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Microgrids are integrated energy systems, with the possibility of bidirectional power flows, consisting of interconnected loads and Distributed Energy
Resources, which can operate in parallel with the grid or in an intentional island
mode. In a smart grid environment, micro-grids are capable of managing and
coordinating distributed generators and loads in a more decentralized way reducing the need for the centralized coordination and management. The growing
need of reducing carbon emissions makes the concept of micro-grid even more
attractive. information and communication technologies play a fundamental
role in performing e↵ective micro-grid communication and control.
Within this scenario, the Virtual Micro-Grid Laboratory exists as a collaborative project between academic and industrial partners to evaluate information and communication infrastructures for micro-grid deployment. This report
summarizes the state of the Virtual Micro-Grid Laboratory for 2013 and provides an evaluation of virtual experiments on demand response and distribution
generation use cases.
1. Introduction
Within the smart grid design hierarchy, microgrids represent localized power
grids containing both distribution and generation and arguably have the most
to gain from developing new technologies for power conservation, distribution,
and localized control. As such, micro-grids present many new challenges from
the standpoint of control and communication infrastructures. In response to
these challenges, the European Institute of Technology (EIT) Information and
Communication Technology (ICT) Labs has introduce the action-line Smart
Energy Systems (SES) to develop a Europe-wide coalition of academic and
industrial partners and resources in the ICT sector to accelerate innovation
in energy management and green ICT management. The virtual micro-grid
laboratory described in this work is part of the EIT ICT Labs SES virtual
smart grid laboratory activity, where academic and industrial partners from
six European countries have joined forces to create a large-scale pan-European
smart grid lab. Within the EIT ICT Labs SES, and motivated by ongoing smart
grid pilot research within the Stockholm Royal Seaport project, partners from
industry and academia have combined resources to develop a virtual laboratory
for testing ICT infrastructures within the microgrid, Virtual MicroGrid Lab
(VGML). The VMGL is then a large-scale pan-European virtual laboratory
for evaluating control algorithms and communication requirements needed for
an efficient microgrid management. The vision of the VMGL is to develop a
testing environment that enables evaluation of micro-grid ICT use-case scenarios
including demand-side management and distributed generation.
For 2012, the VMGL consortium has demonstrated an initial proof-of-concept
demand-response use-case scenario utilizing testing platforms and environments
from five geographically distributed partners, namely: the Royal Institute of
Technology (KTH, Sweden), Ericsson (Sweden), Swedish Institute of Computer
Science (SICS, Sweden), Create-Net (Italy), and Technical Research Centre of
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Finland (VTT, Finland) [32]. In 2013 TU-Berlin, Germany, has joint the VMGL
consortium.
KTH has developed an Energy Management System (EMS) for residential
micro-grids, which is is responsible for optimally scheduling end-user smart appliances and local generation devices at the residential level, based on end-user
preferences, prior contractual agreements, electric pricing, technical and operative constraints (see 4).
Ericsson, together with KTH, has built the experimental testbed: demand
response messages, generated by the scheduling algorithm for electrical devices
developed by KTH [16], are transmitted via an LTE communication network to
the EMS local to each end-user electrical device (see 5).
The Swedish Institute of Computer Science (SICS) has developed and enduser home control application, which enables the user to remotely change user
preferences on the EMS (see 6).
Creat-Net has focused its activities on the integration of distributed cogeneration [27] based on solid-oxide fuel cells (SOFC) technology [29] into the
virtual experimental environment. Distributed co-generation capabilities in the
VMGL framework are described in 3.5
The Technical Research Centre of Finland (VTT) has contributed to the
virtual testing environment by implementing two separate components and integrating them into the virtual testing environment: (i) an APROS simulation
tool [26] based Smart House Simulator, (ii) gateway software instances for creating the virtual laboratory connections among the physical partner laboratory
premises and for emulating real world communication media on top of public
internet connections.
TU-Berlin has focused its activities on the integration of an heat pump into
the virtual testing environment (see ).
For 2013, virtual experiments on demand response and distributed generation use cases have been performed and analyzed (see Section 4) and an experimental testbed has been built for evaluating LTE as a communication technology
to be used for Demand & Response purposes (see Section 5).
Three use cases for demand response and distribution generation are defined
in this report; these virtual experiments allow to gain insights into the performance of microgrid control algorithm and into the need of communication and
information management.
The remainder of this work is organized as follows. Sections 2 and 3 describe
respectively the architecture and the components of the virtual testing environment. Section 4 discuss the three use cases implemented and tested in the
virtual environment. Section outlines the experimental testbed developed for
evaluating Long-Term Evolution (LTE) as a ICT infrastructure for micro-grids.
Section 6 presents the user interface developed for demand response services.
The concluding section provides a discussion and identifies future work.
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2. Virtual Micro-Grid Lab Architecture
The virtual micro-grid lab is built by interconnecting partner laboratory
premises using secure connections on top of the public Internet. The connections
are formed using a software package called LABgw developed by the Technical
Research Centre of Finland (VTT). In addition to the basic connectivity the
laboratory links can also emulate real-world network medium conditions on top
of best-e↵ort networks. This can be done using a second software tool called
TCemu developed also by VTT.
LABgw provides secure network layer connectivity between the virtual laboratory partners. It has been built using widely available open source software
packages. Depending on the partners firewall policies the connection can be
implemented using either OpenVPN [1] or SSH. The software package is distributed as a Linux virtual machine image to simplify the installation process.
The image includes the required certificates and keys to authenticate each lab
partner individually.
TCemu can emulate real-word network medium conditions on standard network interfaces. These include conditions, such as: available bandwidth, delay,
jitter, packet loss, and packet reordering. The actual network traffic manipulation is done by the Linux NetEm [2] functionality. TCemu provides a GUI for
NetEm, which makes adding traffic rules much simpler compared to the standard command line tool. TCemu provides also ready-made connection profiles
for di↵erent connection types, such as: 3G, LTE, or Wi-Fi. The current GUI for
the application is shown in Figure 1. TCemu is distributed within the LABgw
Linux image.
The present virtual micro-grid lab network structure is shown in Figure 2.
New partners can join the lab by requesting the LABgw software from VTT.
Currently the communication between the partners is implemented using TCP
sockets and a simple text-based protocol, but any IP based protocol should work
in the network. Since the house model platform currently supports only OPCUA communication [3], a protocol adapter was implemented to map the textbased protocol messages to OPC-UA messages in the VTTs LABgw instance.
3. Virtual Micro-Grid Lab Components
In this section, we describe all the VMGL components.
3.1. House Simulator
VTT has developed a dynamic house model, which runs on top of the Apros
process simulation software [4]. The model includes the energy dynamics of
building structure and indoor temperature. From its parameters, the building
dimensions, materials, ventilation factors, and place and orientation can be
changed. The building can be heated with a connected air-to-air heat pump,
electric heating, or heating given from outside of the model (in Watts). In the
micro-grid lab scenario the internal heating of the house model was disabled
completely and all heating energy was provided by the TU Berlin heat pump as
shown in Figure 2.
5

