [4] the bidding strategy of an EV
aggregator that participates in both day-ahead and reserve
markets was developed, and the compensation of the EV
owners for the battery degradation was included. A model
that also includes thermal loads and storage was introduced
in [5]. Uncertainties in the generation and load profiles, in
the energy market prices and in the bids of other market
participants were considered for the day-ahead energy market
bidding of VPPs in [6]. A VPP for sequential bidding in day-
ahead and real-time markets was developed in [7]. The impact
on a VPP’s profit of participating in spinning reserve markets
and considering different risk levels for real-time imbalances
was assessed in [8]. Issues of demand side management within
a VPP were dealt with in [9], [10].

Another critical aspect of the large-scale integration of RES
is, however, the security of networks. The VPPs in [11] and
[12] deal with voltage regulation and over-frequency problems.
Network security can also be threatened through overloadings
of transformers and feeders. To deal with the loading of feed-
ers, especially in distribution networks, congestion manage-
ment has become an imminent need. In Germany, for example,
the curtailment of RES connected to distribution networks has
risen dramatically [13] due to congestions. In prior research,
distribution network congestion management focused on cases
in which congestion is caused due to new types of loads, such
as EVs, connected to LV feeders. In [14], an EV charging
method was developed to take into consideration the network
constraints, and in [15] the introduction of a distribution
network capacity market with shadow prices for congested
areas was suggested.

The issue of network security is further complicated by
the uncertainty inherent with renewable power generation.
This uncertainty must be dealt with at different time scales
depending on whether short-term or long-term decisions are
to be made. The issue was addressed in [16] through a two-
stage distribution system management, covering the actions of
the DSO at different time horizons. In the first stage, the day-
ahead actions of the DSO are planned. In the second stage,
the planning shifts to the intraday actions. The scheduling
of the second stage is performed taking into consideration
the results of the first stage and, in addition to that, updated
intraday forecasts. Those actions are performed during the day
on a rolling basis of four hours ahead to minimize forecast
deviations. Rolling horizon approaches have also been applied
to renewable power integration in [17], [18], [19].

The work performed here takes into consideration the uncer-
tainty of renewable power generation and fully acknowledges
the key importance of both the market integration of DER and
a secure network operation. This is achieved thanks to novel
VPP functions proposed here. In the design of the service-
centric VPP, a competitive electricity market environment
where a uniform marginal price is defined is assumed. Such a
situation is common in Europe and encountered in Germany
for example. Here, congestion is not dealt with by locational
marginal pricing. The first key contribution of this work lies
in the formulation of a service-centric methodology and co-
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operation of the VPP and the distribution system operator
(DSO). This service-centric VPP encompasses both the market
integration of DER and the network security with the provision
of the service of congestion relief. For the provision of
this service, the VPP optimally readjusts the schedules of
its resources. A service-centric VPP may also cover other
ancillary services such as the support of voltage control and
frequency control. The second important contribution lies in
the definition and distinction of the roles of the participants
and the required information exchange. It is shown, therefore,
how the main actors for network operation, aggregation, and
market operation can effectively cooperate for distribution
network congestion management, while reducing the impact of
uncertainty affiliated with renewable power generation through
a rolling horizon method.

The framework for the co-operation and co-ordination be-
tween all the actors is described through a sequence diagram,
which is given in Section II. The development of the algorithm,
addressing the issue of congestion through the service of a
VPP to the DSO, is described in Section III. The value of the
proposed operation is substantiated through a case study in
Section IV, where the CIGRE benchmark for distribution net-
works is employed [20]. A comparison between the suggested
solution and the existing approach of RES curtailment is also
performed. Conclusions are drawn in Section V.

II. CO-ORDINATED DAY-AHEAD AND INTRADAY

OPERATION SEQUENCE

The DSO is responsible for the monitoring and the se-
cure operation of the distribution network. As described in
Section I, DSOs may curtail renewable power generation
if network congestions cannot be relieved through network-
related measures, such as reconfiguration. At the transmission
grid level, TSOs of Germany deal with congestion through
the so-called redispatching. According to this mechanism, the
TSO can request generation units to readjust their schedule in
order to prevent or mitigate congestion. Redispatching is also
an option at the distribution network level. This is where the
proposed actions of the VPP can come in, taking into account
its opportunity to negotiate on behalf of a pool of DER. As
such, the scale effects of the pool can be leveraged to offer
services to the DSO.

For a better insight into the developed method and the
general context, the co-ordinated actions of the key actors
for the market operation, network operation, and aggregation
are illustrated in the sequence diagram depicted in Fig. 1.
This diagram describes the proposed day-ahead and intraday
operation sequence, including the novel VPP service.

In the day-ahead planning, the uncertainties of renewable
power generation are modeled by different scenarios of renew-
able power forecasts. After the day-ahead operation has been
planned, the intraday operations are scheduled just in time for
market clearing. The bids are sent to apply for a bid horizon
intervalHb. This process is repeated successively for further
intervals ofHb. By successively scheduling resources just in
time, the VPP benefits from updated rolling forecasts as an
accurate input to supplement the information from the day-
ahead planning. According to this rolling horizon approach,
the most recent information on the market and the renewable
power generation forecast is always available and utilised. The

uncertainties of renewable power generation are, therefore,
largely reduced. The actions of all the actors within the
different time horizons are described in detail hereafter.

As shown in Fig. 1, the day-ahead operation begins with
the transfer of information on renewable power generation
forecasts and day-ahead energy market price forecasts to
the VPP. The VPP prepares a schedule for the next day in
accordance with these forecasts, the contracts the VPP has in
place with its resources, and the technical characteristics of
each DER. The involved dispatching is done stochastically,
taking into consideration different scenarios for the wind
and solar power generation. In this way, the uncertainty of
renewables in the day-ahead planning is considered. Once the
desired power exchange via the day-ahead energy market is
defined, the bids are forwarded. The day-ahead energy market
receives the bids from all the participants, and the auction
takes place. Based on all bids received, the market is cleared
and the participants are informed.

