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Abstract

Feasibility study of a Virtual Power Plant for Ludvika

Johanna Lundkvist

This thesis is a feasibility study of a 
virtual power plant (VPP) in central 
Sweden and part of a project with 
InnoEnergy Instinct and STRI. The VPP 
consists of a wind park, small hydro 
plant as well as solar photovoltaic and 
energy storage. The 50 kV 
subtransmission network was modeled in 
order to evaluate the network services 
that could be provided by coordinating 
existing distributed energy resources in 
the network. Simulations where performed 
using measured hourly variations in 
production and consumption of all 
network nodes. The studied network 
services included both reactive and 
active power control.
 
The aim of this thesis is to evaluate 
the potential contribution from the VPP 
for capacity firming in order to allow a 
balance responsible party to meet placed 
bids on the day-ahead spot market, 
minimize peak load in order to reduce 
subscribed power, decrease network 
losses, the contribution from reactive 
power control using the power converters 
is studied. Comparisons of the economic 
gains from spot and balance markets of 
the VPP distributed energy resources are 
made for each operation case. 

Sponsor: InnoEnergy Instinct and STRI
ISSN: 1650-8300, UPTEC ES 13015
Examinator: Kjell Pernestål
Ämnesgranskare: Joakim Widén
Handledare: Nicholas Etherden



Populärvetenskaplig sammanfattning

El producerad från intermittenta produktionskällor, som till exempel sol och vindkraft, förväntas öka. 
Detta leder till en tidsskillnad i konsumtion och produktion som måste hanteras. Detta projekt 
studerar enbart variationer på timbasis på grund av tillgång till data. Den intermittenta aspekten i 
produktionen måste kompenseras för att undvika svåra variationer i nätspänning och/eller frekvens. 

Projektet är en del inom InnoEnergy Instinct och är utfört som examensarbete inom 
civilingenjörsprogrammet i energisystem, givet vid Uppsala universitet och SLU. Projektet är också 
underlag till två konferensartiklar för konferenser inom smarta elnät.

Modeller har tagits fram för att undersöka påverkan på ett distributionsnät vid användning av ett så 
kallat virtuellt kraftverk. Detta sker genom analys av mätvärden ifrån ett distributionsnät, en modell i 
ett matematiskt beräkningsprogram och en modell i ett simuleringsprogram för elektriska 
flödesberäkningar. 

För att anpassa produktion och konsumtion kan energi mellanlagras med hjälp av styrning av ett 
virtuellt kraftverk i batterilager eller vattenreservoarer. Det undersökta virtuella kraftverket antogs 
bestå av batterier, solceller, en vindkraftspark och ett litet vattenkraftverk. Kontrollsystem för 
kraftverkets olika applikationer utvecklades i beräkningsprogrammet och simulerades med insamlad 
mätdata.  

Svaren från simuleringarna analyserades utifrån ett ekonomiskt perspektiv för att ge en bättre bild 
över investeringsnyttan hos ett virtuellt kraftverk. Genom en kombination av verkliga data och 
simulerade svar kunde därigenom effekten av ett virtuellt kraftverk i ett regionnät undersökas.

Virtuella kraftverksmodellen innefattar följande moment:

1. Mätdata samlas in från ett verkligt distributionsnät.

2. Effektflöde från solceller skalas upp för att märkas i simuleringarna.

3. Lagernas kompenseringsbehov beräknas med hjälp av önskat energiflöde.

4. Det nya energiflödet undersöks och kvantifieras med hjälp av besparingsberäkningar.

Kommunikations- och informationsbehovet för implementering av ett virtuellt kraftverk undersöktes 
utifrån de byggda modellerna. Detta måste vidare studeras då modellerna bygger på timdata och 
styrning i ett verkligt system bör utföras i realtid. 
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Executive summary

EU countries aim to have 20% of their energy production from renewable energy resources by 2020. This 
will contribute to an increase of intermittent generation in the distribution grids. To handle problems with 
grid capacity, voltage control and variable load flow, active control are going to be needed in the 
distribution grids. This thesis aims to find information needed to build a virtual power plant for active 
control in a distribution grid in central Sweden and to find the optimization application best fitted for the 
grid. 

This thesis shows that the applications most fitted for the virtual power plant is to optimize for meeting the 
bids on the day-ahead spot market and make sure that the power output is the same as predicted the day 
before. To optimize for lowering the month highest peak demand and thereby lowering the tariff is also a 
fitted application.

Based on this thesis two scientific conference papers has been written.1, 2

1 N. Etherden, M. H. Bollen and J. Lundkvist, "Quantification of Ancillary Services from a Virtual Power Plant in an Existing 
Subtransmission Network," in IEEE PES Innovative Smart Grid Technologies (ISGT Europe), Copenhagen, 2013. 

2 N. Etherden, M. H. Bollen and J. Lundkvist, "Communication Requirements of a Virtual Power Plant using IEC 61850 to 
Provide Grid Services," in IEEE SmartGridComm, Vancouver, 2013 
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1 Abbreviation

      BESS Battery Energy Storage System

CHP Combined Heat and Power

DER Distributed Energy Resources

DG Distributed Generation

DR Demand Response

DSO Distribution System Operator

PV Photovoltaic 

RES Renewable Energy Resources

SoC State Of Charge

TSO Transmission System Operator 

VPP Virtual Power Plant

2 Introduction

Most renewable energy resources (RES) are intermittent sources that are hard to predict and control 
such as wind and solar power. Daily and seasonal variations can easily be predicted but in smaller 
timescales the power fluctuations may be large, for example the production from a photovoltaic 
installation can change 70% of rated power within half a minute but production predictions from day-
ahead for a specific hour is correct for around 70 % of the predictions [1]. The variations do not occur 
on the same pattern for the different RES neither on large nor small timescale. 

Many of the RES are often placed as Distributed Generation (DG) in the medium and low voltage grid.
The grid is designed for radial distribution of power from a few large scale centralized distribution 
units and can therefore have problems with DG. Example of problems is variable power flow with 
unintended islanding because of the wind and solar fluctuations, and too high voltage levels in the 
end of the distribution grid which cause insulation damage to equipment and unsafe situations for 
the end users. [2]

In a cluster of different kinds of RES the fluctuations from for example wind and solar can cancel each 
other out and the variations would be reduced. A hydro power plant can for example regulate to 
minimize the fluctuations and capacity firming for the cluster. If other kinds of DG, battery energy 
storage system (BESS) and Demand Response (DR) providers would be implemented in the cluster the
fluctuations could be reduced even more. Such aggregation of Distributed Energy Resources (DER) 
controlled from one location using communication links is called Virtual Power Plants (VPP). [2]

A VPP for research could be built in Ludvika, in central Sweden, with solar production and existing 
Smart Grid Research, Development & Demonstration platform at STRI together with existing hydro 
and wind power production in the surroundings. The need for a VPP is unknown and different 
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applications are going to be investigated in this thesis to evaluate different use and the benefits of 
implement a VPP in the industrial city Ludvika.  

2.1 Aim

The aim of this thesis is to find applications for VPP by a literature study, evaluate different 
application for a planed research VPP in Ludvika and find fields of applications that can be combined. 
An evaluation of the information need for control of the VPP in the 50 kV grid of Ludvika will also be 
made.

2.2 Method

Measured hourly consumption and production data from the regional distribution grid is obtained by 
the Distribution System Operator (DSO) VB Elnät, a subsidiary of Vattenfall. Other measurement data 
is obtained from STRI, were the solar measurements is linear up scaled. Equations and the 
measurement data models for hydro power plant and battery storage is built in MATLAB. Models for 
the different optimization applications of VPP are constructed in MATLAB from the models for hydro 
and battery, equations and measurement data. From these models a production plan for hydro and 
storage is calculated. To evaluate the results the cost-saving in the model is calculated. Measured data
and the MATLAB calculated production plan is used in the simulation model of the 50 kV grid created 
in the DigSILENT PowerFactory to evaluate the results.

2.3 Limitations of scope

The following limitations have been made in the study.

• No pure market oriented optimization of the VPP including maximizing profit from trading on 
the spot market 

• No controllable heat production or other demand response.

3 Background

This chapter will focus on the virtual power plant concept and existing projects. Background for the 
existing grid near Ludvika is also presented in this chapter. 

3.1 Virtual Power Plant

A virtual power plant is a cluster of several DER that are controlled from one location and participates
in the spot market as a single generator. Energy storage and/or demand response, for example heat 
pumps and electric vehicles, can be included in a VPP. The DER in a virtual power plant can be spread 
over the distribution grid but are assumed to be in the same geographic area. Because of the 
flexibility of a DER cluster VPPs are seen as a way to integrate more RES in the distribution and 
transmission grids.[3] [4]

There are many different uses of a virtual power plant, as seen in 3.1.1. The intermittent energy 
output of RES can cause fluctuation in the power supply from other plants in a passive controlled grid.
By coordinating all plants in the area this can be reduced. Increase of DG in a passively controlled 
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distribution network will also increase the voltage. For economical aspects the VPP can be used to 
reduce the regulation cost for prediction errors or lower the tariff, described in 4.2.2. [2]

3.1.1 Existing demonstration networks

A few VPPs have been built as demonstration projects around the world, but the reason to build them
have been different in various projects. Countries have different problems with integration of RES and
various grid codes which makes different interests for VPPs. Some of the existing demonstration 
networks will be described in this chapter in regard to project objectives. 

3.1.1.1 Cell Controller Pilot Project

The Cell Controller Pilot Project (CCPP) is built on the island Bornholm in Denmark. The network has a
production of around 80 MW on a voltage level at 60 kV and lower. The purpose of the project is to 
perform extensive demonstration of the functionality capabilities of the cell controller. The 
investigated functionalities of this project is market operations support, voltage control, 
active/reactive power flow, frequency control in black start and island operation. [5]

3.1.1.2 PREMIO

PREMIO is a French project and an acronym that in English stands for “Integration and Optimization 
for Distributed Generation (DG) Demand Side Management (DSM) and Renewable Energy Resources 
(RES)”. The network consists of photovoltaic (PV) units, Combined Heat and Power (CHP) plants and 
different kinds of DR. The objective of the project is to optimize the integration of DG, storage and DR
as well as to reduce the power peaks.  Secondary objective is to identify requirements for 
communication, information and control. To reach the objectives PREMIO focused on optimization of 
the economic parts such as day-ahead market and intraday market. [6]

3.1.1.3 MILLENER

MILLENER is a VPP placed on the French islands Corsica, La Réunion and Guadeloupe, with the goals 
of developing methods and tools to enable the integration of more distributed RES and to manage 
the power and energy demand. The network consists of 250 PV systems and 1000 heating and 
cooling systems. The objectives of the demonstration network are to maintain the balance between 
supply and demand, optimize the power flow to enable a higher penetration of intermittent 
generation and to decrease the emission of carbon dioxide. [3]

3.1.1.4 Unna

In the German district Unna is a VPP with the objectives to reduce the cost of balancing power placed
[7]. The production technology components of the virtual power plant is six CHP plants with different 
sizes and power generation technologies, two wind farms, a hydro power plant, a micro gas turbine 
and several smaller PV units [8]. The VPP produces 35GWh electricity and 37GWh of heat every year 
[9]. 

3.1.1.5 Am Steinweg

Am Steinweg is a VPP placed near Mannheim in Germany. The project objectives are to optimize the 
energy flow, improve economic operation of the energy supply as well as equalization of the peak 
loads. The VPP consists of PV installations, a gas driven CHP plant and battery storage systems. [7]
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3.1.1.6 CRES, NTUA and Meltem

In this project a VPP is built of DERs and storages placed in three places in Greece, the Center of 
Renewable Energy Sources (CRES), the National Technical University of Athens (NTUA) and the 
Meltemi holiday Camp. The demonstration network aims to show the advantage of a VPP by 
increased flexibility. The goal is to be reached by focusing on demand patterns for different seasons 
and market prices. The production technology components of the virtual power plant is PV 
installations, one CHP system and DRs. [10]

3.1.1.7 Micro-CHP units at consumer premises

A field test of ten clustered 1kW CHP units to a VPP is done by ECN, a Dutch independent research 
institute for renewable energy, and the gas company Gasunie in Netherlands. The main goal is to 
demonstrate the ability of a cluster of micro-CHP units operated in a VPP to reduce the local peak 
demand.  The field test is focused on the network utilization factor of the local distribution grid, by 
using market-based control to reduce the peak-loads.[11]

3.1.1.8 PowerMatching City

In the Dutch project PowerMatching City the power balance is investigated. The project aims to 
reduce the imbalance caused by RES, specifically the imbalance caused by wind turbines. The 
production technology components of the VPP are 22 common households, 10 of them with a micro-
CHP and 12 with air-water heat pumps, both heating systems are each connected to a water buffer 
acting as storage. The cluster is supplemented by two electric vehicles (EV) and a 2.5 MW wind 
turbine. [12]

3.1.1.9 San Agustin del Guadalix

The Spanish technology demonstration center San Agustin del Guadalix have a VPP consisting of PV 
units, a wind turbine, a diesel generator with an installed capacity of 1.67 MW and a number of 
houses as loads [13]. The objective of the VPP is to improve the power quality and reliability in the 
grid [7]. 