Figure 1: TCemu GUI

Figure 2: Demo setup

3.2. Smart Appliances
Smart appliances are an integral part of the virtual laboratory and represent
appliances which are controlled by the EMS. An appliance operation process is
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made up of sub-processes called energy phases. An energy phase is considered
uninterruptible, and it consumes a pre-specified amount of electric energy in
order to finish the physical task. The EMS determines the power assignments, as
functions of time over the execution period (e.g. a day), to all energy phases of all
appliances, in order to use electricity when it is least expensive, while satisfying
certain necessary requirements. An energy phase being uninterruptible is one
such constraint. However, there are more technical requirements for an energy
phase as follows. The power assigned to the energy phase at any moment cannot
exceed a certain upper limit (otherwise the appliance might burn), as well as a
certain lower limit (i.e., power required for idle run). Furthermore, the duration
of an energy phase is constrained – it is either fixed or adjustable with upper
and lower bounds. Finally, all energy phases associated with a single appliance
must be run sequentially (i.e., an energy phase is not allowed to start before
the previous phase ends). There can be delays between the energy phases, but
the order must be observed. On top of the technical requirements for an energy
phase, the operation on appliance level is also constrained. For instance, a
certain appliance cannot start before some other appliance finishes (e.g. washing
machine and dryer). Moreover, for safety reason the total power assigned to all
appliances at any moment cannot exceed a limit called peak signal. Finally,
there might be user specified time preferences, requiring that certain appliances
should be run within some particular time intervals (e.g. washing dishes with
the dishwasher between 4pm and 6pm) [16]. Next we provide the values of the
technical specifications of the three appliances used in the virtual experimental
use cases: a washing machine, a tumble dryer and a dishwasher (courtesy of
Electrolux and the Stockholm Royal Seaport project, [16, 34]).
3.3. Technical specifications of the smart appliances
The number of energy phases in the dishwasher, washing machine and dryer
processes are, respectively, 6, 8 and 1. The data of the scheduling problem are
derived from the technical specifications of the three appliances, which are listed
in Table 1, Table 2 and Table 3 respectively.
Table 1: Dishwasher technical specifications

Energy phase
pre-wash
wash
1st rinse
drain
2nd rinse
drain & dry

Energy
(Wh)
16.0
751.2
17.3
1.6
572.3
1.7

Min power
(W)
6.47
140.26
10.28
2.26
187.3
0.2

Max power
(W)
140
2117.8
132.4
136.2
2143
2.3

Nominal op.
time (min)
14.9
32.1
10.1
4.3
18.3
52.4

The energy requirements Eij are listed in the “Energy” column in the tables.
k

The lower and upper limits for energy assignment in each time slot, P kij and P ij
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Table 2: Washing machine technical specifications

Energy phase
movement
pre-heating
heating
maintenance
cooling
1st rinse
2nd rinse
3rd rinse