The actions of the intraday operation are performed in a
loop, one iteration of which is shown in Fig. 1. At the end of
each iteration, the VPP sends its bid applicable for bid horizon
interval Hb to the market. Even though this bid applies to
Hb, the internal intraday scheduling horizon of the VPP goes

Forecaster VPP Energy market DSO

Forecasts

Bid

Inform bid

Schedules for interval Hb

Loop

Technical

validation

Accept schedules

Opt: violation

Alt: reconfiguration

Alt: VPP service

Request relief

Updated schedules

Day-
ahead
market
clearance

Reconfi-
guration

Technical

validation

[every Hb until day's end]

Loop

[until no violation]

Day-ahead

Intraday

Forecasts

Bid for

Adjusting resources' schedules
and power exchange

interval Hb

Scheduling resources and
definition of power exchange

Scheduling resources and
definition of power exchange

in market

in market

Congestion

relief

request

preparation

Fig. 1. Sequence diagram for the day-ahead and intraday operation.



0885-8950 (c) 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2710481, IEEE
Transactions on Power Systems

IEEE TRANSACTIONS ON POWER SYSTEMS 4

Intraday scheduling

Anticipation
Bids sent

Intraday
market processing

interval Tm

horizon Hid

Hb

ta = t0 Actual time ta

Horizon time thth = 0 τid

horizon Ha

Bid
horizon Hb

Loop iteration k

Loop iteration k + 1

Bids sent

Tm Hid

ta = t0 +Hb ta

thth = 0 τid

HaHb

Fig. 2. Intraday rolling horizon method for scheduling.

beyond that. In Fig. 2, the latter is illustrated throughHid,
which extends the bid horizon intervalHb by an intervalHa

to anticipate upcoming bids for later iterations and to account
for the inter-temporal characteristics of units such as storage.
Even though the VPP would strive to send the bids as late
as possible, it cannot do so later than an actual time instant
ta = t0 specified by market rules to allow for a sufficient
time span ofTm for intraday market processing. OnceTm has
passed, the VPP intializes its internal horizon time counter
th to zero to start the scheduling of the resources as a key
action at the beginning of a loop iteration, as described in
Fig. 1. At the core of the scheduling process is the calculation
of various costs that are computed at discrete time steps of
τid with the objective of minimizing overall cost over the
intraday scheduling horizonHid. The underlying mathematical
formulation is detailed in Section III. Once the VPP has
completed the scheduling stage, it sends the results for interval
Hb to the DSO for technical validation, also shown in Fig. 1.

The technical validation of the DSO consists of a power
flow calculation with security analysis to verify whether the
schedules violate the system constraints, such as line thermal
limits. If a branch overload is detected, the DSO first attempts
to resolve the congestion by modifying the network’s con-
figuration. If the reconfiguration mitigates the violation, this
point of the technical validation is completed. However, if the
reconfiguration does not relieve the congestion sufficiently or
if a congestion at another branch is created, the DSO consults
alternatives. At this point, a common approach that would
be followed is the imposed curtailment of power injection.
The alternative proposed in this work is a solution based on
agreement.

The targeted provision of flexibility to support network
security may be the result of a successful bid in a flexibility
market or come from a bilateral agreement between the VPP
and the DSO. This support can be provided by the VPP
through the optimal readjustment of the schedules of its
resources, including those that impact the power flows on the
congested branches. For the activation of this service, the DSO
communicates with the VPP and requests a relief service. The
VPP then adjusts the schedules of its resources taking care of

constraints, which are further explained in Section III.
The DSO obtains the updated schedules of the VPP and

performs a new technical validation. If the new schedules are
accepted, the VPP is informed. As a final step, the VPP bids
into the intraday market for the intervalHb as the final step
of this iteration. As mentioned above, the bids must be sent
by actual timeta = t0.

In the next iteration, the process is repeated to perform the
scheduling for the next intraday horizon interval. Again, the
VPP takes into account the latest forecasts in the scheduling
over a rolling horizon covering an interval for the bids and a
further interval in anticipation of bidding in the next iteration.
The distinctive character of the rolling horizon methodology
is illustrated in Fig. 2 through the shifting of the intraday
scheduling horizon along the actual time axis when transi-
tioning from loop iterationsk to k + 1.

III. SERVICE-CENTRIC OPERATION

The service-centric feature of the VPP reflects its priority
in developing services that are of value to diverse actors
involved in the energy and power system. In this section,
the services of facilitating market integration and offering
congestion relief are detailed. Further ancillary services may
be added accordingly. The market integration of resources by
the VPP in the day-ahead and intraday markets is described in
Section III-A. Having provided the details for the scheduling
of the resources of the VPP in the aforementioned section, the
readjustment of the resource outputs for the realization of the
congestion relief service is presented in Section III-B. This
service to the DSO is depicted through a flowchart, and each
actor’s operations are analyzed.

A. Energy Market Participation Service to Resources

The VPP seeks to attract a diverse pool of resources as
subscribers in order to offer appropriate power balancing and
opportunities of market participation. These opportunities are
important for small DER that cannot directly participate in the
energy markets. Furthermore, being part of a VPP, consumers
or producers have the opportunity to obtain variable tariffs
based on their characteristics and preferences. As described
in Section I, it is assumed that the modeled VPP participates
in an electricity market environment with a uniform marginal
price, as the one of Germany. In this environment, the system
operators are responsible to procure energy to cover grid
losses.