3.1.1.10 Summation

The projects described above summarize the use of VPPs. It is important to optimize the economy to 
get profitability in the investment of building a virtual power plant. The project use of VPP can be 
divided into three categories. Active power control to meet the day ahead market so no balance 
power are needed by balancing the prediction error so no need to pay the balance market. Lower the
tariff cost by reducing the largest load flow peaks. Reduce the losses by optimize the power flow and 
power quality. These areas will be investigated for the Ludvika research VPP.  Many of the projects 
use both heat and power which is a better use of a VPP than only power. The heat or cooling 
production is a controllable load and households have a comfort zone that spans over a few degrees 
which gives a freedom to move the time for heat and cool production. This will not be further 
investigated in this thesis. A list of the projects is found in Table 1. 
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3.2 Studied grid

The grids in the surroundings of Ludvika have voltage levels of 10 kV, 50 kV, 130 kV and 400 kV. The 
VPP is investigated at the 50 kV level and connected to the national transmission network at 400 kV 
through the 130 kV grid. The studied grid with generators connected to the 10kV and 50kV grid, 
transformers and lines are described below. 

3.2.1 The 50 kV and 10 kV grid

The information of the studied grid comes from VB Elnät a Vattenfall subsidiary in central Sweden 
and the Distributed System Operator (DSO) in Ludvika. An overview of the VPP is shown in Figure 1. 
The grid in the surroundings of Ludvika consists mostly of overhead lines of different dimensions but 
there are two ground cables in the studied 10 kV grid. The line types in the system are shown in Table
2. The grid has three connections to the 130 kV grid. In this thesis the load flow in one of these 
connection points is studied. 

Table 2: Line types used in the 50 kV and 10 kV grids.

Line type Resistance Ω/km Reactance Ω/km

630 AXKJ 0.0469 0.1005

ACJJ 185 0.162 0.091

FEAL 99 0.336 0.3759

FEAL 157 0.214 0.3759

FEAL 234 0.143 0.3759

BL 99 0.296 0.3028

BL 241 0.127 0.350
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Table 1: A summation over demonstration networks in the world and there project objectives.

Country Name of project Objectives References
Denmark Cell Controller Pilot Project Economy, voltage control, 

active/reactive power control, island 
operation, black start, frequency 
control

[5]

France PREMIO Day-ahead market, balance market, 
energy efficiency

[6]

France MILLENER peak shaving [3]
Germany Unna Economy, balance power [7][8][9]

Germany Am Steinweg Economy, optimization of power flow [7]
Greece CRES, NTUA and Meltem Economy (fuel, market) [10]
Netherlands Micro-CHP units at consumer 

premises
peak shaving [11]

Netherlands PowerMatching City Active power control [12]
Spain San Agustin del Guadalix Power quality, power safety [13][7]



Most transformers in the system have automatic transformer tap changers which mean that they can 
vary the voltage with plus minus some percent in a few steps. The transformer leakage flux (uz) 
causes the secondary voltage to not be directly proportional to the primary voltage. The transformers
in the grid are summarized in Table 3.

Table 3: Parameters included in the study.

Transformers Voltage kV Tap Apparent power MVA uz % Connection

Hyttbacken 138/10.5 ±9*1.67% 40 8.3 YNd11

STRI 10.5/0.4 ±9*1.67% 15 12 TNyn0

Grängesberg 138/55 ±9*1.67% 63 11.85 YNyn0

Fjällberget 55/10.5 ±8*1.67% 14 9.74 YNyn0

Saxberget 55/10.5 ±9*1.67% 20 10 YNyn0

Nyhammar 55/10.5 ±8*1.67% 6.3 7.11 YNd11

Tuna Hästberg 55/10.5 ±8*1.67% 8 7.93 YNd11

Loforsen 55/6.6 ±2*5% 8.2 7.32 YNd11

Saxdalen 55/10.5 ±8*1.67% 12 7.3 YNyn0

Skakelbacken 52.5/10.5 ±8*1.67% 30 10 YNyn0

3.2.2 Hydro power plant Loforsen

The hydro power generator is rated 7.7 MVA at 6.6 kV and have been in operation since 1990. The 
generator is directly coupled to a vertical Kaplan turbine with a maximum water flow (Q) of 15m3/s 
through the turbine. The rating of the sole machine is low compared to size of the reservoir thus 
enabling peak power production. The simulated hydro power plant has a maximum output (P) of 6 
MW active power and 4.8 MVAr reactive power.  [14]

The dam is today used as a day/week reservoir depending on the loads and water levels. The allowed 
water levels in the dam, according to Swedish water-rights court, are 20 cm under the retention 
water level in summer and 50 cm under in winter. The maximum head of the dam (h) is 44.5 m. The 
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Figure 1:  A simple model of the investigated VPP, where the battery and
photovoltaic are up scaled.



reservoir area (A) is 2 km2 and assumed to be constant in the allowed head span. The power plant 
have no minimum flows if the water level is in the right span [15][16]. 

3.2.3 Wind farm 

The wind farm on Saxberget and Fjällberget consists of 17 Vestas V90 wind turbines. The first five was
installed in 2006 and have a hub height of 125 meter. The outer 12 was installed in 2008 with a hub 
height of 150 meter [17]. The turbines have a rated power of 2 MW each. The generators are doubly 
fed so that the turbine can vary the rotation speed without changing the power-system frequency.  
The stator operates on 690 V and the rotor at 480 V [18]. 

3.2.4 Photovoltaic units

The photovoltaic power plant at STRI has a capacity of 30 kW and was installed in summer 2012. The 
plant is built of 120 solar modules rated at 210 to 250 W and have since the installation an average 
energy production of 62.4 kWh/day.   [20]

3.2.5 Battery storage

The battery storage at STRI has a maximum power output of 21.6 kVA at 432 V and have maximum 
energy storage of 20 kWh. The battery can be charge with maximum 9.72 kW, which is 45% of the 
output power [21]. 

4 Theory

4.1 Virtual power plant

A VPP is controlled from one communication center, as in Figure 1, which gets information and 
measurements from the DER in the VPP. The information is analyzed together with other information,
for example spot prices or whether prognosis, to investigate the need of changes in power output. 
The analysis gives a production plan for the chosen application of the VPP. The wanted power output 
is sent to the DERs so they regulate the power production to fit the plan. The information needed for 
the VPP is investigated in 7.1.

4.2 Economy

The economical markets and models used in this thesis will be described in this chapter in regard to 
the cost for the DSO. 

4.2.1 Balance market

Every day at 12 am. an energy producer needs to submit a bid on the Spot market over how much 
energy he can deliver and at what price for each hour the following day [24]. The balance market is 
used for compensate prediction errors from the day-ahead bids. 

If the production in a prize area is too low the transmission system operator (TSO) have to by balance 
power or if the consumption is too low they have to pay stations to lower their production. These 
costs should be paid by the producers in the same prize area that contributed to the imbalance. 
Producers that do not contribute to the imbalance do not have to pay for it. The regulation cost is 
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different if it is up or down regulation. The producers that should pay, pays the up or down prize 
times the error size in MWh. The costs in SEK per MWh error can be found in Figure 2 and on the 
Nord Pool Spot website [25], there can also information about the historical regulations be found. 

4.2.2 Tariff

The tariff is paid each month for the maximum hour average power output in kilowatts (kW) during 
the month [26]. By lowering the hour average power peak input from external grid the DSO can 
reduce the cost to the TSO. 

4.2.3 Losses

According to the Swedish Electricity Act (1997:857) 15 § of the third chapter an owner of a VPP, or 
other installation of energy production, can get paid for reduce energy losses in the connected grid. 
The paragraph can be read below.  

“An owner of a generation installation is entitled to payment by the network concessionaire to whose 
cable network the installation is connected. The payment shall correspond to 

1. the value of the reduction of power losses that the infeed of electrical power from 
the installation involves for the network concessionaire’s cable network, and

 2. the value of the reduction of the network concessionaire’s charges for having his 
cable network connected to another network concessionaire’s cable network that 
becomes possible through the installation being connected to the cable network. 
”[27]

5 Method

5.1 Simulation data

The data used in the simulations comes from several different sources. In this chapter the data 
management is described.
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Figure 2: Regulation cost from Spot market with up and
down regulation. 



The power consumption in the 10kV grids is simulated as loads in the models. The grid mean weekly 
power consumption can be seen in Figure 3. The data is given by VB Elnät as three year hourly power 
output measurements on the buses connected to the lower voltage grids. The power inflow from the 
130 kV grid is hourly measured at the three grid connection points over the three year period. The 
power inflow for the studied connection point between the 50 kV and 130 kV grids vary during the 
year as seen in Figure 4.  VB Elnät have not started to measure reactive power in the simulated 50 kV 
grid so no data is available for the simulated time, therefore the load power factor assumed to be 0.9,
according to an assumption from VB Elnät.

For the water inflow to the hydro power reservoir hourly measurements of production and water 
level is used. Two and a half year measurements of the water level in the reservoir are provided by 
the hydro power plant owner VB Kraft. The data have some measurement errors and some data is 
missing (around 20%), these are replaced with the same values as the last hour measurement or for 
errors over longer time a mean of the other years is calculated for these values. The hydro power 
production is provided by three year hourly measurement of the power output on the bus connected 
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Figure 3: Average weekly power consumption in the grid.

Figure 4: Power flow in one of the 50/130 kV connection points. 



to the hydro power plant, given by VB Elnät. Without reservoir, the production would correspond to 
the water inflow, is seen in Figure 5.  

The wind power production data is given by three year hourly measurements of the power input on 
the transformers connected to the two wind farms. These measurements are also provided by VB 
Elnät. The summarized power production from wind power is seen in Figure 6. The figure shows that 
the wind does not have a strong yearly variation. 

To get an effect from the photovoltaic installation in the simulated VPP it is scaled up. Based on an 
assessment of available roof area in adjacent industrial area, the installed solar power is assumed to 3
MW in the simulations.

For the sun power production measurements from Glava energy center [27]  108 kW solar park (240 
km from Ludvika) is scaled and used for second half of year 1, whole year 2 and first half of year 3. For
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Figure 6: Measurement data for wind power production.

Figure 5: Power inflow to the hydro power reservoir per hour. 



the second half of year three measurements from the STRI solar park is scaled and used. This because
the solar installation at STRI was installed in summer 2012.  Glava and Ludvika are placed at almost 
the same height in Sweden and according to [29] they have the same normal sunshine time in a year. 
The data from both Glava and STRI is available for a few months, visual inspection shows that the 
data is similar. For the first half of year 1 mean values for year 2 and 3 are used. The combined data 
used in the simulation is seen in Figure 7.

In the simulations the battery storage is scaled up to 8 MVA at 400 V with energy storage of 32 MWh. 
The charging power for the scaled storage is set to 45% of the discharge that is 3.6 MW. Some 
producers of battery storage claims to have an efficiency of around 98% but in these simulations the 
efficiency is assumed to be 90% [22]. The up scaling of the storage capacity is chosen from the 
conditions that it has to be large enough to effect the VPP and the facility should have a size that is 
realistic to build today. The same storage capacity as the simulated in this thesis is in use in a wind 
energy storage project in California, USA.  There facility is 585m2 and contains batteries, transformers,
power conversion systems, communication and interface equipment. [23]

Historical hourly data for the regulation volumes for the simulated three years is given by Nord pool 
spot [25]. The data for up and down regulating prices is also available at Nord Pool Spot. Because 
Ludvika is placed in prize area 3 the values for this area is used. Data for calculations and simulations 
in this thesis are summarized in Table 4. 
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Figure 7: The scaled hourly measurement data from Glava energy
center and STRI used in the simulations. 



Table 4: Provided data for the thesis calculations and simulations.

Provided data  Measurement period Motivation of data

Hourly measurement of water level in hydro reservoir Two and a half year 
data

Changes in system, data only available 
from this period. 

Hourly measurement of active power output from hydro power plant Three year data

Hourly measurement of active power output from wind power parks Three year data

Hourly measurement of power consumption Three year data

Hourly measurement of active power output solar power from Glava 
energy center

Tow year data No solar cells at STRI installed used 
available data with same normal sunshine 
time in a year.

Hourly measurement of active power output solar power from STRI Half a year data Installed summer 2012

Hourly measurement of active power input to studied grid. Three year data

Hourly measurement of active power output from studied grid. Three year data

Measurement of active power outcome from power prediction One year data Measured in northeastern part of 
Germany. If same forecasting methods is 
used do it not matter were the research is 
done

Historical data of regulation in prize area 3 Three year data

Historical data of up regulating prizes in area 3 Three year data

Historical data of down regulating prizes in area 3 Three year data

For the simulations of the 130 kV grid fixed values for the loads, lower voltage grids except the 
investigated 50 kV grid, are used. Typical values for the power trading are used and is provided from 
VB Elnärt. The values are seen in Table 5.

Table 5: Fixed loads in 130 kV grid.

Load Active power [MW] Reactive power [MVAr]

1 16.304 4.355

2 0.195 0.12

3 5.295 3.283

4 4,607 2,857

Capability curves show how much reactive power that can be produced/consumed depending on the 
power output from a specific kind of power plant. The capability curve for a synchronous generator 
can be seen in Figure 8. As seen in the figure the power output is optimized to get as much active and
reactive power as possible. The wind turbine has a power factor range of 0.9capacitive – 0.95inductive with 
the default set at 1.00 [19], this gives the capability curve for Vestas V90 as shown in Figure 9. The 
solar power plant has a power factor range of 0.8capacitive – 0.8inductive which is seen in Figure 10. The 
reactive power output from the modeled STRI Lithium Ion storage battery can be fully controlled. As 
seen in the capability curve in Figure 11 the battery converters can produce reactive power even 
when the active power output is zero. 
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5.2  PowerFactory model

DigSILENT PowerFactory is a power system simulation tool and according to their website [27] they 
can handle “standard power system analysis needs, including high-end applications in new 
technologies such as wind power and distributed generation and the handling of very large power 
systems.” For load flow calculation the program uses the Newton-Raphson method. 