Energy
(Wh)
118
5.5
2054.9
36.6
18
18
17
78

Min power
(W)
27.231
5
206.523
11.035
10.8
10.385
9.903
23.636

Max power
(W)
2100
300
2200
200
500
700
700
1170

Nominal op.
time (min)
26
6.6
59.7
19.9
10
10.4
10.3
19.8

Table 3: Dryer technical specifications

Energy phase
drying

Energy
(Wh)
2426.3

Min power
(W)
120.51

Max power
(W)
1454

Nominal op.
time (min)
120.8

in (4), are listed in the “Min power” and “Max power” columns in the tables,
respectively. The last column in the above tables list the nominal operation
time of all phases. In this paper, it is assumed that the operation time of the
energy phases can be between 80% and 120% of the nominal time. The time
slot limits T ij and T ij in (??) are obtained by dividing the operation time limits
(in minutes) by the time slot length (i.e., 5 minutes), and rounding is performed
where necessary. Finally, the lower limit for between-phase delay Dij in (??)
for all phases is assumed to be zero, while the upper limits Dij are 5, 10 and
0 minutes for the energy phases in the dishwasher, washing machine and dryer
respectively [16].
3.4. Heat Pump
The heat pump implemented at the Berlin University of Technology (TUB) is
one of the devices within the VMGL for the provision of heat. Since electrically
operated, it represents the interface between the power grid and the building’s
heating system. In order to calculate the power demand the implemented model
must be able to simulate correctly the behavior of a real heat pump system with
regard to input power and output heat. To limit the computational e↵ort to
a necessary minimum a black box model is chosen that considers the typical
system characteristics.
3.4.1. Fundamentals
Heat pumps (HP) are devices able to transfer thermal energy opposite the
direction of spontaneous heat flow by absorbing heat from a cold medium (heat
source) and release it to a warmer one (heat sink), utilizing the principle of
8

the reversed Carnot cycle. The temperature and pressure of the working fluid
within the cycle is raised either by compression or sorption processes. However,
the latter principle, used in thermally driven heat pumps, is not considered here.
The compressors of mechanically driven heat pumps can be operated either
by electrical energy or fuel utilizing combustion and gas engines, respectively.
Heat pump devices operating on the former principle are by far the most frequently used. Furthermore, these systems are relevant by means of integrated
heat and power within smart grid applications. Hence, they are considered for
the implementation of the heat pump model in the VMGL context. The cycle
process of mechanically driven heat pumps is shown schematically in Fig. 3.

Figure 3: Operating principle of mechanically driven heat pumps, including the stage of (1)
evaporation, (2) compression, (3) condensing and (4) expansion of the working fluid.

The thermal efficiency of heat pump systems depends strongly on the temperature di↵erence between heat source and sink as well as the overall operating
temperature level. Thus, the applied heat source medium and the linked heating system influence significantly the e↵ort to be accomplished for maintaining
a specified temperature level at the demand side. Since the temperature levels
usually are not constant, the efficiency of heat pumps fluctuates as well, depending particularly on the applied heat source. The energetic e↵ort has to be
provided in form of electrical power with substantial influence on the grid.
From the described operating principle follows that the performance of heat
pump systems can be mainly characterized by the applied heat source, beside
the specific technical design and e.g. the applied working fluid within the cycle.
In general, the efficiency of devices for the transformation of energy is described
by the input-output or e↵ort-benefit ratio, respectively. It is customary to
determine the performance of heat pumps assuming that the extraction of heat
from the source reservoir is neither physically restricted nor linked to any costs.
Hence, only the necessary electrical power is taken into account for defining
the e↵ort, neglecting the injected heat. This is reflected by the coefficient of
performance (COP), the main performance measure of heat pumps.
For the ideal reversed Carnot cycle, the COP is a simple function of the low
source and the high sink temperature, as shown in Eq. 1. This is the theoretical
maximum value caused by thermodynamic restrictions related to entropy. Due
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to deviations from the ideal cycle process, e.g. necessary temperature di↵erences
for heat transfer between the system and its environment, the COP of real heat
pump systems is significantly lower. Nonetheless, it is a function of temperature
level and temperature di↵erence between source and sink, as shown in Eq. 2.

COPideal =
COPreal (t) =

Q̇th,out
Thigh
=
Pel,in
Thigh Tlow
Q̇th,out (t)
= f (T (t),
Pel,in (t)

(1)
T (t))

(2)

The influence of source and sink temperature on COP for the ideal reversed
Carnot cycle according Eq. 1 is depicted in Fig. 4. The temperature # is shown
by means of the Celsius scale in contrast to the absolute temperature addressed
in the equations. As can be seen, an increasing temperature lift T (#sink
#source ) results in a significant decrease of the COP. Furthermore, the average
COP level for the higher sink temperature #sink of 50 C is fundamentally lower
than for #sink = 35 C.

Figure 4: COP values of the reversed Carnot cycle for heat sink temperatures #sink = 35 C
and #sink = 50 C

As a result of reliance on the applied temperature levels, the COP of real
heat pump systems is subject to temporal fluctuations. In Fig. 5, the annual
performance of a specific heat pump system installed in Germany is shown by
means of measured daily mean COP values. Understandably, the fluctuations
over a day are not shown, however, the deviance between sequenced days as well
as seasonal variations can be seen clearly.
From the diagrams and the linked equations it becomes obvious that the
fluctuating COP has to be estimated correctly in order to determine the electrical power demand arising from heat pump operation. The primarily applied
environmental heat sources for building heat pump systems are environmental
air, near-surface soil, and groundwater layers, each of them with di↵erent daily
and seasonal temperature fluctuations.
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Figure 5: Historic run of example daily mean values of a measured radiator heat pump system
in Germany. [5, p.3]