The power transactions and balancing within the modeled
VPP are shown in Fig. 3. The resources include RES, com-
bined heat and power (CHP) units, storage, and loads. RES
are wind and solar power generators. Furthermore, both the
electrical and thermal outputs of CHP units are considered for
the power balance. Storage covers electrical and thermal, as
well as small pumped-hydro storage. The VPP is responsible
for the power balance in both the day-ahead and intraday
operations.

For the participation of the VPP in the day-ahead market,
the forecasts of renewable power generation are an important
input. These forecasts may be obtained by an external fore-
caster, as shown in Fig. 1, and include the forecasts for all the
24 hours of the following day in time step sizes ofτda. As it
was mentioned in Section II, day-ahead forecasts of renewable
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power generation include uncertainties. These uncertainties in
the day-ahead operation are modeled by different renewable
power generation forecast scenarios [21] over a day-ahead
planning horizonHda. In particular, scenarios of renewable
power generation forecasts are generated and then reduced to
a total number ofNs, with each scenarios being characterised
by a probability ofps. In order to consider the uncertainty of
renewable power generation in the VPP, it must be possible to
maintain the power balance for every forecast scenario. The
electrical and thermal power balance equations of the day-
ahead operation for each scenarios and for eachth within the
day-ahead planning horizonHda are formulated as follows:

Nchp
∑

i=1

Pe,chp,i,s(th) +

Ne,sto
∑

i=1

Pe,sto,i,s(th)+

Pres,s(th)− Pm,da(th) = Pe,l(th)

(1)

Nchp
∑

i=1

Pth,chp,i,s(th) +

Nth,sto
∑

i=1

Pth,sto,i,s(th) = Pth,l(th) (2)

According to (1), the electrical power injection of the CHP
units, the storage units, the renewable power generation, and
minus the power that is output to the day-ahead market is to
be equal to the electrical load in the VPP. In the same context,
in (2) the thermal power that is generated by the CHP units
and the thermal power output of the thermal storage units is
to equal the VPP’s thermal load. The power that is exchanged
in the day-ahead market as well as the electrical and thermal
loads are not functions of individual forecast scenarios.

The resources are scheduled for the time horizonHda with
a time step sizeτda according to power balance constraints (1),
(2), the units’ constraints (11), (14), (15), (17), (18) given in
Appendix A, the forecasted day-ahead market prices, and the
renewable power generation forecast scenarios. The objective
of the dispatching is to minimize the VPP’s operational cost.
The operational costs of the RES are comparatively low and
are therefore neglected, as in [6]. The objective function
for the day-ahead market involvement is thus formulated
with the CHP fuel cost, the operational cost of storage, the
forecasted day-ahead market price for energy, and the scenario

VPP

Third party

RES Load

CHPStorage

Pm;da; Pimb;id

Pres Pe;l, Pth;l

Psto Pchp

- Wind
- Solar

- El. load
- Th. load

- El. storage
- Th. storage
- Pumped-hydro

- El. output
- Th. output

through market

Power balancer

Fig. 3. Power transactions and conventions within the VPP.

probabilitiesps:

min

Ns
∑

s=1

ps





Hda
∑

th=1τda





Nchp
∑

i=1

Cf,chp,i,s(th)+

Ne,sto
∑

i=1

Cop,e,sto,i,s(th)− Pm,da(th)cm,da(th)τda







 (3)

which is subject to constraints (1), (2), (11), (14), (15), (17),
and (18).

After the day-ahead market clearance, the intraday operation
is planned according to the rolling horizon methodology
described in Section II. The electrical and the thermal power
balance equations for eachth within the intraday scheduling
horizonHid are the following:

Nchp
∑

i=1

Pe,chp,i(th) +

Ne,sto
∑

i=1

Pe,sto,i(th)+

Pres(th)− Pm,da(th)− Pimb,id(th) = Pe,l(th)

(4)

Nchp
∑

i=1

Pth,chp,i(th) +

Nth,sto
∑

i=1

Pth,sto,i(th) = Pth,l(th) (5)

According to (4), the intraday electrical power balance is to
be maintained taking into consideration the power exchanged
in the day-ahead market and the updated intraday forecasts.
The thermal power balance (5) also has to be maintained. In
the intraday planning, the purpose of the VPP is to deliver the
day-ahead market power exchanges and to internally cover
imbalances due to the updated renewable power generation
forecasts. If it is not possible to cover the imbalances within
its pool, then the VPP exchanges the active powerPimb,id(th)
in the intraday market. The dispatching of the resources of
the VPP is, therefore, performed with the target of minimizing
the active power imbalancePimb,id(th) that is exchanged in
the intraday market. This is accomplished by considering a
penalty costCpen,imb(th) for the exchanged imbalance during
the optimization of the resources’ schedules. The objective
function also covers the CHP fuel cost and the operational
cost of storage:

min

Hid
∑

th=1τid





Nchp
∑

i=1

Cf,chp,i(th)+

Ne,sto
∑

i=1

Cop,e,sto,i(th)+Cpen,imb(th)





(6)
The optimization is performed for the time horizonHid with
a time step sizeτid and according to the power balance
constraints (4) and (5), the units’ constraints (11), (14), (15),
(17), (18) given in Appendix A, and the updated intraday
renewable power generation forecasts. Details on the modeling
of all the VPP’s units and the minimization of the exchanged
intraday imbalances are included in Appendix A.

B. Congestion Relief Service to DSO

Dedicated flexibility markets or direct agreements between
VPP and DSO offer novel opportunities for the provision of
system services, as introduced in Section II. This co-ordinated
operation and the steps followed for the provision of the
congestion relief service are shown in the flowchart of Fig. 4.
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The flowchart is decomposed into three parts to emphasize the
most important actions of the two actors.