The simulated grid is showed in Appendix A. The loads (arrows in the figure) are a representation of 
the lower voltage grids. The external grid (the checkered squares) represents the 130 kV connection 
points, these uses power input data described in 5.1 except the right input that is used as slack bus. 
The battery storage and the photovoltaic units are placed at STRI, at the 400 V level. The simulated 
130 kV grid is shown in Appendix B, where the external grid of 400 kV acts as a slack bus. The 50 kV 
grid external connections are here connected to the corresponding bus in the 130 kV grid. 

5.3 Models of controllable units

The models for the controllable units; the hydro power and battery storage modeled in MATLAB, are 
described in this chapter. 
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Figure 9: Capability curve for the Vestas V90.

Figure 10: Capability curve for the photovoltaic units.

Figure 11: Capability curve for the battery 
storage.

Figure 8: Capability curve for synchronous 
generator.[34]



5.3.1 Hydro power plant model

From the hydro power plant data, the efficiency (η) is calculated to be 91% by Equation 1, were g is 
the acceleration of gravity, ρ the density of water, P is the power output h the head and Q the water 
flow. 

From the hourly water levels in the reservoir and the known power production (P) the change in 
water level due to the hourly water inflows could be calculated with Equation 2. There water leveli is 
the level for the initial hour, water leveli+1 the level for the next hour, h the head and A the area of the 
reservoir. 

The possible power output from the hydro power plant depends on the water level in the reservoir. 
The model starts with a calculation of the water inflow per hour. The last hour inflow, production and 
water level gives the head for the current hour, Equation 3. By comparing the head with the allowed 
water levels for the season, 44.3-44.5 m in summer and 44-44.5 m in winter, the maximum and 
minimum water flows is calculated according to Equation 4 and 5.  It is assumed that the reservoir is 
full when the simulations start. From the water flow the maximum and minimum possible power 
output is calculated according to Equation 6 and 7. 

hi in the equations below is the height at the initial hour,  h i+1 the height at next hour, hinflow the change
in water level from the inflow at the initial hour, Qi the water flow at the initial hour, Qmax the 
maximum allowed water flow at the initial hour, Qmin the minimum allowed water flow at the initial 
hour, A is the area of the reservoir, PLo min/max is the minimum/maximum allowed output power, η is the
efficiency of the hydro power plant, ρ is the density of water and g is the acceleration of gravity.  

After calculation of the maximum possible power output for the initial hour the actual power output 
is calculated by comparing the desired grid load flow reduction with the possible maximum output. If 
the difference between desired reduction and possible power output is bigger than zero, the hydro 
power plant can not compensate the whole overload by itself. The hydro power plant will then set the
power output to the highest possible for the current hour. If the difference is smaller than zero the 
power output from the power plant will be the maximum possible power output minus the desired 
reduction. The model is summarized in a flow diagram in Figure 12. 
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5.3.2 Battery storage model
To find the maximum possible power output the battery state of charge (SoC) is multiplied with the 
energy in a fully loaded battery (32 MWh), which gives the amount of energy remaining. If the energy
is bigger than the battery maximum power output (8 MW) for one hour the possible output is put to 
the maximum output times the efficiency. If the product is smaller than the maximum power output, 
but bigger than zero, the possible power output is set to the product times the efficiency. At last if the
product is smaller or equal to zero the possible power output is set to zero because it means that the 
battery storage is empty. The model is summarized in the flow diagram in Figure 13.

The battery charging model is described as a flow diagram in Figure 14. If the grid load flow is lower 
than a chosen limit the battery is supposed to charge and thereby behave as a load. The energy 
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Figure 12: Flow diagram for the hydro power model.

Figure 13: Flow diagram for the battery discharging model.

Yes No

Yes No

Calculating the energy left in the battery

Calculating maximal power output for the state of charge

Energy left in battery > maximal output for one hour  

Possible output = maximal output times the efficiency Possible output = energy left times efficiency

Compare possible power output with need for compensation

Desired load flow reduction from grid > possible output

Power output = possible output Power output = reduction

Calculating new state of charge

Reduction > max powerReduction < min power

Hydro  power output = reduction Hydro power output = maximum 

Minimum hydro power output < reduction < maximum hydro power output

Hydro power output = minimum 

Calculate min/max allowed water flow

Calculate min/max allowed output power

Calculate desired load flow reduction

Compare need with min/max output power

Calculate water inflow

Decide min water levels depending on season

Calculate head



needed to get a fully loaded battery is emitted and compared to the maximum input power. If the 
needed energy is higher than maximal loading power during the hour it is investigated if the grid load
flow with the battery charging at maximum input power is still smaller than the low limit. In some of 
the VPP models the high and low limits is the same. If the new load flow is smaller than the low limit 
then the battery input is put to the maximum input power. If the new load flow is bigger than the low
limit the battery input is set to the desired load flow reduction minus the low limit. If the needed 
energy is smaller than the maximum loading power input it is investigated if the sum of desired 
reduction and needed energy is smaller or equal to the low limit. If that condition is true, battery 
input is set to the needed energy. If the condition is not true, battery input is set to desired reduction 
minus the low limit. As the last step in the model the new state of charge is calculated. 

The state of charge calculates by subtract the latest SoC value with the quota of the battery power 
output and the energy in a fully loaded battery. 

5.4 Optimization applications for the VPP

Four different algorithms for the VPP are programmed in MATLAB and the resulting power flows 
loaded into the PowerFactory model. The different controls answered to different optimizations; 
meeting the day-ahead Spot market, described in 5.4.2, lower the tariff (5.4.3), lower the losses 
(5.4.4) and reactive power compensation (5.4.5) and is compared to a base case(5.4.1). The hydro 
power plant and storage works the same in all optimizations. Therefore the same models, described 
in 5.3, can be used even if prioritization of which storage option is used first differs for all cases except
for the base case. 

5.4.1 Base case

The hydro power plant is regulated in the real grid. To not get confusing results due to the regulation, 
the hydro power plant is assumed to keep the water level stable by useing the same water volume as 
the hour water inflow. The produced energy then corresponds to the inflow in Figure 5. 

The wind and solar production and the loads are assumed as non adjustable and therefore the 
measured production, seen in Figure 6,  7 and 3, is used in all calculations. The battery storage is in 
this case assumed to be disconnected from the grid. 
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Figure 14: Flow diagram for the battery charging model.
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5.4.2 Responsible party to meet placed bids on the day-ahead spot market 

The goal of this optimization is to minimize the prediction error and reduce the regulation cost. In this
second application two models are investigated to see the difference between having a VPP with both
hydro reservoir and battery storage and with only battery. In the first model the hydro reservoir and 
battery storage are working together to reduce the prediction error from the day-ahead spot market 
and in the other model only battery storage is used to compensate the prediction error from the wind
and solar. 

Data for predicted production and actual production for wind power in the northeastern part of 
Germany during 2009 is used to create a model for the prediction error, Figure 15, [1]. It was found 
from [30] that the prediction error of the solar, Figure 16, power have similar behavior as the wind 
power so same model for prediction error is used. The prediction outcome data is divided into eleven 
parts to find the probability curves for different amount of production, the eleven parts is then 
normal distributed, Figure 17. Because the actual production for the wind and sun is known and the 
prediction data is not available the predicted production is randomly chosen from the normal 
distributed curve fitted for the amount of production. The prediction fault is then calculated for the 
different DER and then summarized to get the power needed for compensating the error. 

The battery can regulate both over and under production and therefore the battery should have the 
goal not to be fully charged. Hydro power is used to compensate over consumption. The battery is 
considered to be the primary regulation source and the hydro reservoir the secondary. 
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Figure 15: Measurements of predicted and actual production for wind
power in the northeastern part of Germany.



Model with both hydro and storage:
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Figure 18: Flow diagram for the meeting the day-ahead market with hydro and storage regulation model.
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Figure 16: Comparation of actual PV production ("Leistung
gemessen") and PV prognosis ("Leistung berechnet").

Figure 17: Normal distribution curve of production
compared to prediction, high productions. 



If the production of wind and solar is bigger than predicted for solar, wind and hydro then the hydro 
power produce minimum power output and the battery is charging. If the minimum power output 
from the hydro power plant is bigger than zero the battery have to try to compensate for that as well. 
If the battery is fully charged nothing can be done to reduce the prognosis error in the solar and wind 
production. 

If the production is smaller than predicted the minimum hydro power is emitted and it is investigated 
if the battery can compensate for the prediction error. If the battery is insufficient the hydro plant 
produce more to help compensate for the rest of the prediction error. If prediction and actual 
production is the same then the power output from hydro is corresponding to the power inflow and 
the battery is not required. This model is summarized in Figure 18.
Model with only storage:

In this model it is assumed that the hydro power plant has no prediction error. The day-ahead Spot 
marked bid is assumed to correspond to the water inflow. The water reservoir is not used for 
compensate the prognosis error of wind and solar production.

First a random prediction error is added to the actual production.  If the production is bigger than 
predicted the battery is charged. If the battery becomes full despite the control algorithm 
optimization there is no longer anything that can be done to reduce the prognosis error. If the 
production is smaller than predicted the battery compensates for as much as it can. Finally if 
prediction and actual production is the same the battery output is zero. This calculation is 
summarized in the flow diagram in Figure 19.

In both models different capacities of battery storage power output is used. The used storage 
capacities are 0 MW, 2 MW, 4 MW and 8 MW with 2 and 4 hour storage.

To calculate the regulation cost the information from 4.2.1 is used. The prediction error is compared 
to the regulation history from the spot market to see if the errors will require the plant owner to pay 
for the regulation or not. If the error is the same as for the entire price area then the price is applied 
from the balance market data for up or down regulation, depending on the error, and multiplied by 
the error volume to get the cost. This calculation is summarized in the flow diagram in Figure 20. 
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Figure 19: Flow diagram for meeting day-ahead market with a VPP with storage regulation.
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5.4.3 Peak shaving

The peak shaving model investigates the potential of the VPP to restrict maximum power at one 
connection point to the 130 kV grid. This is done to reduce the subscribed power and obtain a lower 
tariff for the operator of a MV grid. In Sweden the tariff is only based on the hour of each month with 
maximum load flow as described in 4.2.2. 

Forecasts for 48-72 hours are often used for energy trading and longer time scales, up to 5-7 days 
ahead, may be used for example planning the maintenance of wind farms, conventional power plants 
or transmission lines [31]. It is therefore hard to predict when during the month peak flow will occur 
and therefore historical data to set limits for when charge and discharge shall occur is used. 

The power input needed from the 130 kV network is found by comparing the loads with the 
production of the wind farm and photovoltaic cells. To define limits the highest value for each month 
is found and then the mean peak of the month over the three years is obtained. Similarities between 
some months is obtained, for example December to February and July to September, are grouped. In 
December the second year the peak is extremely low compared to the other years and compared to 
peaks in January and February, therefore the mean of the mean peak for these months is calculated. 
A high limit is choosen to be between 6 and 8 MW lower than the mean peak, how much lower 
depends on the amount of high peaks. The choice of 6-8 MW is due to the storage maximal output. 
The low limit is chosen to be 5 MW lower than the high limit because the charging of the battery 
should not contribute to the highest peak of the month. The goal is to reduce the highest peak for 
every month, a table over the peak values and the chosen limits can be seen in Table 6.  
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Figure 20: Flow diagram for calculation of regulation cost.

If price area error < 0 

If prediction error < 0 If prediction error > 0

Price = 0Price = up price
 

Yes YesNo No

Cost = price * prediction error

If price area error = 0 If price area error > 0 

Price = down price

Table 6: Shoes the highest peak per month under the measurement period and the chosen limits for the power input from the
external grid.

Month Peak Year 1
[MW]

Peak Year 2
[MW]

Peak Year 3
[MW]

Mean peak 
[MW]

High limit
[MW]

Low limit
[MW]

January 43.12 46.86 40.15 43.38 36 31
February 43.96 45.68 39.05 42.90 36 31
Mars 35.22 36.05 32.50 34.59 26 21
April 27.43 28.62 33.84 29.96 23 18
Mai 23.35 30.98 26.98 27.10 21 16
June 24.29 25.66 33.59 27.85 21 16
July 22.66 24.23 23.40 23.43 15 10
August 31.14 21.25 24.54 25.64 15 10
September 28.86 17.65 21.92 22.81 15 10
October 29.17 27.26 27.11 27.85 21 16
November 36.42 30.19 29.81 32.14 26 21
December 48.50 30.76 39.13 39.46 36 31



The model is based on three different cases. The first case represents if the power input from the 
external grid is between the power limits, the second case if the input is too high and the third if the 
power input is smaller than the lower limit. The following calculations are made for all hours in the 
three year period and is summarized in Figure 21.

Between limits:

In the first case the power input from the external grid is found acceptable and then there is no need 
for compensation. The power output from the hydro power plant is put to the minimum power 
output value to avoid too high water levels in the reservoir. If the minimum producing value equal 
zero then the battery is also put to zero. If the hydro power plant has to produce so much that the 
load flow comes under the low limit then the battery storage is charging. 

Above high limit:
In the second case where the power input from the external grid is over the high limit the VPP 
attempt to increase the production to lower the power input. The attempted power input reduction is
here called the overload. 