3.4.2. Modeling
The performance of real heat pump systems depend on specific design and
operation layouts, which not only result in quite unique and complex system
behavior but would with a detailed physical model also evoke a disproportionate
calculation e↵ort to determine the power demand. Therefore, the model of the
heat pump is implemented with a di↵erent approach, based on the formerly
described ideal cycle efficiency and the general relationship between the COP
and the temperatures of the source and sink mediums.
A black box model is created that initially calculates the COP as a function
of source and sink temperature, then takes that COP into the calculation of
either the necessary power input for a certain heat demand or the heat output
for a given amount of provided electrical power, respectively. The calculation
of the COP is based on heat pump type specific mean values for two di↵erent sink temperature levels, provided in [6], with COP curves similar to those
shown in Fig. 4 for the ideal process. The three main heat pump types (air,
soil and groundwater) are covered for a broad range of source temperatures
characteristically for the respective source medium.
The goal of modeling is to modify the relationship for the COP of an ideal
cycle in order to meet the real behavior. From the measured COP values it
becomes clear that the function for fixed sink temperatures #sink and changing
source temperatures #source is only slightly exponential, unlike the COP curves
for the ideal cycle depicted in Fig. 4. Therefore, a simple application of a
constant quality grade to Eq. 1, as e.g. shown in [5], would not give appropriate
results, since the strong exponential behavior would remain.
In order to overcome this e↵ect a di↵erent approach is applied. The relationship for the ideal cycle is supplemented by two fitting parameters associated
to the source temperature #source and sink temperature #sink , respectively. The
chosen attempt is shown in Eq. 3,
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COPfit (t) =

(Thigh (t)

Thigh (t)
+ Xfit,source (Tlow (t)) (3)
Tlow (t)) + Xfit,sink (Thigh (t))

where Xfit,source and Xfit,sink are heat pump type specific parameters. In
order to take the e↵ect of the pressure dependent evaporation temperature of
the working fluid into account, the second parameter is aligned to a normed
source temperature.
With the developed equation, the values of the fitting parameters for the
three heat sources air, soil, and groundwater, are determined in a manner that
the behavior as well as the values of the fitted COP curves for both the sink
temperatures #sink = 35 C and #sink = 50 C come close to the measured ones.
In Fig. 6 and 7 the resulting graphs for the air heat pump system are compared
with the measured ones and those with a constant quality grade applied. As can
be seen, the fitted values are quite close to the measured COP over the whole
temperature range, whereas the quality graded curves show improper behavior,
particularly obvious for the lower sink temperature #sink = 35 C.

Figure 6: Comparison of the measured, fitted and quality graded COP graphs for air heat
pump systems with a heat sink temperature #sink = 35 C

The fitting parameter values found are utilized to gain the COP for any
temperature combination. It is assumed, that the error resulting from both
interpolation within the boundaries of the measured sink temperatures of 35 and
50 C as well as extrapolation beyond is relatively small, particularly with regard
to the larger performance deviation of heat pumps with the same addressed
source medium available at the market.
3.4.3. VMGL use-case integration
From the three di↵erent types, air heat pumps are the most frequently used
due to small installation e↵ort and applicability even in compact urban areas
with an old building stock. The easy installation, however, is aligned with higher
operation costs caused by a lower average COP. This is due to the fact that the
origin of building heat demand is directly linked to the ambient air temperature,
12

Figure 7: Comparison of the measured, fitted and quality graded COP graphs for air heat
pump systems with a heat sink temperature #sink = 50 C