The actions illustrated in the flowchart are part of the actions
of the DSO and the VPP shown in the intraday operation
of Fig. 1. In particular, the starting point of the flowchart
is the point at which the DSO receives the VPP’s schedules
for a time interval ofHb. Part A of the flowchart covers the
technical validation of the DSO and the first alternative that
is being explored in case of a violation such as congestion.
This alternative encompasses network reconfiguration. If the
congestion was not relieved by the first alternative, the second
alternative is explored. The second alternative is the VPP’s
service for congestion relief. The DSO’s preparatory actions
for requesting the congestion relief service are included in
part B of the flowchart. This includes the preparation of the
information to be sent from the DSO to the VPP to request
the service. Part C illustrates the provision of the congestion
relief service by the VPP. This covers the optimal adjustment
of the schedules of the resources of the VPP and the proposal
of the updated schedules to the DSO. The termination point of
the flowchart is the point at which the DSO informs the VPP
about the possible acceptance of the schedules. The three parts
of the flowchart are described in detail below.

Part A is concerned with the DSO’s technical validation and
network reconfiguration. The two main functions of this part
are the power flow calculation and the network reconfiguration
in the case of a congestion. Both functions consider all the
network’s branches and refer to a specific time interval of
Hb for which the power flow calculation takes place. If
the magnitude of the power flowPf,mn is smaller than the
maximum active power transfer capabilityPfmax,mn , then the
schedules of the VPP are accepted. The VPP is then informed.

If the magnitude of the power flow is larger thanPfmax,mn ,

Start

EndYes

Network
reconfiguration

No

Yes

reconf := 1

reconf := 0

Power flow calculation for interval Hb

for all branches m-n, Pf;mn

and network reconfiguration

jPf;mnj ≤ Pfmax;mn?

A.

reconf = 0 ?

No

reconf := 0

and network reconfiguration

A.

DSO congestion
relief request
preparation

VPP congestion

Propose schedules

Calculation of sensitivities aP;mn;i

and aQ;mn;i for buses i with VPP resources

Calculation of ∆Pf;mn

Adjustment of schedules with the
constraint for this interval Hb:

PI
i=1(aP;mn;i∆Pi;VPP+aQ;mn;i∆Qi;VPP)=∆Pf;mn

relief service

B.

C.

to DSO

DSO technical validation

P 0
f;mn := Pf;mn

from difference between P 0
f;mn and Pfmax;mn

Fig. 4. Flowchart for technical validation and congestion management.

then the branch is overloaded. The DSO then explores the
first mitigation alternative, which is network reconfiguration
to resolve the issue. This takes place if the network has not
been reconfigured for this time interval as indicated by the
value of the variablereconf. Upon the DSO’s attempt, the
value 1 is assigned toreconf, and the power flow calculation
is repeated. If, however, the reconfiguration creates a branch
overload at another branch or if the congestion is not fully
relieved, another alternative is to be explored.

The complement to the DSO’s action of reconfiguration of
part A is the request for a congestion relief service by the
VPP. The preparation of the DSO’s request is given in part B
of the flowchart of Fig. 4. For the activation of this service,
the DSO carries out the relevant preparatory calculations. At
first, the sensitivities of the active power flow on branch
m-n to changes of active and reactive power injections from
the resources of the VPP at nodesi are calculated. These
sensitivities for each nodei are denoted byaP,mn,i and
aQ,mn,i. Details on the calculation of these sensitivities are
included in Appendix B. The second calculation of the DSO
refers to the difference between the power flow valueP 0

f,mn

that was calculated in part A and the limitPfmax,mn. This
difference is expressed by∆Pf,mn = Pfmax,mn − P 0

f,mn.
The VPP should, therefore, modify the power flow over the
congested branch from its resources by∆Pf,mn to get it back
to Pfmax,mn. The sensitivitiesaP,mn,i andaQ,mn,i for all the
nodesi with VPP resources and∆Pf,mn are sent to the VPP
to implement part C of the flowchart.

Part C of the flowchart covers the VPP’s congestion relief
service. Upon request of the DSO, the VPP adjusts the sched-
ules of its resources taking into consideration an additional
constraint, hereafter called the flow change request constraint.
This constraint is based on the calculations of part B and is
given by:

I
∑

i=1

(aP,mn,i∆Pi,VPP + aQ,mn,i∆Qi,VPP) = ∆Pf,mn (7)

According to (7), the sum of the changes of power injections
of the VPP’s resources weighted by the sensitivities is to equal
∆Pf,mn. Based on the flow change request constraint (7), the
contribution of the VPP’s resources to the power flow over
branchm-n will be modified by the amount required to relieve
the congestion. As a further constraint, the changes∆Pi,VPP

and∆Qi,VPP must be such that the values given by the rated
power of the individual resources are not exceeded and voltage
bands are not violated.

For the provision of the congestion relief service of part
C, the optimization that was explained in (6) serves as the
basis. The difference from what was described in Section III-A
is as follows: Apart from the constraints (4), (5), (11), (14),
(15), (17), and (18), the flow change request constraint (7) is
also considered for the time interval ofHb in which technical
validation takes place.

In the special case in which it is desired to maintain
unchanged power factor angles for the provision of the con-
gestion relief service, the flow change request constraint (7)
can be modified. In particular, it can be expressed in terms of
the sum of active power injection changes and is formulated
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as follows:
I

∑

i=1

(aP,mn,i + aQ,mn,itanϕi)∆Pi,VPP = ∆Pf,mn (8)

The new proposed schedules of the VPP are then sent to
part A of the flowchart for the AC power flow calculation by
the DSO. The cost for the adjustment of the schedules of the
resources is included in the cost of the flexibility service and
is covered by the bilateral agreement between the two actors.
If the VPP’s congestion relief service does not adequately
mitigate the problem and if no other generation or load can
be reduced, renewable power injection may be reduced as a
last resort.