If the hydro power plant can not compensate for the complete overload it is investigated how much 
the battery can compensate. The compensation is calculated by the difference between the overload 
and the battey possible power output.  If this difference is bigger than zero the battery cannot 
compensate for all. The battery output is put to the highest possible. Otherwise, if the difference is 
smaller than zero, the battery can compensate for the rest. The power output is then put to the 
difference between the possible output and the remaining overload. The new SoC is then calculated 
by subtract the latest state of charge value with the quota of the power output and the energy in a 
fully loaded battery. If the complete overload cannot be compensated is the month high limit 
updated to the peak value after the compensation.  
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Figure 21: Flow diagram for the peak shaving model.
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Below low limit:
In the third case the power input from the external grid is lower than the lower limit. In this case no 
power production is needed from the hydro power plant, so its power output is put to zero (if the 
reservoir allows it) and otherwise to the minimum power output. The battery might need to be 
loaded. The used battery energy is calculated in percent. If the power input from external grid plus the
product of the percent and maximum power input in the battery is smaller or equal to the lower limit 
then the battery power output is put to minus the percent times the maximum input. The minus sign 
shows that the battery is loading which can be seen in the SoC calculations described in 5.3.2.  If the 
sum is bigger than the low limit the power input to the battery is put to the power input from external
grid minus the lower limit. If the battery is fully loaded the battery power is put to zero. The new SoC 
is then calculated.

5.4.4 Decrease network losses

The goal of this optimization is to reduce the losses in the overlying network without increasing the 
losses in the own grid too much. The application will only be economical if the loss reduction is larger 
than the increasing losses in the VPP's grid plus the battery losses. 

Network losses consist of series losses and shunt losses. With energy storage it is the series losses 
that can be reduced. The average series losses are described in Equation 8 where it is assumed that 
the series resistance R and the voltage U are constant. Equation 8 uses the standard deviation of a 
series measurement, Equation 9. In the equation I symbolize the current, P the active power, Q the 
reactive power, U the voltage, R the resistance and σ the standard deviation. [32]

The equations show that there are three contributions to the series losses:

1. Losses due to the energy transfer; proportional to the square of the transmitted energy (P).

2. Losses due to variation in the transferred energy, proportional to the square of the standard 
deviation of the active power (P – P).

3. Losses due to reactive power.

Point number one is hard to affect because no demand response is used in the model.  In this chapter
point number two is investigated and number three is studied in chapter 5.4.5. 

To reduce the losses due to variation the daily variation of the load is studied. The peaks and troughs 
are identified and the available energy for the battery is calculated. The level for reducing the 
morning or evening peak is chosen so the battery will be fully loaded in the time between the peaks. 
The goal is to meet the next day with a full battery so it could reduce the morning peak even if it 
would come early. In Figure 22 it is shown how the unevenness in the transfer of energy is handled by
moving the need of energy inflow from the peak hours to the troughs hours. The battery regulation 
for this model is seen in Figure 23.
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When the power schedule for the battery is decided it investigates if the load with the battery 
reduction is larger than the high limits chosen in chapter 5.4.3.  If so the hydro power plant will try to 
reduce the need of power inflow to the high limit as described in 5.3.1. In the base case the hydro 
power plant produce only power corresponding to the water inflow. If the hydro production is bigger 
in the base case than in this model when the power inflow from 130 kV grid is over the high limit, the 
production in this model will be equal to the production in the base case (if the water level will 
allowed it). If the needed power inflow is smaller than the high limit the power output from the hydro
is put to 0.05 MW less than in the base case, if the water level described in 5.3.1 allowed it, so that 
the reservoir will have a chance to recover. The flow diagram for the hydro power output in this 
model is seen in Figure 24.
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Figure 22: An example from 15 February 2011 of the load daily
variations with and without battery regulation. 

Figure 23: Flow diagram for the battery regulation in the loss reduction
model.
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A PowerFactory simulation with and without the 130 kV grid calculates the losses in the grids. The 
simulation is then compared to the simulation of the base case to investigate the loss reduction from 
the VPP. 

5.4.5 Reactive power control

This model is an extension of the model in 5.4.4. The possible production of reactive power is 
calculated from the active power output at the production sources in previous chapter and the 
capability curves in 5.1.

In the PowerFactory simulation the capability curves is used to analyze the loss reduction in the 
overlying grid. The grid is simulated for the base case (5.4.1) and the loss reducing case (5.4.4) with 
and without the 130 kV grid described in 5.2. 

6 Results

In this chapter the simulations result for the different optimizations are presented and analyzed.   

6.1 Responsible party to meet placed bids on the day-ahead spot market 

The simulations with the control for meeting the bids on the day-ahead spot market described in
5.4.2 show that it is better to use both hydro power and battery storage as regulation to compensate 
for the prediction error than only use battery storage. 

In the model with both hydro and storage regulation the hydro power plant can compensate the 
prediction error if the production outcome is smaller than predicted, then the hydro power plant and 
the battery can compensate for the error together. If the production is less than predicted the hydro 
power can only compensate a little by producing less than the inflow, if the water level in the 
reservoir allow it, and the battery has to do the rest. When changing the storage capacity the hydro 
power plant can not compensate for more than for the other cases. The simulation is made for both 
two and four hour storage capacity to evaluate that dependency. As seen in Figure 25 and 26 the 
difference in the mean absolute error between the two and four hour storage small. The largest 
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Figure 24: Hydro power output for the loss reducing model.
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difference occur at the 8 MW storage where the four hour storage lower the absolute mean error 
with 15 kW more than the two hour storage.  

The regulation cost is calculated for the different models of storage and hydro power, the result for 
the 4 hour storage is seen in Figure 27. The cost showed in the figure is a mean yearly cost in million 
Swedish crowns based on the three years of simulation. According to these simulations a VPP with an
8 MW /32 MWh storage and a hydro power plant with 6 MW capacity can reduce the regulation cost 
with over 50 %. A VPP with only the 8 MW/32 MWh storage regulations can reduce the cost with just 
under 50 %. Because of the randomly chosen predicted production the results are based on the mean
of three simulations.
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Figure 25: The mean of absolute prediction fault in MW with different
storage capacity with 2 hour storage and hydro regulation.

Figure 26: The mean of absolute prediction fault in MW with different
storage capacity with 4 hour storage and hydro regulation.



To evaluate the model the prediction errors larger than the regulation capacity is summarized and the
share of all prediction errors is emitted. By adding the share of reduced prediction errors with the 
share of the errors that are not possible to compensate due to power limits an efficiency of the model
is estimated to around 90 % for all cases. In Figure 28 the reduction of prediction error (green solid 
line) is shown with the error larger than the regulation (red dotted line). 

An evaluation if the regulation cost can be further reduced by only compensating for the prediction 
error liable for payment shows no cost saving. This is because the battery will not be discharged as 
often as when it compensate for all errors and then it cannot compensate as much for the case where
the production is higher than predicted. 

This model reduces the regulation cost with average 2.8 MSEK and the tariff with average 140 kSEK 
per year. 

26 of 33

Figure 28: The prediction error compensated by the VPP with 4 hour
battery storage with different capacity  and hydro regulation and the

errors that is not possible to compensate with the VPP.

Figure 27: The regulation cost over the measurement period with 4 hour
storage but different capacity and hydro regulation.



6.2 Peak shaving

The peak shaving model described in chapter 5.4.3 is used to restrict maximum power at the 
connection point to the 130 kV network. The power demand in the connection point with and 
without a virtual power plant can be seen in Figure 29.  The VPP reduced the month highest peak 
demand on average by 20 % over the three years of measurement. 

The corresponding saving in tariff to the sub transmission network operator is estimated by the DSO 
to be in average 440 kSEK per year. The tariff saving per month is seen in Figure 30.

This model will reduce the tariff with 440 kSEK for the DSO but increase the regulation cost for the 
VPP owner with 360 kSEK.
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Figure 29: Power input in the 130/50 kV connection with and without a
virtual power plant.

Figure 30: The VPP reduction of the tariff for the DSO.



6.3 Decrease of network losses

The simulation results for the loss reduction model are seen in Table 7. The difference in total losses 
for the two cases in the 130 kV grid is compared to the difference in total losses for the 50 kV grid. 
The losses in the 130 kV grid reduces with 104 MWh with the loss reducing model but the losses in 
the 50 kV grid increases with 241 MWh. The model does decrease the losses in the overlying grid but 
it is not efficient because the loss increase in the grid is larger than the reduction.  

Table 7: Simulation results for the two cases simulated in the 50 kV and 130 kV grid.

Base case [GWh] Loss reduction case [GWh] Difference [MWh]

Total External Infeed 130 kV 
grid

1303 1300 -3241 

Total Losses 130 kV grid 16.52 16.65 137.0 

Total External Infeed 50 kV grid 30.27 27.13 -3137

Total Losses 50 kV grid 22.29 22.53 241.1 

6.4 Reactive power control

By using the converters ability to produce or consume reactive power according to the capability 
curves in chapter 3.2 reactive power demand in the 130 kV connection point can be reduced. The 
supply of reactive power from the sources of production compared to the load, gives that the reactive
power demand from superior network on average decreases by 75%. Figure 31 shows grid reactive 
power demand (upper red curve)  and the reactive power demand if the VPP regulate the need with 
the converters (lower blue curve).

The simulation results for the loss reduction model with reactive power production are seen in Table
8. The difference in total losses for the two cases in the 130 kV grid is compared to the difference in 
total losses for the 50 kV grid. Compared to the model without reactive production reduced losses in 
the overlying grid is larger in this model. The needed reactive power transferred through the 
overlying grid is lowered in this model when the converters produce and the VPP regulate the 
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Figure 31: The reactive power demand with and without VPP regulated
reactive power production. 



reactive power. Because the reactive power causes losses, a production near the need will reduce the
losses in the connected grid. The model is however still not efficient because the losses in the 130 kV 
grid reduces with 105.3 MWh but the losses in the 50 kV grid increases with 233.3 MWh. 

Table 8: Simulation results for the two cases simulated in the 50 kV and 130 kV grid with production of reactive power.

Base case [GWh] Loss reduction case [GWh] Difference [MWh]

Total External Infeed 130 kV grid 1303 1300 -3250 

Total Losses 130 kV grid 16.98 17.11 128.1

Total External Infeed 50 kV grid 30.54 27.39 -3145

Total Losses 50 kV grid 22.56 22.80 233.3 

7 Discussion

In this chapter the implementation of the VPP is discussed in regard to the need of information. 
General thoughts of the result are also discussed in this chapter. 

7.1 Implementation of the VPP

The required information to perform the applications described in 5.4 consists of both commercial 
data from market traders, real-time information from the included DER and measurement of power 
flow and voltages in the distribution grid. The VPP needs to communicate with either the DSOs 
SCADA system or equipment in the grid in order to gather information. There is need for information 
exchange between the VPP and market actors. The required information to perform the applications 
described in 5.4 is summarized in Table 9. Some information required with a ‘?’ is not essential for the
basic application, but can be used to improve performance as discussed in 7.3. 

The need for fast real-time information is not anticipated in this VPP. Data on the grid power flow and
DER production are probably sufficient on minute scale. Minute average of voltages in the grid is 
likewise seen as sufficient for the studied applications as well as for measurements of the energy in 
the reservoir and battery storage.

To act as balancing party and compensate for prediction errors in day ahead and intraday bids, 15 
minute update intervals are expected to be enough for production and storage set-points as well as 
for reactive power measurement. Information on the latest regulating volumes can be retrieved from 
Nord Pool Spot website [33] with 1-2 hours delay. 

The highest peak so far in the month will be stored and updated when a major peak is reached. At the
end of the month the highest peak is added to the historical values and a new start high value is 
updated for the same month next year.
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7.2 General thoughts

A battery energy storage system is an expensive investment. To buy storage of the size studied in this 
thesis for the purpose of using it in a virtual power plant will not be economical today. With further 
development of battery storage and increased need for controllable systems in distribution networks 
to handle the intermittent distributed energy sources a VPP can be financially viable.  

7.3 Possible improvements of the models

Compensation need could be detected in advance with a comparison of weather data that production
prediction were based on and real time weather data, or short time prediction, would give an 
indication if the predicted production is reasonable or the direction of the change. 
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Table 9: Information needed for implementation of the different applications for the VPP.

Information Application Description Data source
4.4.2 4.4.3 4.4.4 4.4.5

Predicted Production X X X

X

Battery s torage State-of-Charge X X X Amount of Stored energy in BESS

Hydro reservoi r water level
X X X

Real-time production of DER

X X X X

?

?

Electri ci ty retai lers

Real-time weather data
?

Historical  levels  of power flow

X X

Power flow in grid location(s) 
X X

Real-time voltage at DER
 ?

X

Real-time voltage in grid
 ?

Bid on the day-ahead spot market. 
(24 bids  placed 12 a.m. for next day)

Forecasting tool  used 
by Electri ci ty reta i lers  

Intraday correction of predicted 
Production

Bid on intraday market. (1 bid per 
hour, lates t an hour before period 
s tarts )  

Forecasting tool  used 
by Electrici ty retai lers

Battery s torage 
control ler

Amount of Stored energy in hydro 
reservoi r

Hydro producer or 
control ler of hydro 
plant

To determine accumulated 
production within pres ent hour. 
Also used together wi th lates t bid 
to estimate production for pres ent 
hour.