meaning: the higher the heat demand, the lower the performance of the heat
pump. With these characteristics, air heat pumps are the most interesting
devices with regard to smart grid applications due to their high influence on
the power grid. Therefore, this system type is chosen for the integration in the
VMGL use-cases in the first place.
Within the set-up the heat pump is supplied with the necessary temperature
and demand values coming from the building of VTT in Helsinki, comprising
the outside temperature and the minimum and maximum values of inner space
temperature and heat demand. This is done for both the current time step
and the next 24 hours in advance on the base of a temperature and demand
forecast. The subsequent calculation results in the minimum and maximum
values of the current and forecasted power demand, which are sent to the micro
grid scheduling algorithm at KTH. With the power supply value received in
return the actual heat supply is calculated and sent back to the building, where
it is used to raise the temperature to a value within the allowed comfort level
band.
3.5. Distributed Co-Generation
In 2013, a Virtual Micro-Grid Lab component for studying and experimenting with distributed co-generation was introduced. The component represents a
’typical’ micro combined heat and power (micro-CHP) unit and was developed
by CREATE-NET (JP1 partner) leveraging on on-going cooperation with local
Trentino partners (SOFCpower1 and Algorab2 ).
The development of the component followed a data-driven approach, where
data from a real-world deployment (three micro-CHP units developed by SOFCpower
and operated with the support of Algorab) were used, in combination with ma1 http://www.sofcpower.com/
2 http://www.algorab.com/
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chine learning and big data techniques, to develop flexible computational models
that were then integrated in the overall JP1 experimental platform.
The dataset used was provided to CREATE-NET by SOFCpower under an
NDA agreement. The data refers to the installation located in the town of Roncegno (Trento). The deployment includes three micro-CHP devices, each one
with a nominal electrical power of 500W. The plant was formally inaugurated
on Jan. 25th, 20123 . The data made available by SOFCpower refers to the
whole 2012 year.
The data was provided as a mix of Excel and CSV files. More than 50
parameters are monitored and exported by the PLC, with a granularity of 300 . A
number of data entries were missing, which can be traced back to malfunctioning
in the monitoring and logging system operations.
The data was pre-processed to obtain a consistent format and loaded into
a standard SQL database. Visualization and processing was performed using
Python.
We took a ’black box’ approach to the modelling of micro-CHPs. Accordingly, micro-CHPs would be considered as devices that can be controlled to fulfill
a target thermal/electrical load. In this sense the data analysis part focused on
the relationship between the input power (gas) and the thermal/electrical power
generated.
Data about thermal energy was not explicitly provided in the dataset. A
heat meter is included in the plant and data is logged by the PLC. Thermal
energy data is measured with a 1 kWh granularity, which represents a big issue
for devices of this size. Furthermore, the data presented a number of inconsistencies. From time to time the output data of the heat meter was not correctly
logged, to then suddenly get in sycn with the actual value, resulting in long series
of zero-power data followed by big jumps. When di↵erentiated to obtain power
data, this resulted in a very poor representation of the system’s behaviour. To
overcome this problem, a spline interpolation routine was executed on the original thermal energy dataset, in order to smooth peaks and mask inconsistent
data while maintaining a global coherence. The resulting data was then di↵erentiated and subject to the same cleaning process as done for electrical energy
data.
The first task carried out was to develop a mathematical model of the relationship between the power consumed by the micro-CHP device (gas) and the
one generated, further divided into electrical and thermal power. In order to
do so, the data curated were used, using a standard least-square polynomial fit.
Polynomials of various degrees were used. In agreement with the activity leader
we decided to stick to a linear model, which provided a good fit.
We then developed a computational model of the micro-CHP behaviour,
making use of state-of-art machine learning techniques, and in particular of
Support Vector Machines. Various kernels were tested, before sticking to poly3 http://www.trentinosviluppo.com/Contenuti-istituzionali/News/News/2012/
Crisalide-a-Roncegno-nasce-l-isola-cogenerativa
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nomial functions, which provided a good tradeo↵ between robustness and accuracy. The models were trained on the whole dataset.
Di↵erent feature set vectors were tested:
• No memory, no dependence on external factors (e.g., temperature).
• With memory, no dependence on external factors. The idea here is that
the device has an internal state, which is not observable directly. In this
case the model is fed with (i) the current input (ii) the last M outputs,
where M has been varied between 1 and 5.
• With memory, considering also dependence on external factors. In this
case the temperature of the environment where the device is present is
also considered as one of the features to be used for building the model.
For the final development we sticked to a model with memory of four (4)
steps and no dependence on external factors. The resulting software modules
were made available to KTH and the other activity partners in early December
2013 and tested thoroughly. A matlab wrapper was also provided in order to
ease integration with other modules developed by EVSGL partners.
3.6. Energy Management System
In the virtual experiments, we focus on a residential micro-grid in a gridconnected mode. The residential micro-grid under study is a house equipped
with an EMS, which is responsible for scheduling end-user smart appliances, local generation devices and the interaction with the utility grid at the residential
level. The core of the EMS is the scheduling algorithm, which is a mixed integer linear programming (milp) model aiming at minimizing the overall operating
costs of the residential micro-grid.
Supply and demand of electrical and thermal energy are both modeled and
handled. The thermal energy is required to provide the needed thermal comfort to the house occupants, while the electrical energy is needed to run the
smart appliances and the heat pump (when required). At every time step, the
scheduling algorithm computes optimal decisions about:
• when should each generation unit be started and stopped;
• how much should each unit generate to meet the thermal and electrical
demand at minimum cost;
• when and how much energy should be purchased from or sold to the utility
grid;
• when the appliances have to be processed;
• power and delays to assign to each energy phases;
• how much thermal energy to provide in order to guarantee the thermal
comfort to the occupants.
15

At each time step, the computed optimal decision is then adjusted according to
the actual values of the photovoltaic generation and of the heating requirements
from the house; hence, corrective actions and the corresponding costs are taken
in order to cope with potential imbalances. At the next time step, the scheduling
problem is computed based on updated forecasts.
The milp model will be stated and explained in the subsection below [16, 33].
3.7. Nomenclature
The forecasts, the parameters and the decision variables used in the proposed
formulation are described respectively in Tables 4, 5 and 6. Power and time units
are Watts and minutes respectively.
Table 4: Parameters

Parameters
H
N
ni
Eij
P ij , P ij
T ij , T ij
Dij , Dij
TPi
cgas
↵1 ,↵0 , 1 , 0
PEAK
heat
P heat
chp , P chp