IV. CASE STUDY

In what follows the performance of the proposed service-
centric operation of the VPP is validated and its value is put
into evidence. It is shown how the VPP in co-operation with
the DSO addresses emerging challenges of increased RES
penetration through its novel congestion relief service. A day
with high renewable power generation that would otherwise
lead to network congestions is selected. The case study is
structured as follows. In Section IV-A the input data are
described. In Section IV-B the modeling of the uncertainties
of renewable power generation is presented. Section IV-C
includes the results of the market participation of the VPP.
In Section IV-D, the congestion relief service is validated. In
Section IV-E, a comparative analysis of a case without and
with the congestion relief service of the VPP is included.

A. Input Data

The simulation is performed on a representative European
MV network from [20], and the network of the case study is
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Fig. 5. MV benchmark network of case study.

shown in Fig. 5. The switches S1, S2, and S3 are normally
open. The network is of radial structure, but may also be
operated as a ring. The simulations were done in the MATLAB
environment. For the VPP optimization, the Gurobi solver [22]
was used. For the power flow calculations regarding the DSO
operation, Matpower [23] was used. The day-ahead planning
horizon selected isHda = 24 h and the intraday scheduling
horizon selected isHid = 4 h. The day-ahead time step size
τda and the intraday time step sizeτid are assumed to be 15
min. The bid horizon is selected to beHb = 15 min.

The units of the network of Fig. 5 as well as the number
of households at each bus are listed in Table I. The units
that are controlled by the VPP are also marked in the table.
The power factor of 0.97 of the loads is also assigned to the
electrical storage [20]. Apart from the controllable units of
this particular network, the VPP also coordinates units of other
locations. The total load and all units of the VPP of the case
study are listed in Table II. The RES day-ahead and intraday
power generation data and the market prices of the case study
were selected for Germany, for a winter day of 2015 with high
renewable power generation. More information on the data of
the case study and the tables are included in Appendix C.

B. Modeling of Renewable Power Generation Uncertainties

The modeling of the renewable power generation uncertain-
ties for the day-ahead and intraday operation is presented.
As described in Section III-A, the uncertainties of the day-
ahead renewable power generation forecasts are modeled by
scenarios. First, scenarios of aggregated wind and aggregated
solar power generation forecasts were generated based on [24].
The method presented in [24] refers to wind power generation

TABLE I
DATA OF NETWORK OFCASE STUDY

Bus Type of unit Maximum power Member of Number of
output (MW) VPP households

4 Wind park 5 no 224

5 PV 0.53 yes 351Electrical storage 0.53 yes

6 PV 0.88 yes 591Electrical storage 0.88 yes
7 PV 0.67 no 445

9

CHP 1.5 yes

477Thermal storage 1.5 yes
PV 0.72 yes

Electrical storage 0.72 yes

11 CHP 1.2 yes 386Thermal storage 1.2 yes
14 PV 3.5 no -
15 Wind park 5 yes 169

TABLE II
AGGREGATEDDATA OF VPPOF CASE STUDY

Type of unit Maximum power (MW)

Wind power 400
PV 280

Electrical load 280
Thermal load 225

Electrical storage 90
Thermal storage 135

Pumped hydro storage 23
EVs 15
CHP 135



0885-8950 (c) 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2710481, IEEE
Transactions on Power Systems

IEEE TRANSACTIONS ON POWER SYSTEMS 8

2 4 6 8 10 12 14 16 18 20 22 24
100

150

200

250

300

P
ow

er
(M

W
)

Time(h)

 

 

Intraday forecast
Day-ahead forecast scenarios

Fig. 6. Day-ahead and intraday renewable power generation forecasts.
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Fig. 7. Intraday wind and solar power generation forecasts atthe nodes of
the studied network.

scenarios and was extended for scenarios of solar power
generation accordingly. For the generation of the scenarios,
the aggregated forecasted and measured wind and solar power
generation data from the German TSO 50Hertz were used.
These data were normalized to the aggregated installed wind
and solar power generation capacity inside the VPP. Second,
the generated scenarios were reduced and then combined to
16. The scenario reduction was performed using the concept
of probability distance, as described in [21]. The most com-
monly used Kantorovich distance is used here. In the intraday
operation, the intraday renewable power generation forecast
uncertainty is modeled through an updated rolling forecast. It
covers a time horizon of four hours and is updated everyHb,
as it was described in Section II.

The day-ahead combined aggregated wind and solar power
generation forecast scenarios and the intraday renewable
power generation forecast used as inputs for the VPP are
shown in Fig. 6. The intraday renewable power generation
forecasts of the units of the MV benchmark network used as
input for the DSO’s technical validation are shown in Fig. 7.

C. Energy Market Participation

The participation of the VPP in the day-ahead market
and the schedules of its resources are verified. In the day-
ahead operation, the power exchanges of the VPP in the
day-ahead market are first calculated as it was described in
Section III-A. In particular, according to the information on
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Fig. 8. Power traded by VPP in day-ahead market and market prices.
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Fig. 9. VPP intraday optimal operation schedules for (a) electrical and (b)
thermal power outputs.

the day-ahead combined aggregated wind and solar power
generation forecasts, the objective function (3), and constraints
(1), (2), (11), (14), (15), (17), and (18), the VPP stochastically
schedules its resources and defines its power exchanges for
the planning horizonHda of 24 hours. The day-ahead power
exchanges of the VPP along with the day-ahead electricity
market prices are illustrated in Fig. 8.