SCADA or DER 
control lers

Latest Regulating volume for 
price area

To predict i f over or under 
production (compared to prediction) 
wi l l  resul t in economic cost

Electri ci ty market 
broker

Weather data  used for retai lers  
prediction

Wind speed, ra infa l l , irradiation etc 
on which production prediction 
where based. Us ed to estimate i f 
bids  during present hour are 
accurate.
Actua l  weather data  wi thin hour to 
enable estimation of prediction 
error for present hour

Meas urements  at 
DER or metrological  
bureau

Determine i f VPP s ha ll  a ttempt to 
lower peak flows  to reduce tari ff or 
losses. Based on historical  hourly 
power flows  or logged data. 

VPP control lers  log of 
rea l  time production

Highest power flow during 
current month

X Block power flow reduction i f 
monthly maximum wil l  not be 
exceeded

VPP control lers  log of 
rea l  time production

Determine i f peak power flow and 
high losses are occurring. 

SCADA or IED 
meas urement within 
grid

Calculate losses more accurately 
when vol tage varies  cons iderably at 
DER .

SCADA, DER control ler 
or IED near DER

Reactive power in s elected 
location(s ) 

Reactive power flow at a  point(s) in 
the grid for which reactive power 
exchange i s  to be optimized.

SCADA or IED 
meas urement within 
grid

Calculate ΔQ required from DER to 
hold vol tages in selected point(s ) of 
the grid wi thin l imi ts .

SCADA, IED in grid or 
smart metering 
system



The model in 5.4.3 could be improved not only by the use of historical data but also by forecasts for 
smaller time scales, like weather and consumption predictions. If historical data from more years is 
used the model could be better optimized. 

In the simulated 130 kV grid the consumption from the lower voltage grid is put to fixed values as 
seen in Table 5. The model could be improved by using the measurement values at the connection 
buses. With data for reactive power in the simulated buses the model for the 130 kV and 50 kV grid 
would be improved. 

8 Conclusion

This master thesis has showed possible applications for a virtual power plant in Ludvika. Benefits of 
several million SEK per year have been found.

By using active control to meet the bids on the day ahead market the hydro power plant can reduce 
the regulation cost by 20 %. The hydro power plant together with the 8 MW four hour battery storage
can reduce the regulation cost with over 50 %. The regulation cost will not be further reduced by only
compensate for the prediction errors with the same error as the price area. 

The regulation cost reduction is linearly dependent of the battery power output capacity. The 
difference between two and four hour storage is small if the storage is used to compensate prediction
errors. If the storage is used for a peak shaving application the size of the storage is more important. 

The VPP reduces the power demand by 94 % of the monthly peaks with the simulated model. The 
month highest peak demand is reduced on average by 20 %. This means a reduction of the DSO tariff 
with average 440 kSEK per year. 

The loss decreasing model reduces the losses in the overlying grid. The application is not efficient 
because the loss increase in the 50 kV grid is larger than the loss reduction in the 130 kV grid. Even if 
the VPP could smother the load curve to one value for the day, the application would not be efficient 
because the loss increase in the 50 kV grid would still be larger than the reduction in the 130 kV grid.  

To produce/consume reactive power in the 50 kV grid the losses in the overlying grid decreased more
than without production/consumption, but the model is still not efficient. The production 
/consumption can instead be optimized to reduce the reactive power demand from the 130 kV grid. 
The average reactive power demand can almost be reduced to zero with the VPP.

The applications most fitted for a VPP in Ludvika is, according to this thesis, to compensate for 
prediction errors. The cost for regulation is reduced with 50 % for the owner of the VPP and the tariff 
is reduced with average 140 kSEK for the DSO with this application. 
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Appendix A. Simulated middle voltage grid

Figure A.1: The simulated MV grid with the virtual power plant.



Appendix B. Simulated 130 kV grid

Figure B.1: The simulated 130 kV grid.
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Abstract—This paper presents the results of a feasibility study of 

a virtual power plant (VPP) in central Sweden designed to 

provide ancillary services to a 50-kV distribution network. The 

VPP consists of a wind park, hydro plant and reservoir as well 

as solar PVs and battery energy storage. The 50-kV 

subtransmission network was modeled in order to evaluate the 

ancillary services that could be provided by coordinating 

existing distributed energy resources in the network. 

Simulations were performed using measured hourly variations 

in production and consumption at all network nodes. The 

studied ancillary services include both reactive and active power 

control. Contribution from the VPP is evaluated for 1) 

balancing, to enable a producer to meet spot markets bids and 

avoid purchases of balancing power 2) minimize peak load in 

order to reduce subscribed power and tariff to the regional 130-

kV network 3) decrease network losses, 4) the contribution from 

reactive power control using the power converters to reduce the 

reactive power flow to the overlying network. Quantification of 

the economic gains from each operation case is provided. 

Index Terms-- Distributed power generation, Energy storage, 

Power generation planning, Reactive power control, Virtual 

power plant 

I. INTRODUCTION 

The use of electricity from Distributed Energy Resources 
(DER) like wind and solar power will impact the performance 
of the electricity network and this sets a limit to the amount of 
renewables that can be connected [1] [2]. If designed to react 
to minor fluctuations in the network DER units could become 
an important asset in the effort to keep the power network 
stable and allow for more variable energy resources. However, 
each DER is itself often too small to be effectively controlled 
and managed by power utilities and energy market actors. 

A Virtual Power Plant is a term used for aggregation of 
DER units in order to make them appear as a single, larger, 
power plant [3]. Whereas the market participation of the VPP 
is obtained by the joined production of all the DER units, the 
interaction with the network is different for each unit and 
depending on their location in the network. When evaluating 
the opportunities that a VPP offers, the electricity network 
should therefore be considered as well. This is not only 

because the network can limit the ability of the VPP to 
participate in the electricity market. The VPP units may also 
provide multiple ancillary services, supporting the network.  

The value of these ancillary services goes beyond the mere 
market value of the produced energy. For example many DER 
units have power electronic converters that are able to operate 
in all four quadrants. Often these units are set to keep reactive 
power near zero at the DER connection point. The reactive 
power capabilities of the DER units are in this way not fully 
utilized. A more efficient operation of the grid would be 
possible by controlling the reactive-power flow between the 
DER units and the grid. The goal of this study is to quantify 
the potential and economic value of such ancillary services.  

There is a need to develop and evaluate the control, 
communication and operational stability of the VPP. The 
ambition is to implement the VPP described in this paper 
within an existing Smart Grid Research, Development and 
Demonstration (RD&D) unit at STRI in Sweden by providing 
real time communication between the DER units. For this 
reason the paper concludes with a section about the 
implementation of the proposed VPP. 

II. STUDIED NETWORK AND DER CHARACTERISTICS 

A.  The Network 

The interaction between the local network and a VPP has 
been studied for an existing 50-kV network in central Sweden, 
shown in Fig. 1. Next to the network data, we had access to 
three years of hourly data of consumption at all nodes over a 
three-year period. Hourly production data is used also from a 
34-MW wind park and a 6-MW hydro-power unit within the 
same network. The availability of such hourly data is common 
place in Sweden, for these voltage levels. 

For a number of locations, active and reactive-power data 
is available with a higher time resolution, from installed 
power-quality monitors. 

B. Participating DER Units  

The DER units listed below are included in the proposed 
VPP. All units are existing, even if the size of existing PV 
installation and Li-Ion battery storage is increased in the 
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simulations. No demand response capability is included in the 
study. The DER units are envisioned to be monitored and 
controlled from the RD&D for closed loop testing of the VPP 
applications. 

 A 17 turbine, 34 MW wind park, which cannot currently 
be extended due to limiting capacity in its 10/50-kV 
transformer. Currently the turbine converters set reactive 
power to zero in the two network connection points of the 
park. 

 A hydro plant whose generator is rated 7.7 MVA at 6.6 kV 
and directly coupled to a vertical Kaplan turbine at 500 
rpm. It features a rotating brushless excitation system. 
Rated power is 6 MW with an average production during 
2010-2012 of just over 2 MWh per hour. The rating of the 
sole generator is low compared to the size of the reservoir 
thus enabling peak-power production. The local utility also 
controls all the upstream reservoirs in the catchment area 
[4]. Regulation is allowed between 44.3 and 44.5 m in 
summer and 44.0 and 44.5 m in winter, corresponding to a 
maximum “stored” production of 111 MWh.  

 The VPP will be studied together with the STRI RD&D 
facilities. These facilities include small (30 kW) solar  
 

power and Li-Ion storage for one hour maximum solar 
production (30 kWh). Fuel cells, electrolyser and hydrogen 
metal hybrid storage as well as two electric vehicles are 
also part of the facility, but these are not included in this 
study. Based on an assessment of available roof area in the 
nearby industrial park the solar power is scaled up to 3 
MW in the simulations. The battery storage size is 
increased in the studies up to 8 MW /32 MWh. The 
response from PV installation and Li-Ion battery storage at 
the RD&D facility is increased to represent the larger 
storage and PV in the studies when simulating the VPP 
effect on the network. 

III. EVALUATED ANCILLARY SERVICES 

 Based on a literature study and discussions with the local 
Distribution System Operator (DSO) three applications of 
network services were selected. A fourth application, 
where the aggregator operating the VPP is a balance-
responsible party, was also included. The applications are 
presented in Table I. Studies of similar applications of 
VPP for reactive power compensation are described in [5], 
for improved system efficiency in [6] and to optimize 
power flow and minimize the peak network load in [7] [8]. 

 

 

Figure 1.  The VPP uses existing DER within the 10 (green) and 50-kv (red) networks. The 130-kV network was also simulated but not shown in figure.  
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TABLE I.  SELECTED ANCILLARY SERVICES FROM THE VPP 

Appl. Network service 

B 

Balancing: Compensate for prediction error from non dispatchable 

DER. The hydro reservoir is used with battery storage to allow the 

VPP to act as a balance responsible party and meet the forecasted 
production of the day-ahead spot market of the wind and solar 

units. In this way the next day stated capacity of the DER units 

can be confirmed. The limitations set by the 50-kV network on 
market transactions are specifically part of the assessment. 

P 

Peak monthly power reduction: Reduce subscribed power to 

regional 130-kV network in order to obtain a lower tariff for the 
operator of the distribution network. This application also reduces 

thermal overload, increasing the networks hosting capacity. 

L 
Minimize network losses: By smoothing peaks in the power flow 

the losses in the overlying sub-transmission network are reduced. 

R 

Control reactive power flow: Lower the reactive power in the 

connection between 50- and 130-kV networks by coordinating 

DER reactive power control possibilities. 

A detailed description of the implementation of each 
application can be found in [9]. Pure market oriented 
optimization of the VPP including maximizing profit from 
trading on the spot market was not included in the assessment. 
However, a commercial value of each ancillary service is 
presented in section IV.A to IV.D. For application B this is 
non-purchased balance power, for application P lowered tariff 
to regional network, application L reduction in costs to cover 
losses in the local network. For the fourth application the 
value is in the increased network hosting capacity (i.e. ability 
of the network to host more DER [10]) as well as lower 
network losses in the overlying network. The gain is also 
dependent on national regulation regarding e.g. balance 
responsibility and tariffs [11]. For this reason no assumptions 
on VPP ownership are made. 

IV. RESULTS  

A. Balancing  

This application allows a balance responsible party to use 
the storage and controllable production units of the VPP to 
meet placed bids on the day-ahead spot market from wind and 
solar units. The application compensates for prediction errors 
from wind and solar production. The prediction of production 
is randomly chosen from a normal distributed curve based on 
data from [10]. The distribution of production error is given in 
Fig. 2. It was deduced from [12] that the prediction error of 
the solar power has similar error and distribution. 

 

Figure 2.  Distribution of prediction error for wind power in North-Eastern 

part of Germany 2009. The average production in each 15 minute period is 

1754 MW.  

This application uses the battery as primary storage and 
the hydro reservoir as secondary. With higher production than 
predicted the hydro power plant lowers the power output and 
the battery is charged. The battery is discharged if the 
production is lower than predicted. The hydro power output is 
increased when the battery storage is not sufficient. 

A simulation is made for increasing power ratings of the 
storage. Maximum charging power is 45 % of the maximum 
discharge power in accordance with the characteristics of the 
modeled Li-Ion storage of the RD&D. The reduction in 
prediction error (i.e. need for balancing power) as a function 
of battery size is shown in Fig. 3. Two curves are shown: for 
2-hour and 4-hour ratio between storage capacity and rated 
power. Fig. 3 reveals only a minor improvement with the 
larger 4 hour capacity. As the cost of energy storage today is 
largely influenced by the battery cost it is important that the 
same converters with fewer batteries can achieve nearly the 
same effect. 

 

Figure 3.  Reduction of prediction error from wind and solar production 

when included in a VPP with hydro reservoir and different battery storage 
sizes. The two upper (solid/red) curves are with only battery storage.  

The hydro plant and reservoir are able to eliminate 20% of 
the prediction error by itself. Together with an 8 MW/32 
MWh battery storage, up to 60% of the requirement for 
balancing power can be eliminated. In order to quantify the 
associated economical gain from balancing, the cost of 
balancing power on the Nord Pool Spot market was 
calculated. The economic gain is up to 2 million Swedish 
crowns (SEK), currently about 230 000 EUR as seen in the 
right vertical axis scale of Fig. 3.  