Description
scheduling horizon, discretized into uniform time slots (5 minutes)
number of home smart appliances
number of energy phases for appliance i
energy requirements for energy phase j in appliance i
lower and upper limits of power assignment to the energy phases
lower and upper limits of the number of time slots for energy phase j in appliance i
lower and upper between-phase delay bounds in the number of time slots
user time preference interval appliance i
fuel (natural gas) cost for the micro-CHP
parameters of the micro-CHP model
is the ”peak signal” (i.e., total slot energy upper bound)
lower and upper limits of thermal power assignment to the micro-CHP

P el
chp , P chp
P fuel , P fuel
heat
P heat
hp , P hp

lower and upper limits of electrical power assignment to the micro-CHP
lower and upper limits on fuel for the micro-CHP
lower and upper limits of thermal power assignment to the heat pump

P el
hp , P hp

lower and upper limits of electrical power assignment to the heat pump

el

el

Table 5: Forecasts

Forecasts
ctari↵
HEAT, HEAT
pres

Description
electricity tari↵
lower and upper limits of thermal energy demand
(corresponding to the thermal comfort range)
power generation from photovoltaic

In this report a simpler forecasting method is used for forecasting photovoltaic generation data, namely the one of persistence forecasting. This means
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that yesterday’s observations will serve as a forecast for today. As future extension of this work, more accurate forecasts can be easily included in the proposed
framework.
Table 6: Decision and Logical Variables

Variables
chp

pij
xij
tij
sij
pg
pfuel
pheat
chp
pel
chp
pheat
hp
pel
hp
HEAT

Description
o↵(0)/on(1) state of the micro-CHP
power profile for each phase
indicator of whether a phase is on or o↵
indicator of whether a transition is happening
indicator of whether a phase has been o↵
importing(positive)/exporting(negative) power level
from/to the utility grid
fuel power input to the micro-CHP
thermal power assignment to the micro-CHP
electrical power assignment to the micro-CHP
thermal power assignment to the heat pump
electrical power assignment to the heat pump
thermal energy demand

3.8. Mathematical model
In the following we describe the objective function and the constraints are
outlined.
3.8.1. Objective Function
The aim is to minimize the cost of satisfying both the thermal and electrical
loads, hence the objective function is
min

H
X

k=1

(cktari↵ · pkg + cgas · pkf uel )

3.8.2. Constraints
Here we outline the constraints. All the parameters and decision variables
are defined in the Tables 4, 5 and 6.
To make sure that the energy phases fulfill their energy requirements, the
following constraint is imposed:
m
X

pkij = Eij ,

k=1

8 i, j

To model whether an energy phase is being processed during time slot k,
as well as the lower and upper limits of power assignment to the phase, the
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following constraint is imposed:
k

P kij xkij  pkij  P ij xkij ,

8 i, j, k

To model the limits on energy phase process time, the following constraint
is enforced:
m
X
T ij 
xkij  T ij , 8 i, j
k=1

An energy phase being uninterruptible means that it cannot be resumed.
This can be modeled by the constraint that, for all i and j, xkij = 0 if there
exists an earlier time slot k̃ < k such that xk̃ij = 1 and xk̃+1
= 0. An alternative
ij
constraint can be imposed with the aid of the auxiliary decision variables skij ;
the interested reader is referred to [16].
Sequential processing of the energy phases of an appliance means that an
energy phase cannot be processed unless its preceding phases have finished. This
condition can be conveniently described using the auxiliary decision variables
skij and imposing additional constraints; the interested reader is referred to [16].
To count the number of time slots spent between the energy phases in an
appliance, the auxiliary 0-1 decision variables tkij can be utilized. The corresponding constraint is
tkij = ski(j

xkij + skij ,

1)

8 i, k, 8 j = 2, 3, . . . , ni

With tkij defined, the constraint enforcing the lower and upper limits of the
number of transition time slots (i.e., delay between energy phases) can be written
as
m
X
Dij 
tkij  Dij , 8 i, 8 j = 2, 3, . . . , ni
k=1

The household user can set up the time preference constraints, specifying
the time interval a particular appliance must be finished within. Alternatively,
this means that the appliances cannot be run outside of the time preference
interval. The constraints are written as
xkij  TPki ,

8 i, j, k

Notice that TPki = 0 if and only if none of the energy phases of appliance i can
be processed during time slot k.
The following constraint models the interaction with the utility grid
PEAKk <= pkg <= PEAKk .
The peak signal is provided by the external power grid operator, which can be
a demand response signal.
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The following set of constraints model the behavior of the heat pump
k

heat,k
f kCOP · pheat,k
<= pel,k
;
hp
hp <= f COP · php
heat

0 <= pheat,k
<= P hp ,
hp

where f COP and f COP are factors depending on the forecasted Coefficient of
Performance (COP) of the heat pump.
The following set of constraints model the behavior of the micro-CHP
k
pel,k
chp = ↵1 · pfuel + ↵0 ·

pheat,k
=
chp

1

· pkfuel +
el

0 <= pel,k
chp <= P chp ·

k
chp ;

0

·

k
chp ;

heat

0 <= pheat,k
<= P chp ·
chp
P fuel ·

chp

k
chp ;

k
chp ;

<= pkf uel <= P fuel ·

chp .