In the intraday operation, the resources of the VPP are dis-
patched based on the objective function (6), the constraints (4),
(5), (11), (14), (15), (17), and (18), and under consideration
of the power exchanges in the day-ahead market. The intraday
optimized schedules of the electrical and thermal resources of
the VPP as well as the loads are illustrated in Fig. 9. According
to Fig. 6, Fig. 8, and Fig. 9, the schedules of the resources of
the VPP depend on the day-ahead market prices, the renewable
power generation forecasts, and the load of the VPP at each
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Fig. 10. Power flow over branch 4-3 in comparison to maximum power
transfer capability. The power flow for the solution provided by the congestion
relief service at 09:00 h, 09:15 h, 09:30 h, 09:45 h, and 10:15 h is marked
with ”o”.

time step. The VPP’s resources generate more power during
hours at which the market prices are expected to be high. In
this way, the VPP’s load is served, and the excess energy is
sold in the market. The storage units charge during the hours
at which the RES generation is larger than the demand and
when the market prices are low as also seen in Fig. 9(a). On
the contrary, if the prices are expected to be high, the electric
storage units discharge to sell the previously stored energy in
the market. The EVs charge at low electricity prices. Finally,
the generation of the CHP units depends both on the prices and
the thermal demand. The thermal power outputs of the CHP
units, the thermal storage units, and of the thermal demand
are shown in Fig. 9(b).

D. Congestion Relief Service

In what follows it is illustrated how the VPP successfully
mitigates congestion using the optimization of (6) with asso-
ciated constraints. For the validation, the sequence of actions
of the flowchart of Fig. 4 is followed. At the starting point of
the flowchart, the DSO receives the schedules of the resources
connected to the network. The power flow calculation is then
performed by the DSO in part A. At 09:00 h, congestion
on branches 3-2 and 4-3 is identified. The power flow over
branch 4-3 is shown in Fig. 10 and the squares indicate the
unconstrained solution, which is the power flow calculation
result of part A without taking any action. To relieve the con-
gestion, the DSO firstly attempts to reconfigure the network.
To illustrate the attempted reconfiguration by the DSO, the
power flow over branch 14-13 is shown in Fig. 11. The squares
indicate again the unconstrained solution without taking any
action. If the DSO reconfigures the network by closing switch
S1, the maximum power transfer capability of branch 14-13 is
exceeded. This happens because branch 14-13 is also highly
loaded due to the power generation of the wind park that is
located there. The result of the reconfiguration is indicated by
the ”x” at the time instant 09:00 h in Fig. 11.

An alternative to network reconfiguration is the congestion
relief service of the proposed service-centric VPP. The DSO
prepares, therefore, the request for the VPP’s congestion relief
service, as in part B of the flowchart of Fig. 4. The sensitivities
that are calculated for branches 3-2 and 4-3 are given in
Table III. The values of the differences∆Pf,32, ∆Pf,43 are
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Fig. 11. Power flow over branch 14-13 in comparison to maximum power
transfer capability. The power flow for the case of attempted reconfigurations
at 09:00 h, 09:15 h, 09:30 h, 09:45 h, and 10:15 h is marked with ”x”.

TABLE III
SENSITIVITIES FOR BRANCHES3-2 AND 4-3 AT 09:00H

Node i 5 6 9 11

aP,32,i 0.88 0.88 0.87 0.87
aQ,32,i 0.02 0.02 0.02 0.02
aP,43,i 0.93 0.93 0.92 0.92
aQ,43,i 0.01 0.01 0.01 0.01

TABLE IV
POWER FLOW MODIFICATION FOR BRANCHES3-2 AND 4-3 AT 09:00H

∆Pf,32 ∆Pf,43

Modification (MW) −0.8 −1.0

TABLE V
AVOIDED CURTAILMENT OF RENEWABLE POWER IN MV B ENCHMARK

NETWORK THANKS TO VPP

with cong. relief without cong. relief
service (MW) service (MW)

09:00 h 1.08 0
09:15 h 1.41 0
09:30 h 1.41 0
09:45 h 1.41 0
10:15 h 1.52 0

included in Table IV. The contents of these two tables are
sent to the VPP for use in part C. The VPP then adjusts its
schedules, and the new schedules are sent back from part C
to part A for the DSO, according to Fig. 4. In part A, the
DSO again performs the power flow calculation for 09:00 h
to check if the congestion is relieved. The new power flow
calculation result for branch 4-3 for 09:00 h is indicated with
an ”o” in Fig. 10. As it can be seen, the service was successful.
The congestion relief service of the VPP is again activated for
time instants 09:15 h, 09:30 h, 09:45 h, and 10:15 h. As it is
shown, all congestions are successfully mitigated.

E. Comparative Analysis

The added value of the proposed novel VPP congestion
relief service is put into evidence by comparison with the
situation where the service is not available. As it was shown in
Fig. 11, the network reconfiguration cannot solve the identified
congestions on branches 3-2 and 4-3. If the congestion relief
service by the VPP is not available, then the next step would
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be the imposed curtailment of renewable power generation.
This is often done as a last resort to ensure network security in
markets with a uniform marginal price of electrical energy. The
service-centric VPP, however, offers the alternative of relieving
the congestions on branches 3-2 and 4-3. The curtailment
of renewable power generation is, therefore, avoided. The
results of this comparative analysis are included in Table V.
If the VPP does not provide the congestion relief service, the
curtailment of renewable power generation is not avoided. If
the congestion relief service is available, more clean renewable
generation is available.

V. CONCLUSIONS

The large-scale integration of wind and solar power gen-
eration relies both on a successful market integration and
efficient access to the power grid. The proposed service-
centric virtual power plant here plays a vital role thanks to
the flexibility contained in its pool of diverse resources. On
the one hand, it enables the participation of DER in the
energy market through aggregation functions. On the other
hand, it can adjust the schedules of its resources in accordance
with distribution network constraints in co-operation with the
distribution system operator. These features also reflected the
focus of this work.

As a first contribution, the roles and interactions of the
different market actors, including the service-centric VPP,
were identified and defined. A rolling horizon method was
developed to consider the uncertainty of renewable power
generation and take advantage of the most recent available
information on forecasts. A sequence diagram for day-ahead
and intraday operations was used for the purpose of illustra-
tion, and the co-operation of VPP and distribution network
operator on congestion management was included.