B. Peak Monthly Power Reduction 

In this application the aim is to reduce subscribed power to 
the regional 130-kV subtransmission network in order for the 
DSO to obtain a lower tariff. The model is made to reduce 
subscribed power when the power consumption is higher than 
a limit chosen from historical data. The level is updated during 
the month so as not to compensate for high power flows that 
will not result in the hour with the monthly largest MWh 
power flow that governs the tariff. The application uses 
primarily the hydro reservoir and secondarily the batteries.  

The possible reduction of the maximum hourly power flow 
during each month is up to 14 MW, as shown in Fig. 4. 
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Figure 4.  Reduction of maximum monthly power flow with the VPP. Upper 
(red) curve is the monthly maximum flow without VPP and lower (blue) with 

the VPP optimised to reduce peak power flow.  

The DSO tariff for highest monthly power from the 
overlying network is equivalent to 70 kSEK (8300 EUR) per 
MW and year. Thus the annual saving would be 440 kSEK per 
year. The savings for an end customer from reduced power 
tariff to the DSO would be three times as large. 

C. Minimize Network Losses 

In this application the battery and hydro storages are used 
to reduce the power flow variations. This in turn will decrease 
the transformer and line losses according to equation (1). 
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With the measured values of active power flow and a 
power factor of 0.9, 80% of the network losses are due to 
active power and 20 % due to reactive power. It was found 
that the reduction of losses in the network with active power 
compensation from primarily the battery storage was 
insignificant. 

To determine the maximum potential of this application 
simulations have also been done in which the active power 
was kept constant during each full day. Even this only resulted 
in a small reduction in losses in the 130-kV grid, see Table II. 
As will be shown in Section IV.D, reactive-power control has 
bigger opportunities to reduce losses. 

 

D. Reactive Power Flow Management:  

This application controls reactive power flow in the 
connection point between the 50 and 130-kV networks. The 
reactive power capabilities of the VPP’s DER units are shown 
in Fig. 5. In Section IV.C the reactive-power control of the 
DER units was used to maintain voltages. In this application 
the reactive-power control is used to minimize the reactive 
power in the 50/130 -kV network connection point. The 
reactive power flow in the 50/130 -kV network connection 
was simulated with and without optimization of active power 
flow. The reactive power requirement results in maximal 
reactive power output from the storage and generation sources 
for most of the hours. 

 

Figure 5.  Capability curves of the VPP inverters  

The VPP is able to eliminate the reactive power demand of 
the 50-kV network with 75%, see Fig. 6. This reduction 
almost eliminates the contribution to network losses from the 
reactive power of the 50-kV network in the 130-kV network 
as shown in Table II in which a reduction of losses has a 
negative sign.  

 
Figure 6.  Reduction of reactive power in the 50-/130-kV connection point. 

TABLE II.  OVERVIEW OF NETWORK LOSSES WITH AND WITHOUT VPP 

Case 

Annual losses / 

reduction [MWh] 

Maximum annual 

reduction [MWh] 

50-kV 130-kV 130-kV 

Without VPP1 4656  5610 N/A 

VPP with active power 

compensation  
14  -1  -452 

VPP with reactive power 

compensation  
-28  -90  -145 3 

VPP with both active and 
reactive compensation 

-17  -86  -132 4 

1 No battery storage or hydro reservoir (hydro production given by water inflow) 

2 Based on unlimited size of VPP that each hour can bring power exchange with  

130-kv network to its daily average 

3 Losses with Q equal to zero in the 50/130-kv connection point 

4 Losses with P according to 2 and Q according to 3 



A reduction of losses in the 50-kV network was also 
found. However violation of voltage limits was shown to 
occur for some hours. Keeping the voltage within limits will 
require the reactive-power flows to be limited. This will in 
turn reduce the ability of the VPP to reduce reactive-power 
exchange and to reduce harmonics. 

With the average spot market price 2010-2012 the annual 
savings in losses of 28 + 90 MWh would amount to only 50 
kSEK or 5.7 kEUR per year. 

V. IMPLEMENTATION 

The different applications of the VPP compete with each 
other for the priority of the DER. Application P uses primarily 
the hydro reservoir. Applications B and L use first the battery 
storage, only using the hydro storage when the battery storage 
is insufficient. As the secondary storage is used less often and 
the primary storage source varies, the applications can 
successfully coexist with little performance reduction. This is 
shown in Fig. 7. 

 

Figure 7.  Time use of the hydro and battery storages for each studied 

ancillary service. Letters represent the applications of Table I. In the 

simulations only one application is applied at a time.  

It may also be possible for these network services to 
coexist with commercial spot market trading optimization 
where they are only initiated during contingency situations. 
Because the prioritization of the services is internal to the VPP 
controller are not further discussed in this paper. The 
information requirements of the VPP have been further 
assessed in [13] which also evaluate the extent to which Smart 
Grid standards can fulfill the VPP information requirements.  

VI. CONCLUSSIONS 

The application most profitable for the Virtual Power Plant 
was to optimize use of dispatchable production and storage 
resources in order to meet placed bids on the day-ahead spot 
market of (non dispatchable) wind and solar resources. This 
could halve the cost for balance power, a saving of 2.5 million 
SEK, but it would require relatively large battery storage. To 
minimize peak load and thereby reduce the tariff could save 
on average 440 kSEK per year for the DSO. Benefits from 
reduced network losses and control of reactive power flow 
where also found but are greatly dependent on the network 
characteristics and therefore these results cannot be 

generalized. Especially when using reactive power 
compensation care must be taken not to violate voltage limits 
in the network. As reactive power product that cannot be 
transported over large distances, it is difficult to establish a 
proper market [14]. Therefore regulatory measures to 
maximize the hosting capacity for DER may be a more 
appropriate evaluation criteria then the economic metrics used 
here when evaluating such ancillary services.  

Although gains from the describe VPP amount to 2-3 
million Swedish crowns per year the current costs for grid-
scale energy storage of these sizes would still mean payback 
times of several decades. Today the BESS cost is mainly 
related to the price of its batteries. Thus applications like 
balancing that rely mainly on a storages power rating are more 
cost efficient than using the battery storage for tariff or loss 
reduction (where the capacity of the storage is relatively more 
important than the power ratings).  

REFERENCES 

[1]  M. H. Bollen, Adapting the Power System to New Challenges,Morgan 
and Claypool, 2011.  

[2]  L. Ferris and D. Infield, Renewable Energy in Power Systems, 

Chichester, UK: Wiley, 2008.  

[3] K. El Bakari, W. L. Kling, “Virtual power plants: An answer to 

increasing distributed generation,” in Innovative Smart Grid 

Technologies Conference Europe (ISGT), Gothenburg, 2010 

[4]  S. Berlijn, S. Markalous and K. Ström, "Web-based PD monitoring of a 

Generator in Loforsen Sweden," in International Conference on 

Condition Monitoring and Diagnosis, Beijing, 2008.  

[5]  P. Nyeng, J. Østergaard, C. A. Andersen, J. Dall and C. Strunge, 

"Reactive power control with CHP plants - A demonstration," 

Proceedings of the CIGRE session, 2010.  

[6]  D. Pudjianto, C. Ramsay and G. Strbac, "Virtual power plant and 

system integration of distributed energy resources," Renewable Power 

Generation, IET, vol. 1, no. 1, pp. 10-16, March 2007.  

[7]  N. Ruiz, I. Cobelo and J. Oyarzabal, "A Direct Load Control Model for 

Virtual Power Plant Management," IEEE Transactions on Power 

Systems, vol. 24, no. 2, pp. 959-966, May 2009.  

[8]  J. Kumagai, "Virtual Power Plants, Real Power," IEEE Spectrum, vol. 

49, no. 3, pp. 13-14, March 2012.  

[9]  J. Lundkvist, "Feasibility study of a Virtual Power Plant in Ludvika," 
Uppsala University, M.Sc. thesis, Uppsala, 2013. 

[10]  M. H. Bollen and F. Hassan, “Integration of Distributed Generation in 

the Power System”, Hoboken, USA: John Wiley & Sons, Inc., 2011.  

[11] S. Ackeby, L. Ohlsson, N. Etherden, “Regulatory Aspects of Energy 

Storage in Sweden,” in CIRED, Stockholm, 2013 

[12] C. Groiss, et.al, “Photovoltaik-Erzeugung für einte Regenerative 
Vollversorgung Österreichs,” Symposium Energieinnovation, Graz, 

2010 

[13]  N. Etherden, M. H. Bollen and J. Lundkvist, "Communication 
Requirements of a Virtual Power Plant using IEC 61850 to Provide Grid 

Services," in IEEE SmartGridComm, Vancouver, 2013 (submitted).  

[14]  Energinet.dk, "Energinet.dk’s ancillary services strategy," Energinet.dk, 
Doc. No. 77566/11 v1, Case No. 10/5553, Fredericia, Denmark, 2011. 

 



Communication Requirements of a Virtual Power 

Plant using IEC 61850 to Provide Grid Services 
 

Nicholas Etherden and Math H.J. Bollen 

STRI AB 

Gothenburg, Sweden 

nicholas.etherden@ltu.se 

Johanna Lundkvist 

Uppsala University 
Uppsala, Sweden 

 
Abstract—A feasibility study of a Virtual Power Plant (VPP) 

consisting of hydro and wind plants, solar PV and storage 

facilities is presented. Several applications to provide grid 

services from the VPP are described and the information and 

communication requirements evaluated. The information 

requirements from the proposed VPP in an existing 50 kV grid 

are analyzed and mapped against services and information 

models of IEC 61850. It is found that with planned extensions of 

the IEC 61850 most information requirements between VPP 

controller and the distributed energy resources can be met.  
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I.  INTRODUCTION (Heading 1) 

A Virtual Power Plant (VPP) is a term used for aggregation 
of Distributed Energy Resources (DER) in order to make them 
appear as a single, larger, power plant. Whereas the market 
participation of the VPP is obtained by the joined production of 
all the DER units, the interaction with the grid is different for 
each unit and depending on their location in the grid. When 
evaluating the opportunities that a VPP offers, the electricity 
grid should therefore be considered as well. This is not only 
because the grid can limit the ability of the VPP to participate 
in the electricity market. The VPP units may also provide 
multiple grid services. If designed to react to fluctuations in the 
grid the coordinated control of DER units could become an 
important asset in the effort to keep the power grid stable and 
allow for more variable energy resources.  

International standards will play an important role to allow 
optimised control of multiple small units that would otherwise 
be left to operate in an uncoordinate way. For a VPP to be cost 
effective in integrating also small DER units, standardized 
communication interfaces are needed for a broad variety of 
different DER units. Not only is interoperability required from 
many different kinds and sizes of DER units, support of well 
defined engineering workflows and procedures can be just as 
important in lowering the overall integration cost.  

There is a need to asssess the applicability of emerging 
Smart Grid communication architecture standards against the 
needs of the VPP. In the first half of this paper (Section II and 
III) an assement is made of available Smart Grid standards for 
Virtual Power Plants. In the second half of the paper (Section 
IV and V) the information requirements of a proposed VPP 
using existing DER in a 50 kV grid are presented. The extent to 

which information models and functionality in IEC 61850 meet 
the VPP requirements is assessed.  

II. ASSESSMENT OF SMART GRID STANDARDS FOR VPP 

A VPP requires information from a large number of 
application domains (wind, hydro, solar PVs, storage, market 
operation, demand response schemes etc.). In order to enable 
an open communication infrastructure within the VPP 
interoperability is required on several levels.  

In Europe the Smart Grid Architecture Model (SGAM) [1] 
has been developed by CEN, CENELEC and ETSI 
standardization bodies in response to the EU Commission 
mandate M/490 [2]. The SGAM model consists of five 
consistent layers representing business objectives and 
processes, functions, information models, communication 
protocols and components. Using the five interoperability 
dimensions of the SGAM model, the requirements of the VPP 
can be expressed as in Fig. 1.  
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Fig. 1. Mapping of VPP requirements to the interoperability dimensions of 

the Smart Grid Architecture Model (SGAM) 

The VPP provides interoperability on business layers for a 
number of applications (four of which are analyzed in section 
IV.B.) These applications utilize functions that act on multiple 
DER units. The information from the various DER is 
interoperable if it uses a common semantic and syntax. Finally 

The feasibility study of the Virtual Power Plant (VPP) was undertaken 
within a joint development project at the HVV (www.highvoltagevalley.se) 

titled “Smart Grid Energy Storage” and financed by the Swedish 
Governmental Agency for Innovation Systems.  

The assessment of open communication standards for VPPs was part of 

an IET InnoEnergy INSTINCT project. 



the information is to be obtained from the individual DER 
controllers using interoperable protocols. 

A VPP based on open communication standards requires a 
large spectrum of the technologies, collectively grouped under 
the term smart Grid. Several assessments of standards for the 
Smart Grid have been performed. In the US the National 
Institute of Standards and Technology Smart Grid 
Interoperability Panel (NIST SGIP) has been appointed the task 
to provide a framework for coordinating all Smart Grid 
stakeholders in an effort to accelerate standards harmonization 
and advance the Interoperability of Smart Grid devices and 
systems. Their first assessment gave five "foundational" sets of 
standards, all IEC TC 57 standards [3], but has since been 
extended to some 50 protocols. 

The IEC Smart Grid Standardization Roadmap [4] and 
reference architecture [5] advocate the use of IEC 61850 for 
field and station communication while IEC 61970/61968 
Common Information Model (CIM) is to be used on enterprise 
and market zones. The areas for IEC 61850 and CIM are 
shown on the component layer of the SGAM model in Fig. 2.  