The following constraint models the thermal energy requirements
k

HEATk <= HEATk <= HEAT .
Finally, the electrical and thermal power balance need to be satisfied
ni
N X
X

el,k
pkij + ASSIGNED LOADk + pel,k
chp + php

pres = pkg

i=1 j=1

pheat,k
+ pheat,k
= HEATk ,
chp
hp

where ASSIGNED LOADk represents the total power assigned to running appliances at time step k.
The resulting milp problem can be solved using standard solvers, such as
CPLEX and Gurobi. In this work, we have used cplex.
4. Virtual Experiments
The residential micro-grid under study is a house equipped with photovoltaic
panels, one heat pump and one micro-CHP, as shown in Figure 8.
The prediction horizon is one day. Three appliances are to be scheduled
during the first day: a washing machine, a dryer and a dishwasher. The heating
requirements are computed based on weather conditions and occupancy in the
house. All data (weather, electricity prices, photovoltaic generation) refers to
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Figure 8: Residential micro-grid for the use case 1.

March 2013, in particular from March 12 to March 13. The electricity prices used
in this study are taken from the Nordic market Nordpool from http://www.
nordpoolspot.com/Market-data1/Elspot/Area-Prices/SE/Hourly/ using the
Stockholm area (SE3). Photovoltaic data are scaled actual generation data from
an installation in the KTH campus. The price of natural gas for the micro-CHP
is the price from Eurostat (2013, online data code: nrg-pc-202).
Three virtual experimental use cases have been tested:
• use case 1: the residential micro-grid is operated with all the local generation devices listed above;
• use case 2: the residential micro-grid is operated without the micro-CHP;
• use case 3: the residential micro-grid is operated without the micro-CHP
and without photovoltaic panels.
Each experiment was run for two days, from March 12 to March 13. Remarkably, the scheduling problem described in Section needs to be slightly modified
for use cases 2 and 3.
Figures 9 and 10 depict the electricity prices and the photovoltaic generation
respectively in the two simulated days.
The following figures shows the results from the use case 1, corresponding to
a house with local generation capabilities. Figure 11 shows the electrical power
required for the micro-CHP. Figures 12 and 13 illustrate the electrical power
required to run the heat pump for use cases 1 and 2. We can notice that, for
use case 1, the micro-CHP is used to satisfy the heating demand from the house
together with the heat pump, so that a smaller amount of electrical power is
required to run the heat pump for use case 1 compared to the use case 2.
Figures 14, 15 and 16 show the interaction between the residential micro-grid
and the utility grid for the three use cases. We can notice that power is sold
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Figure 9: Electricity prices for March 12-13.

Figure 10: Photovoltaic generation for March 12-13.

to the grid when prices are higher and when there is power generation from the
renewables. The use of the micro-CHP, together with renewable, allows to buy
a smaller amount of power from the grid and to increase the amount of power
sold to the grid. As shown in Figure 16, the electrical power needed to run the
appliances and the heat pump has to be bought form the grid and there is no
possibility to sell.
Figures 17 and 18 depict the schedule of the appliances during the first day
for use cases 1 and 2. The appliances’ schedule in the use case 3 is the same
as in use case 2. It can be seen that the appliances are processed when the
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Figure 11: Micro-CHP electrical power for the use case 1.

Figure 12: Heat pump electrical power for the use case 1.

electricity prices are low. In use case 1, the possibility to run the micro-CHP to
satisfy the heating demand from the house introduces an additional flexibility;
this implies that it is not convenient anymore, as in the use case 2, to run the
washing machine and the dishwasher together, but the use of the dishwasher,
and then of the dryer, can be shifted. This way, a smaller amount of power
needs to be bought from the grid in the beginning of the first day and a more
efficient use of the renewables can be made to save electricity costs.
The total electricity costs over the two simulated days for use case 1 is
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Figure 13: Heat pump electrical power for the use case 2.

Figure 14: Interaction with the utility grid for the use case 1.

14.47A
C, for use case 2 is 15.74A
C and for use case 3 is 16.67A
C. Hence, the use of
a micro-CHP and renewables can yield about 13.2% of cost saving, while only
renewables allow a 5.6% of cost saving.
5. Proof of concept of Demand Response
In this section, we outline the experimental setup for evaluating LTE as a
communication technology to be used for demand response purposes. A prototype demand response service was developed and the testing scenarios are
23

Figure 15: Interaction with the utility grid for the use case 2.

Figure 16: Interaction with the utility grid for the use case 3.

related to this prototype, however, a theoretical consideration is taken to a
solution architecture that could be used when going commercial.
The Demand & Response prototype components comprises of:
• Smart Grid Application: the application for the end user that this uses for
managing when the user wants certain appliances to start or to be ready.
Two interfaces was developed, one web application and one for mobile.
• Demand Response Service: the service the application asks for getting an
optimal schedule for running certain loads in the grid.
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Figure 17: Schedule of appliances for the use case 1.

Figure 18: Schedule of appliances for the use case 2.

• Security as a Service: the security solution that can be used for both portal security and device security. The prototype solution only uses portal
security.
• Home Gateway: home gateway software that can be installed in multiple
hardwares. Local appliances are connected to the gateway which connects
to a wide area network using LTE.
• Appliances: the prototype service uses a connected socket to illustrate the
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use case. A lamp or any other kind of load can be connected to the socket.
Figure 19 shows an example screenshot of the web application developed.
This view visualizes the grid characteristics both with a monetary and CO2
view. With this view the user can get an understanding of when the Demand
and Response algorithm scheduled the appliances connected to start. The user
can also see saved money as well as saved CO2 emissions due to the smart load
scheduling.