The development of a co-operative solution for the provision
of the congestion relief service by the VPP is the second and
central contribution. The VPP can modify the schedules of
selected units that have an effect on potential feeder overloads.
The modification is motivated through participation in a flex-
ibility market or bilateral agreement of VPP and DSO. The
request of the DSO includes information on sensitivities that
are calculated with the use of the AC power flow equations.
The DSO provides these sensitivities to relate changes of
branch flows to modifications of nodal power injections. Direct
curtailment orders by the DSO are avoided. This way a dual
service provision is achieved: Distributed wind and solar and
other resources can participate in the market, while the net-
work operator gets assistance through ancillary services. The
methodology was validated using the CIGRE MV European
benchmark, which is a representative distribution network for
studying the integration of distributed energy resources. The
results of the comparative analysis showed that at the time
instants in which the congestion relief service was activated,
the renewable power curtailment was prevented.

In sum, the aforementioned contributions support a shift of
paradigm in power system operation. Apart from the transition
of ”generation follows load” towards ”load follows generation”
that a VPP can support through its pool of diverse units, it
enables a move towards market-oriented solutions of network
security. Compared with a situation where curtailments are
ordered to maintain security, a solution based on agreements

between network operator and VPP offers a mutual benefit
in electricity market environments where a uniform marginal
energy price is given.

APPENDIX A

In this appendix, the equations for the dispatching of the
units of the VPP are detailed. It is assumed for power curves
not to vary inside the time step intervals considered. In the
following equations,τ may either denote the day-ahead time
step sizeτda or the intraday time step sizeτid. The equations
for the CHP unitsi are the following:

Cf,chp,i(th) = cNG ·
1

ηchp,i
· Pe,chp,i(th) · τ (9)

Pth,chp,i(th) = λchp,i · Pe,chp,i(th) (10)

Pe,chp,i,min ≤ Pe,chp,i(th) ≤ Pe,chp,i,max (11)

Equation (9) gives the fuel costCf,chp(th) of each CHP
unit i for intervalτ as a function of the natural gas pricecNG,
its electrical efficiencyηchp and its electrical power injection
Pe,chp(th). Equation (10) gives the thermal power injection
of the CHPPth,chp(th) as a function of its electrical power
injectionPe,chp(th) and the heat to electrical power ratioλchp

of the unit. Equation (11) expresses the power limits of each
CHP unit.

The storage unitsi are modeled as follows:

Cop,e,sto,i(th) = cop,e,sto,i · |Pe,sto,i(th)| · τ (12)

Ee,sto,i(th) =

=







Ee,sto,i(th−τ)−
Pe,sto,i(th)·τ

ηe,dis,i
, Pe,sto,i(th) > 0

Ee,sto,i(th−τ)−Pe,sto,i(th)·τ ·ηe,ch,i, Pe,sto,i(th)≤0

(13)

Ee,sto,i,min(th) ≤ Ee,sto,i(th) (14)

Ee,sto,i(th) ≤ Ee,sto,i,max(th) (15)

Eth,sto,i(th) =

=







Eth,sto,i(th−τ)−
Pth,sto,i(th) ·τ

ηth,dis,i
, Pth,sto,i(th) > 0

Eth,sto,i(th−τ)−Pth,sto,i(th)·τ ·ηth,ch,i, Pth,sto,i(th)≤0
(16)

Eth,sto,i,min(th) ≤ Eth,sto,i(th) (17)

Eth,sto,i(th) ≤ Eth,sto,i,max(th) (18)

Equation (12) gives the operational costCop,e,sto(th) of
each electrical storage uniti for interval τ as a function of
the average operational costcop,e,sto per unit of energy, as
described in [25], and the storage’s power injectionPe,sto(th).
The operational cost of the thermal storage was neglected.
Equations (13) and (16) describe the energy level of each
electrical or thermal storage unit. The energy level at each time
instant depends on the energy level at the previous time step
and the storage’s power injection, considering the discharging
or charging efficiency. At the beginning of the scheduling
horizon, initial valuesEe,sto0 and Eth,sto0 are assigned to
the energy levels of the storage units. Equations (14), (15),
(17), and (18) describe the energy capacity boundaries of each
storage unit.
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The active power imbalance exchanged in the intraday
market is minimized by the VPP taking into consideration the
following penalty cost:

Cpen,imb(th) = pf · |Pimb,id(th)| · τ (19)

According to (19), the penalty cost for the imbalances is a
function of the intraday imbalancePimb,id(th) and a penalty
factorpf in EUR/MWh. In order to minimize the transactions
of active power imbalance by the VPP in the intraday market,
the value of the penalty factorpf must be larger than the
operational costs of the units of the VPP.

APPENDIX B

The calculation of the sensitivities that are assigned to the
VPP’s resources to relax congestion over a congested branch
m-n is explained. Starting point of the calculation is the active
power flow over a branch from nodesm to n:

Pf,mn=|Vm|
2gmn−|Vm||Vn|[gmncos(θm−θn)+bmnsin(θm−θn)]

(20)
A change in real power flow fromm to n is given by [26]:

∆Pf,mn =

N
∑

k=1

ϑPf,mn

ϑ|Vk|
∆|Vk|+

N
∑

k=1

ϑPf,mn

ϑθk
∆θk (21)

where the counterk from 1 toN refers to the network’s nodes.
Equation (21) can be rewritten as follows:

∆Pf,mn=

[

ϑPf,mn

ϑθ1
, ...,

ϑPf,mn

ϑθN

ϑPf,mn

ϑ|V1|
, ...,

ϑPf,mn

ϑ|VN |

]















∆θ1
...

∆θN
∆|V1|
...