 
Fig. 2. SGAM Smart Grid planes domains and hierarchical zones. Reproduced 

from [1] with areas for the CIM and IEC 61850 standards overlaid  

Alternatives proposed for implementing VPPs include 
middle ware software, web service, the power utility 
automation standard IEC 61850, the control center application 
exchange interface model IEC 61968 (CIM). Also OPC and the 
use of pure protocol solutions that do not provide semantic 
description of the data can be alternatives. An overview of 
different international standards for integrating DER is given in 
[6]. The overview concludes that IEC 61850 is most suitable 
for device to application communication while CIM is 
preferable for inter application information exchange. Use of 
DPWS web services as protocol for IEC 61850 in order to 
achieve a Service Oriented Architecture (SAO) has also been 
proposed [7] [8]. However, several of the alternative proposals 
are better understood as alternative carriers of the information 
on the communication interoperability dimension of the SGAM 
model, rather than a full scale alternative to the semantically 
defined IEC 61850 data model on the information layer and 
associated engineering process for the integration of the DER 
provided by IEC 61850 on the functional layer. 

III. USE OF IEC 61850 FOR VPPS 

A. The IEC 61850 Standard 

IEC 61850 is an information model and communication 
architecture standard developed to allow interoperability within 

power utility automation systems [9]. The intent is to define a 
flexible and future-proof standard that supports interoperability 
in power utility automation and communication. IT-security 
procedures, quality codes and error handling can be common. 
The protocols used to send IEC 61850 information are 
generally not defined in the standard itself, only the mapping to 
a limited number of protocols standardized elsewhere is 
included in the standard. Dedicated parts of the standard series 
exist for hydro and thermal power, wind, DER resources; inter 
substation and substation to control center communication to 
state only a few.  

IEC 61850 was originally intended solely for the use within 
substations, primarily at transmission level. The standard has 
become the most common communication solution at higher 
voltage levels in many countries, including Sweden. In the 
beginning of 2013 some 80 manufacturers in over 20 countries 
had certified devices for the standard and solutions exist to run 
IEC 61850 software protocol stacks on microprocessors 
costing as little as 50 EUR. 

Considerable work has been ongoing the last three to five 
years to extend IEC 61850 to new domains and make it 
applicable for new application areas and lower voltage levels. 
Assessments of the requirements from Smart Grids have been 
analyzed and new work items created by the IEC in response to 
identified demands. Several of the IEC 61850 parts referred to 
in Table II are therefore still under development.  

In IEC 61850 Logical Nodes are used to group data that is 
to be exchanged. The data can contain multiple attributes 
including quality, time stamp and even currency information. 
The Logical Nodes represent a function, measurements or a 
virtualization of a real object like a circuit breaker or battery. 
Logical Nodes are grouped into Logical Devices implemented 
in Intelligent Electronic Devices (IEDs). The second edition of 
the standard allows the grouping of Logical Nodes into 
functions and sub functions in a topology related data model. 
The same information can be grouped into component and sub 
components in a parallel product view of the IEDs. A gateway 
device may also hold a representation of non IEC 61850 
devices to which it communicates by other means. This allows 
a flexible modeling where information from simple and divers 
IEDs of the participating DER can be efficiently structured in a 
hierarchical model within the VPP. 

B. IEC 61850 for Hierarchical DER 

Today IEC 61850 covers data models for a broad range of 
VPP components, allowing them to interact through a coherent 
information model using standardized communication and 
service-oriented functions. IEC 61850 enables well defined 
system interfaces between different DER units using 
standardized semantic and syntax where information is 
exchanged over a limited number of mapped protocols. 
Potentially IEC 61850 allows the interoperability on the 
communication; information and functional dimensions of the 
SDGAM model as shown in Fig. 1. 

The model and system configuration can be specified on a 
functional level allowing free allocation of the functionality to 
various Intelligent Electronic Devices (IEDs) used for 
protection, control and monitoring. Information from the IEDs 
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can be sent to gateways or directly to SCADA and EMS 
systems. Therefore it is very appropriate for modeling of 
complex distributed systems. Another advantage is the 
potential for seamless integration with IEC 61968 CIM (used 
between applications in control and dispatch centers) as well as 
for the information exchange with energy market actor systems 
(defined in the IEC 62325 standard series). This allows the 
topological origin and information content of the IEC 61850 
data to be converted to the CIM. 

IEC 61850-90-15 is an upcoming technical report titled 
“Management and Aggregation of Hierarchical DER System “. 
According to this document the VPP is intermediary for 
requests from clients seeking information from the DER units 
on process level. Several interfaces exist between the VPP 
Management System, the DER units and market actors as given 
in Fig. 3. 

 
Fig. 3. Interfaces of the VPP to grid operastor and market, according to IEC 

technical committee 57, working group 17 

At the bottom is the plant management interface where IEC 
61850 is used to interface with DER units. The interface to the 
grid operator (left) could be implemented by either IEC 61850 
or IEC 60870-6 TASE.2 (that uses the same MMS protocol as 
IEC 61850). Another possibility would be an IEC 61968 CIM 
gateway making the conversion of data to this module already 
in the VPP management system. The intention of IEC is that 
enterprise and market application (top) exchange is handled 
with the CIM. 

IEC 61850-90-15 distinguishes between commercial 
(participation on wholesale markets) and technical VPP 
(support for the local grid). Commercial VPP is mainly part of 
the enterprise and market zones of the SGAM model and thus 
associated to the IEC 61968 CIM (se Fig. 2). The technical 
VPP covers communication between field, substation and 
operation zones associated with IEC 61850. 

The control of the individual DER units is anticipated to 
follow principles of IEC 61850-7-420 “Distributed energy 
resources logical nodes”. IEC 61850-90-15 will also describe a 
number of services required by a VPP. This will include 
administration functions that allow the VPP to maintain a 
registry of the VPP DER units. Other parts of the standard 
series are also intendeded to develop dynamic system 

management services to allow a DER to register to a client 
specified with only its IP-address. The client can then query the 
characteristics and properties of a DER. In a longer perspective 
standardized services such as those described for PV and other 
DER inverters in IEC 61850-90-7 could be subscribed to 
automatically. Such functions include freq-watt, volt-watt 
control of active power and fixed power factor, fixed VAr, 
Volt-VAr and Watt-power factor control of reactive power. An 
example of such a standardized service is provided in Fig. 4. 

 

Fig. 4. Frequency-watt mode operation from IEC 61850-90-7 

The VPP can optimize the settings of the various DER and 
change set points for the DER when required. Based on its 
database the VPP could then respond to requests from a market 
trading system (or grid operator power system management 
tool) with requested characteristics and properties and provide 
a response with available capacity. The database may need to 
be updated with real value parameters and estimate the 
available capacities in real time. 

C. Experiences with Using IEC 61850 for VPPs 

There exists practical experience from use of IEC 61850 
from a few Smart Grid demonstration projects. For example 
reactive power support for frequency control and Electric 
Vehicle charging is planned to be set under full scale trials 
using IEC 61850 in the Danish Island of Bornholm [8]. A 
similar VPP as that described in section IV was constructed 
and implemented with IEC 61850 in Germany [10]. 

IV. DESCRIPTION OF THE PROPOSED VPP 

In order to verify the maturity of both the standards and 
available equipment implementing the standard the extension 
of an existing Smart Grid Research, Development and 
Demonstration (RD&D) unit at STRI into a VPP test bench has 
been studied. The intention is to include real-time 
communication from the MV distribution grid as well as a 
nearby hydro power plant and wind farm. This will enable 
development and verification of control algorithms for VPPs 
and to gain experience in their practical deployment and 
operation. 

The required interaction between the local grid and a VPP 
has been studied for an existing 50-kV grid in central Sweden. 
The VPP that was studied consisted of four elements: a 34 MW 
wind park; a 3 MW PV installation; a 6 MW hydro-power 
plant with a maximum of 111 MWh stored energy available in 
the reservoir; and a 8 MW grid-size battery storage with at 
most 32 MWh storage capacity. The wind park and the PV 
installation are not controllable; their production is determined 



by the availability of sun and wind. Variations and prediction 
errors from these two sources can be compensated by the 
hydro-power plant and the battery storage. For a number of 
locations within the grid, active and reactive-power data is 
available with a higher time resolution, from installed power-
quality monitors. The participating DER units and detailed 
simulation results from a study of the VPP using three-years 
hourly consumption and production data can be found in [11].  

The DER units are to be controlled from the RD&D. The 
existing facilities at the RD&D that includes 30 kV solar PV 
with IEC 61850 upgradable inverters, a 30 kV lithium-ion 
battery storage modeled and controlled by IEC 61850 (se Fig. 
5). IEC 61850 capable energy and power quality meters are 
also installed. The response from PV installation and Li-Ion 
battery storage at the research facility is increased to represent 
the larger storage and PV in the studies when simulating the 
VPP effect on the grid. The hydro and wind farm exist today 
and actual hourly production data is available. 

 

Fig. 5. IEC 61850 datamodel of inverter controller of the battery storage 

Through a dedicated VLAN within the local utility network 
the facilities will have access to equipment in the distribution 
grid. An IEC 61850 capable power quality metering system is 
being installed in a dozen locations within this distribution grid 
allowing measurements from locations in the grid to be used by 
the VPP. 

A. Selected Applications 

Based on a literature study and discussions with the local 
Distribution System Operator (DSO) three applications of grid 
services were selected. A fourth application where the 
aggregator operating the VPP is a balance-responsible party 
was also included. The intention was to limit the functions to 
what IEC 61850-90-15 calls a technical VPP. The value of 
these grid service go beyond the mere market value of the 
produced energy. For example many DER units have power 
electronic converters that are able to provide or consume 
reactive power to help maintain voltage levels. Often these 
units are set to keep reactive power near zero at the DER 
connection point. The potential to coordinate these reactive 
power capabilities to optimize the overall efficiency of the 
grid(s) in which the DER units are located are then not fully 

utilized. Pure market oriented optimization of the VPP 
including maximizing profit from trading on the spot market 
was therefore not included in the assessment. The applications 
are presented in Table I. Studies of similar applications of VPP 
for reactive power compensation are described in [12], for 
improved system efficiency in [13] and to optimize power flow 
and minimize the peak network load in [14] [15].  

TABLE I.  SELECTED GRID SERVICES FROM THE VPP 

# Grid service 

B 

Balance responsible party (B): Compensate for prediction error 

from non dispatchable DER. The hydro reservoir and power plant 

is used together with battery storage to allow the VPP to act as a 
balance responsible party and meet the forecasted production of 

the day-ahead spot market of the wind and solar units. In this way 

the next day stated capacity of the DER units can be confirmed. 
The limitations set by the 50 kV grid on market transactions are 

specifically part of the assessment. 

P 

Decrease peak monthly power (P): Reduce subscribed power to 
regional 130 kV subtransmission grid in order to obtain a lower 

tariff for the operator of the distribution grid. This application also 

reduces thermal overload, increasing the grids hosting capacity. 

L 
Minimize grid losses (L): By smoothing peaks in the power flow 

the losses in the overlying sub-transmission grid can be reduced. 

R 

Control reactive power flow (R): Lower the reactive power in the 

connection between 50 and 130 kV grids by coordinating DER 
reactive power control possibilities. 

Although maximization of economic return of the VPP was 
not the primary goal of the study a commercial value of each 
grid service can be ascribed as presented in [11]. For 
application B this is non-purchased balance power, for 
application P lowered tariff to regional grid, application L 
reduction in costs to cover losses in the local grid. For the 
fourth application the value is in the increased grid hosting 
capacity (i.e. ability of the grid to host more DER see [16]). 

The different applications of the VPP compete with each 
other for the priority of the DER. Application P uses primarily 
the hydro reservoir. Application B and L use first the battery 
storage, only using the hydro storage in extreme circumstances 
when other applications are down prioritized. As the secondary 
storage is used less often and the primary storage source varies 
the applications can successfully coexist with little 
performance reduction, as shown in [11]. It would also be 
possible for these grid services to coexist with commercial spot 
market trading optimization where they are only initiated 
during contingency situations. Because the prioritization of the 
services is internal to the VPP controller they do not affect the 
required information and are not further discussed in this paper. 

B. Information Requirement 

The required information to perform the applications 
described in Table I consists of both commercial data from 
market traders, real-time information from the included DER 
and measurement of power flow and voltages in the 
distribution grid. The VPP needs to communicate with either 
the DSOs SCADA system or equipment in the grid in order to 
gather information. There is need for information exchange 
between the VPP and market actors. 

The required information to perform the applications 
described in the previous section is summarized in Table II. 



Some information required with a ‘?’ is not essential for the 
basic application, but can be used to improve performance. 

C. Communication Requirements  

The VPP is planned to send set points to battery storage and 
controllable production units using the Logical Nodes for DER 
supervisory control, controller status and controller 
characteristics (DRCC, DRCS, DRCT) defined in IEC 61850-
7-420.  

The need for fast real-time information is not anticipated in 
this VPP. Data on the grid power flow and DER production are 
probably sufficient on minute scale. Minute average of 
voltages in the grid was likewise seen as sufficient for the 
studied applications. 

To acts as balancing party and compensate for prediction 
errors in day ahead and intraday bids, 15 minute update 
intervals are expected to suffice for production and storage set-
points as well as for reactive power measurement. Payment for 
balancing power is only due if the deviation contributes to the 
deviation of the entire price area. In Scandinavia more than 
70% of the total consumption of electrical energy is traded 
through Nord Pool Spot which is currently the world’s largest 
electricity broker, measured in traded TWh. Information on the 
latest regulating volumes can be retrieved from their website 

with 1-2 hours delay. This delay may still be acceptable as on 
average the direction of regulating volumes changed only about 
once a day in 2012 with less than 9 % of the changes occurring 
within 2 hours. However, regulation power is bought only for 
half the hours so it would be important to know if payments 
will be charged during the current hour, which requires quicker 
data access. 