Figure 19: Web application. Appliance scheduling view.

Figure 20 visualizes the mobile application developed. The user has similar
functionality compared to the web application. However, the user experience
is tailored for on-the-go use and therefore the available information is smaller.
Also, the user can remotely control all connected devices in the home.
Next we outline the tested Demand Response use cases.
5.1. Demand Response Test Cases
The goal of the tests was to evaluate LTE as a connectivity solution:
• Demand and Response service $ Smart Grid Application: the first case
measures the latency between the Smart Grid Application (SGA) and the
Demand and Response service (DR) using LTE as connectivity between
the modules. The SGA is situated in the Ericsson Business Lab and
the DR at the Royal Institute of Technology Initial conditions: SGA is
deployed and running in the Ericsson Lab and the DR is running in KTH
network. The SECaaS is in online mode.
• Smart Grid Application $ Gateway: the configuration generated by the
SGA and DR is sent to the Gateway (GW) located at the customer
premises. The GW used in the test is an ASUS RT-N16 [3] running the
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Figure 20: Mobile application.

DD-WRT firmware [4]. The customers connected devices such as appliances is connected to this GW. This test case only measures the latency
between the SGA and GW, not the latency between GW and connected
devices. The GW is LTE enabled. Initial condition: SGA located and
running in Ericsson Lab. GW is running and LTE enabled
Figure 21 shows the results of the tested use cases. When using the mentioned
sources for requirements, the maximum latency is derived to be between 1125
ms and 2000 ms. The added latency of the full system was derived to be
around 900 ms including the security implementation. LTE as communication
technology is responsible for about 60 ms (30 ms between SGA-DR and 30 ms
between SGA and GW). It should be understood that no optimisations has been
made in the DR, SGA or GW to lower latency related to computational and
processing elements. Therefore, it is likely that the system latency will drop
when industrializing the system.
The conclusion becomes that LTE as communication technology is well fitted
to serve a demand and response scenario. The measurements show that the
highest latency acquired for LTE only was around 30 ms which is well below
the requirement of 100 ms for communication. It has also been showed that
the full system latency of a non-optimized service is around 900 ms and below
both cited sources for requirements. It is then highly likely that a demand and
response scenario can be realized with LTE and well below latency requirements.
Details on the experimental setup, on the solution architecture and on the
test cases results can be found in [30].
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Figure 21: Test cases results.

6. User Interface for Demand Response
Imagine that you live with your family in a house that is connected to a
smart grid. A smart grid is an electricity network, which among others can
remotely control electrical consumption of consumers. Appliances in the household that are energy consuming can be turned on when the electricity is cheap.
Your washing machine, dishwasher and dryer can communicate with the electric
company. The communication can take place directly through the mains. You
can get information about the current electricity price and the current carbon
footprint from the grid. The house has a new system that can figure out and
run home appliances when the price or CO2 footprint is the lowest. It is also
possible to produce combinations in between.
The consortium between EU regulators for energy markets ERGEG (European Regulators Group for Electricity and Gas) has defined smart grid as: smart
grid is an electricity network that can cost efficiently integrate the behaviour
and actions of all users connected to it generators, consumers and those that
do both in order to ensure an economically efficient, sustainable power system
with low losses and high levels of quality and security of supply and safety” [31].
Figure 22 shows an example of how an interface might look like. It is a
mock-up and the user interface is not connected to real data. The energy cost
is in SEK and the CO2 emission is in grams. To make it easier for the user to
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select, a number of options were presented, see Figure 1. A user needs to decide
whether the most important is the price of electricity or if it’s the CO2 footprint
that is most important or a combination of both. The Timeline shows time of
day. Imagine that the clock is 11:45 a.m. on a Saturday morning. A number of
options are shown, when your home appliances can start and when they will have
completed their programs. The washing machine and the dishwasher may even
interrupt their programs to resume the program after a while. The di↵erent
options have di↵erent prices for electricity costs and various CO2 footprints.
We showed the energy scheme for five users, and discussed how they interpreted
the user interface and whether it was interesting and useful with this kind of
application.

Figure 22: User interface: energy scheduling.

Further details on the user interface for energy scheduling can be found in
[31].
7. conclusions
This report summarizes the state of the Virtual Micro-Grid Laboratory for
2013 and provides an evaluation of virtual experiments on demand response
and distribution generation use cases. Further an experimental testbed has
been built for evaluating suitable communication infrastructures for micro-grid
application; experimental results have been outlined. A scheduling algorithm
to optimally manage and coordinate energy supply and demand in a residential
micro-grid has been developed.
Preliminary results show that renewables and distributed generation can potentially lead to cost savings. Extensive virtual experiments need to be run to
draw stronger conclusions; this is the first next step of the VMGL. Further extensions will include storage systems and a multiple buildings. The proposed
formulation can handle an arbitrary number of houses, equipped with several
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appliances and local generators; however the corresponding computational burden need to be carefully evaluated.
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