∆|VN |















(22)
The partial derivatives taken from (20) are shown in (23)-(26):

ϑPf,mn

ϑ|Vm|
=2|Vm|gmn−|Vn|[gmncos(θm−θn)+bmnsin(θm−θn)]

(23)
ϑPf,mn

ϑ|Vn|
=−|Vm|[gmn cos(θm−θn) + bmn sin(θm−θn)]

(24)
ϑPf,mn

ϑθm
=|Vm||Vn|gmnsin(θm−θn)−|Vm||Vn|bmncos(θm−θn)

(25)
ϑPf,mn

ϑθn
=−|Vm||Vn|gmnsin(θm−θn)+|Vm||Vn|bmncos(θm−θn)

(26)

The vector of nodal angle and voltage changes on the
right-hand-side of (22) also appears in the network power
flow problem [26]. In the following equation, this vector is
premultiplied by the Jacobian matrixJPQ,θV , and[∆P,∆Q]T

is the vector of changes in nodal active and reactive power
injections:

[

∆P
∆Q

]

= JPQ,θV

[

∆θ

∆|V|

]

(27)

Making sure that[∆θ,∆|V|]T does not cover the slack node
and definingJθV,PQ = J−1

PQ,θV , (27) can be rearranged as
follows:

[

∆θ

∆|V|

]

= JθV,PQ

[

∆P
∆Q

]

(28)

Based on (28) and (22), the row vectorαT

mn with all the
sensitivities of a power flow over branchm-n toward changes
of nodal active and reactive power injections is as follows:

α
T

mn=

[

ϑPf,mn

ϑθ1
, ...,

ϑPf,mn

ϑθN
,
ϑPf,mn

ϑ|V1|
, ...,

ϑPf,mn

ϑ|VN |

]

JθV,PQ

(29)
with

α
T

mn = [αP,mn,1, ..., αP,mn,N , αQ,mn,1, ..., αQ,mn,N ] (30)

Equation (22) can then be rewritten as follows:

∆Pf,mn = α
T

mn [∆P1, ...,∆PN ,∆Q1, ...,∆QN ]
T (31)

In what follows,aT

mn is defined as a subvector ofαT

mn in
order to only consider flow sensitivities with respect to power
injections at nodesi where VPP resources are present:

a
T

mn = [aP,mn,1, ..., aP,mn,I , aQ,mn,1, ..., aQ,mn,I ] (32)

where I gives the number of VPP resources. Equation (31)
then becomes for this special case:

∆Pf,mn=a
T

mn[∆P1,VPP,...,∆PI,VPP,∆Q1,VPP,...,∆QI,VPP]
T

(33)

APPENDIX C

The selection of the data of the case study is explained. In
particular, this concerns the selection of the DER data of the
local network, as well as all the units within the VPP.

The left feeder of Fig. 5 represents an urban area. The
number of households was firstly calculated for each bus,
taking into consideration the MV and LV load data and profiles
of [20]. The yearly average electricity demand of a single-
family household in Germany is between 5000 kWh and 6000
kWh [27]. The residential load profile from [20] is assumed
to concern the whole residential LV feeder. According to
the aforementioned annual electricity demand, the daily peak
of the residential feeder is estimated. Considering, then, the
coincidence factor and the load data of [20], the number
of households at each bus can be estimated. Moreover, the
average annual heat load in Germany is 150 kWh/m2 [28]
with approximately 180 heating days per year. Based on this
the daily heat energy demand is assessed.

It is assumed that consumers at buses 5, 6, 9, and 11 have
a contract with the VPP. It is considered that 30 % of the
households of buses 5, 6, and 9 have a rooftop PV of 5
kW peak and a battery of maximum power output 5 kW,
an energy efficiency of 95 %, and power factors between 1
and 0.95 lagging or leading. It is assumed that the energy
level of each storage unit at the end of the day is equal to
its initial energy level. The total installed PV capacity in the
VPP is 280 MW, 90 MW of which consists of rooftop PVs
which are combined with electrical storage, as the ones already
described. Furthermore, it is assumed that there is a local heat
network supplying the VPP’s consumers of buses 9 and 11.
According to the number of households, the heat demand at
these buses of the network is estimated, and it is also assumed
that multiple CHP units of 100 kW electrical output, heat to
electrical power ratio of 1.62, electrical efficiency of 35 %, and
power factor of 1 are used. Moreover, thermal storage units of
maximum thermal power output of 100 kW and capacity of
200 kWh supplement the operation of the CHP units. The VPP
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controls more CHP units that serve further and similar local
heat networks, as the ones of buses 9 and 11. The total installed
CHP capacity within the VPP is 135 MW and is composed of
small CHP units as the ones that were described. These CHP
units are also combined with thermal storage of a total of 135
MW maximum thermal output for the whole VPP. The peak
thermal load served by the VPP is 225 MW.

The units of the VPP on the local network cover only a
small proportion of all the VPP’s units. The total installed
wind power generation capacity in the VPP is 400 MW.
Furthermore, the VPP controls EV fleets in other areas with a
total number of 5000 EVs. The EV charging strategy followed
in this paper is based on [29], and it assumes that the EVs
have a contract with the VPP. It allows the VPP to control
the charging of the EVs at predefined periods of time. At
the departure hour, an EV’s battery is to be fully charged.
The departure from home lies between 07:00 a.m. and 09:00
a.m.. The return time varies between 08:00 p.m. and 10:00
p.m.. The EVs are parked in residential areas and are assumed
to charge with a maximum of 3 kW per hour. The battery
energy capacity of each EV is considered to be 24 kWh with a
charging efficiency of 90 %. The VPP also has pumped-hydro
units of total power output of 23 MW and storage capacity of
110 MWh. The peak of the VPP’s electrical load is 280 MW.

Values for the average operational costcop,e,sto of storage
units for each type of storage are taken from [25]. Based on
[13] it is assumed that the modeled VPP has a contract for a
natural gas pricecNG of 50 EUR/MWh.
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