V. MAPPING TO IEC 61850 DATA MODELS AND SERVICES 

Included in Table II are proposals of appropriate IEC 61850 
Logical Nodes, data and services to be used in the 
implementation of the VPP applications described in section 
IV.A. It was found that semantically defined data exists or is 
planned within IEC 61850 for all required information between 
the VPP controller and the DER units. The VPP is defined so 
that mainly generic measurements that will be mapped to the 
standard MMXU Logical Nodes from IEC 61750-7-4 can be 
used in most IEDs. The services defined in IEC 61850-7-4 for 
statistical and historical data allow the VPP controller to keep 
track of power flows and limits. Although the studied VPP uses 
limited amount of data from IEC 61850 domain extensions the 
presence of these extensions enables a flexible VPP controller 
where additional information available in DER controllers can 
be browsed and included in control algorithm to improve 
performance as required. 

TABLE II.  REQUIRED INFORMATION AND POTENTIAL MAPPING TO IEC 61850 FOR THE APPLICATIONS OF TABLE I 

Information 
Application 

Description Data source 
IEC 61850 

B P L R Logical Nodes series part 

Predicted Production X X X  Bid on the day-ahead spot market. (24 bids placed 

12 a.m. for next day) 

Forecasting tool used by 

Electricity retailersa  

Use of IEC 61850 not anticipated, 

although schedules from upcoming 

IEC61850-90-10 could be used. Intraday correction of 

predicted Production 

X    Bid on intraday market. (1 bid per hour, latest an 

hour before period starts)   

Forecasting tool used by 

Electricity retailersa 

Battery storage State-

of-Charge 

X X X  Amount of Stored energy in BESS Battery storage controller DBMS To be defined in 

upcoming -90-9  

Hydro reservoir water 

level 

X X X  Amount of Stored energy in hydro reservoir Hydro producer or 

controller of hydro plant 

HLVL.LevM 7-410 

Real-time production 

of DER 

X X X X To determine accumulated production within 

present hour. Also used together with latest bid to 
estimate production for present hour. 

SCADA or DER 

controllers 

MMXU.W 7-4 

Latest Regulating 

volume for price area 

?    To predict if over or under production (compared to 

prediction) will result in economic cost 

Electricity market broker Use of IEC 61850 is not anticipated 

Weather data used for 
retailers prediction 

?    Wind speed, rainfall, irradiation etc on which 
production prediction where based. Used to estimate 

if bids during present hour are accurate. 

Electricity retailers Use of IEC 61850 is not anticipated 

Real-time weather 
data 

?    Actual weather data within hour to enable 
estimation of prediction error for present hour 

Measurements at DER or 
metrological bureau 

MMET. HorWdSpd, 
DctInsol, CloudCvr 

7-4 

Long term production 

forecast 

?    Optimize SoC and hydro reservoir levels in over 

longer than 12-36 h period forecasted in spot bids) 

Electricity retailers or 

DSO/TSO forecasts 

Use of IEC 61850 not anticipated, 

although schedules from 90-10 possible  

Historical levels of 

power flow 

 X X  Determine if VPP shall attempt to lower peak flows 

to reduce tariff or losses. Based on historical hourly 

power flows or logged data.  

VPP controllers log of 

real time production 

VPP historical 

statistical information 

model of MMXU.W 

7-2 

Highest power flow 
during current month 

 X 
 

  Block power flow reduction if monthly maximum 
will not be exceeded 

VPP controllers log of 
real time production 

VPP statistical 
information model of 

MMXU.W 

7-4 (and 7-1) 

Power flow in grid 

location(s)  

 X X  Determine if peak power flow and high losses are 

occurring.  

SCADA or IED 

measurement within grid 

MMXU.W 7-4 

Real-time voltage at 

DER 

   ?  Calculate losses more accurately when voltage 

varies considerably at DER . 

SCADA, DER controller 

or IED near DER 

MMXU-PhV 7-4 

Reactive power in 

selected location(s)  

   X Reactive power flow at a point(s) in the grid for 

which reactive power exchange is to be optimized. 

SCADA or IED 

measurement within grid 

MMXU.Q 7-4 

Real-time voltage in 
grid 

    ? Calculate ΔQ required from DER to hold voltages in 
selected point(s) of the grid within limits. 

SCADA, IED in grid or 
smart metering system 

MMXU-PhV 7-4 

a. In contrast to other sources like IEC Smart Grid Standardization Roadmap [4] the VPP is not by itself expected to make more than very-short-term  
forecasts (1 hour). The energy traders are expected to use existing software for prognosis and the results thereof fed into the VPP controller. 



VI. DISCUSSION 

In this study the number of DER units to be integrated in 
the VPP was limited and only a small amount of information 
was required by the VPP controller. Often the small size of 
DER units does not allow them to individually participate 
directly in the energy market. Likewise each DER is in itself 
too small to be effectively controlled and managed by power 
utilities and energy market actors. The different ownership also 
contributes to making the effective coordination of the 
operation of the DER a challenge. The VPP tasks may also be 
subordinated requirements of individual DER to support the 
local grid. The complexity of the VPP is increased further, as 
smaller DER may be desirable to group hierarchically so that 
small VPPs are aggregated into larger ones. This concept has 
been developed and field tested within the Danish Cell 
Controller project [17] [18]. Due to this complexity the 
integration costs for providing grid services from divers and 
dispersed units that do not have a common ownership is a 
major concern. In order to access the capabilities of small home 
PVs with individual storage capabilities, a VPP would need to 
connect to several hundred units. If each manufacturer uses its 
own communication interfaces the cost of integration may add 
considerably towards the cost of the VPP, possibly making it 
uneconomical.  

With the introduction of low cost gateways and integration 
software in the last couple of years the cost of implementing 
IEC 61850 has been reduced considerably. Several commercial 
SCADA systems today support IEC 61850 and the standard is 
being developed to cover also substation to control center 
communication. IEC 61850 therefore promises to provide a 
cost effective, flexible, open and extendable solution to a VPP 
providing grid services. This VPP could use bi-directional IEC 
61850 communication to MV and LV substation, DER units as 
well as demand-response providers. Because access to the grid 
related data is often only available within the DSO network the 
VPP controller may need to be placed in their dispatch center. 
This limits the ability for market actors other than the DSO to 
operate a VPP for providing grid services. 

European Transmission System Operators (TSOs) have 
decided to use CIM/IEC 61970 for exchanges of system 
operations and system studies [19]. The CIM model could be 
an alternative for information exchange with the VPP 
aggregator. Due to the lack of commercial gateways able to 
map information from IEC 61850 data to CIM the use of CIM 
does not seem like a realistic alternative at operational level for 
communication to VPP participating DER units. CIM could be 
an alternative for communication between VPP application and 
other utility and market traders’ information, although other 
solutions exist for this information exchange. For example 
there exists a simple low cost solution to provide spot market 
price to heat pumps in Sweden via internet. This solution could 
be extended to provide regulating power information. 
However, due to IT-security reasons it would be preferable to 
use existing electronic data interchange platform for market 
actors on the Nordic market. This is called Ediel and uses the 
EDIFACT/ISO 9735 standard and is operated by the Swedish 
TSO. A commercial VPP also exist where capacity can be 
bought ahead of time at fixed via Nord Pool Spot [20], but the 

aim and market structure of this VPP has little in common with 
the grid support services described in this paper. 

VII. CONCLUSSION 

The IEC 61850 standard covers a wide area of domains. 
Including ongoing extensions of the standard, IEC 61850 will 
be able to support interoperable exchange of information from 
a very broad variety of DER, as well as scheduling and the 
aggregation of DER required by a VPP. The IEC standard can 
contribute to seamless integration of the DER data to a VPP 
and ease integration to market applications due to ongoing 
harmonization with IEC 61970/IEC61968 CIM model.  

REFERENCES 

[1] CEN-CENELEC-ETSI Smart Grid Coordination Group, "First set of 
standards", 2012. 

[2] European Commission, , "Mandate M/490; Standardization mandate to 
European standardization organizations (ESOs) to support European 
Smart Grid deployment," 2011 

[3] [G. Arnold, "NIST-identified standards for consideration by regulators," 
6 October, 2010.  

[4] [IEC, "IEC Smart Grid Standardization Roadmap," Smart Grid Strategic 
Group (SG3), Geneva, 2010. 

[5] IEC, "IEC 62357-1 Reference architecture for power system information 
exchange," Technical Committee 57, Geneva, 2011. 

[6] S. Jaloudi, et.al., "Integration of distributed energy resources in the grid 
by applying international standards to the inverter as a multifunctional 
grid interface," in IEEE PowerTech, Trondheim, 2011.  

[7] S. Sucic, B. Bony, L. Guise, F. Jammes and A. Marusic, "Integrating 
DPWS and OPC UA device-level SOA features into IEC 61850 
applications," in IEE IECON, Montreal, 2012.  

[8] B. A. Pedersen, E. B. Hauksson and P. B. Andersen, "Facilitating a 
generic communication interface to distributed energy resources: 
mapping IEC 61850 to RESTful services," in IEEE SmartGrid 
Communications, Gaithersburg, 2010.  

[9] IEC, "IEC 61850 Communication networks and systems for power 
utility automation," Technical Committee 57, Geneva, 2004-2013. 

[10] B. M. Buchholz, C. Brunner, A. Naumann and A. Styczynski, "Applying 
IEC standards for communication and data management as the backbone 
of smart distribution," in IEEE PES General Meeting, San Diego, 2012.  

[11] N. Etherden, M. H. Bollen and J. Lundkvist, "Quantification of Network 
Services from a Virtual," in IEEE PES Innovative Smart Grid 
Technologies (ISGT Europe), Copenhagen, 2013.  

[12] P. Nyeng, J. Østergaard, C. A. Andersen, J. Dall and C. Strunge, 
"Reactive power control with CHP plants - A demonstration," 
Proceedings of the CIGRE session, 2010.  

[13] D. Pudjianto, C. Ramsay and G. Strbac, "Virtual power plant and system 
integration of distributed energy resources," Renewable Power 
Generation, IET, vol. 1, no. 1, pp. 10-16, March 2007.  

[14] N. Ruiz, I. Cobelo and J. Oyarzabal, "A Direct Load Control Model for 
Virtual Power Plant Management," IEEE Transactions on Power 
Systems, vol. 24, no. 2, pp. 959-966, May 2009.  

[15] J. Kumagai, "Virtual Power Plants, Real Power," IEEE Spectrum, vol. 
49, no. 3, pp. 13-14, March 2012.  

[16] M. H. Bollen and F. Hassan, "Integration of Distributed Generation in 
the Power System", Hoboken: John Wiley & Sons, Inc., 2011.  

[17] P. Lund, "The Danish Cell Project - Part 1: Background and general 
approach," in IEEE PES General Meeting, Tampa, 2007.  

[18] N. Martensen, P. Lund and N. Mathew, "The Cell Controller pilot 
project: from surviving system black-out to market support," in CIRED, 
Frankfurt, 2011.  

[19] ENTSO-E, "Common Information Model (CIM)," [Online] 
www.entsoe.eu/major-projects/common-information-model-cim/, 2013. 

[20] Nord Pool Spot, " Virtual power plant in Jutland," [Online] 
http://www.nordpoolspot.com/TAS/VPP-auction, 2013. 

 


	1 Abbreviation
	2 Introduction
	2.1 Aim
	2.2 Method
	2.3 Limitations of scope

	3 Background
	3.1 Virtual Power Plant
	3.1.1 Existing demonstration networks
	3.1.1.1 Cell Controller Pilot Project
	3.1.1.2 PREMIO
	3.1.1.3 MILLENER
	3.1.1.4 Unna
	3.1.1.5 Am Steinweg
	3.1.1.6 CRES, NTUA and Meltem
	3.1.1.7 Micro-CHP units at consumer premises
	3.1.1.8 PowerMatching City
	3.1.1.9 San Agustin del Guadalix
	3.1.1.10 Summation


	3.2 Studied grid
	3.2.1 The 50 kV and 10 kV grid
	3.2.2 Hydro power plant Loforsen
	3.2.3 Wind farm
	3.2.4 Photovoltaic units
	3.2.5 Battery storage


	4 Theory
	4.1 Virtual power plant
	4.2 Economy
	4.2.1 Balance market
	4.2.2 Tariff
	4.2.3 Losses


	5 Method
	5.1 Simulation data
	5.2 PowerFactory model
	5.3 Models of controllable units
	5.3.1 Hydro power plant model
	5.3.2 Battery storage model

	5.4 Optimization applications for the VPP
	5.4.1 Base case
	5.4.2 Responsible party to meet placed bids on the day-ahead spot market
	5.4.3 Peak shaving
	5.4.4 Decrease network losses
	5.4.5 Reactive power control


	6 Results
	6.1 Responsible party to meet placed bids on the day-ahead spot market
	6.2 Peak shaving
	6.3 Decrease of network losses
	6.4 Reactive power control

	7 Discussion
	7.1 Implementation of the VPP
	7.2 General thoughts
	7.3 Possible improvements of the models

	8 Conclusion
	References
	Appendix A. Simulated middle voltage grid
	Appendix B. Simulated 130 kV grid

