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Abstract
This report describes the scenarios, the assumptions, and the results of evaluating traffic volumes
under various demand response (DR) setups for SGEM FP3. The DR scenarios reflect cases
where certain percentages of end uses take part in automated DR-based load balancing while the
rest of the users resort to more traditional automatic meter reading (AMR) based energy
monitoring. In the DR cases various setups of energy consumption monitoring and load-balancing
feedback are simulated. The intention is to identify the limits of reporting and feedback intervals of
two communications technology setups for DR operations.
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1 Preface
This report was done as a part of the Finnish national research project "Smart Grid and Energy
Market" SGEM.
It was funded by Tekes – the Finnish Funding Agency for Technology and Innovation and the
project partners.

2

Scope

The scope of this deliverable is to exploit the simulation environment and the assumptions
described initially in the previous report [1], and to focus on hybrid 802.15.4/LTE network
simulation scenarios with different amount of demand response traffic that can be applied in load
balancing. AMR meters are equipped with an IEEE 802.15.4 interface and they are connected
through hybrid cluster heads with the LTE network. Smart grid and background traffic applied in the
previous report was also included. The results from the simulations performed in Opnet Modeler
with Wireless Suite and LTE simulation toolboxes during SGEM Funding Period 3 are presented.
The focus on the simulations is on technology enabling communications rather than the contents of
the data being transferred.
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3 Introduction
This deliverable describes the simulation setups in 802.15.4/LTE hybrid network. The document
starts with defining a demand response (DR) usage in a smart grid concept. Next, a suburban
environment is generalised into 802.15.4 clusters that are connected through hybrid cluster heads
(CLH) with the LTE base station. The LTE simulation parameters and background (BG) traffic are
exactly the same as in the previous report [1] but are shortly described also in this report.
Propagation model for 802.15.4 clusters and for LTE part of the network are evaluated and
described. The main purpose of the simulation scenarios is to observe the impact of the automated
demand response (ADR) traffic to the performance of the network. Normal and emergency smart
grid (SG) traffic, as well as BG LTE traffic is also included in all the simulation scenarios.
The simulation scenarios addressed for ADR include two cases: low-frequency control (tarif
updates) and high-frequency operations (load balancing). In both of the cases three different
setups are considered based on the percentage of users that participate in the ADR. All remote
terminal units (RTUs) participate in automatic meter reading (AMR).
The rest of the deliverable is organized as follows. Section 4 provides and introduction to DR and
describes the scenario under consideration. Section 5 explains the relevant simulation parameters
as well as the considered ADR scenarios. Simulation results are presented in Section 6. The
conclusions are finally drawn in Section 7.

4 Demand Response Scenarios and Related Work
This section introduces the demand response applied in smart grids. Also the environment for the
simulation scenarios is described.

4.1

Introduction to Demand Response

DR is one common feature of enabling smart grids. DR signifies the reductions of the customer
consumed electric energy when there is an increased electricity price or heavy burdens on the
system. Applying DR can significantly reduce peak loads. Demand response can be utilised at both
the wholesale and retail levels. Wholesale demand response programs are normally functioned by
regional transmission organisations (RTOs) and independent service operators (ISOs). Retail
programs are run by utilities and can take four forms.
1. Direct load control (DLC) operates with customer agreement to reduce their consumption of
electricity automatically at times of peak load, via the powering down of appliances. [2]
2. ADR is a more advanced version by allowing on-premise equipment to respond to dynamic
grid conditions by shifting load consumption in near real-time. The DR device can be an
energy management system or a smart appliance, the latter sends pricing information
directly to the appliance, which responds accordingly without an explicit control command.
[2] The individual devices that may be required to provide information to ADR system could
be any subset of D, where
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D = {Heat pump, air conditioner, washer, dryer, refrigerator, PHEV/EV, other controllable
loads}.
Information transmitted could be any subset depending upon complexity of ADR system in
operation, of I where
I ={Current time, Current operating status, Operational constraints, Starting time
constraints, End time of constraint , Available maximum capacity, Offered Capacity, starting
time of offered capacity, end time of offered capacity, voltage at node, total active power
consumed at node, total reactive power consumed at node, …}.
3. In one form, DR would have the electricity usage at the premises offloaded to distributed
generation sources at the location of the customer.
4. In the fourth form, demand response could be consisted of the delivery of dynamic pricing
to the customer. With this kind of pricing, the customer would have the option to decrease
the electricity use manually. [2]

4.1.1 Latency and Reliability of ADR
The communications requirements of DR applications may vary depending on the sophistication of
the system desired; at its most basic, e.g. direct load control, DR simply sends a shut-off command
to an appliance, such as an air conditioner or hot water heater, and bandwidth requirements for
this type of application are quite low and are easily handled by today’s infrastructure. Some experts
have estimated future bandwidth requirements to range from 14 kbps to 100 kbps per node/device,
similar to advanced metering infrastructure (AMI), or perhaps even higher. Other experts have
estimated bandwidth requirements to be lower than AMI, on the order of 120 bytes per message.
If next-generation DR systems work in tandem with AMI, however, the total bandwidth
requirements of DR would likely be at least as high as AMI. [2]
In Sections 5.3.3 and 6.3, we are investigating and simulating the effectiveness of direct load
control in terms of shut-off commands and switch-on notifications. From the results in Section 6,
we can observe that at least for the direct load control the values predicted in [2] are somewhat
overrated.
At least as important as bandwidth for DR purposes is consistent latency. Estimates of the latency
requirements of DR fall into a wide range, from as little as 500ms, to 2 seconds, up to several
minutes. The difference in perspective of various experts on this issue is likely due to the various
potential applications of DR. Certain iterations of DR may be considered “mission critical,” in that
failure to reduce energy use will lead to a system overload situation. If DR is truly intended to avert
imminent emergencies such as an overload, relatively lower latencies may be necessary. [2]
The Table 1 presents the communication needs for AMI and DR, according to [2]. From the
Results of Section 6, it can be perceived that a significant portion of the AMI and DR scenario
latencies and delivery ratios can be satisfied. What have not been taken into account in the
simulations are the requirements for high security, which is likely to increase the transmitted packet
sizes and to increase the frequency of control message exchanges due to security key renewals.
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Table 1: Smart Grid Functionalities and Communications Needs [2]

Note: The information presented in this table summarises the input of commenters, and does not
reflect a technical assessment by the U.S. Department of Energy.

4.1.2 Real-Time Pricing
Real-time electricity prices vary throughout the day as a function of environmental conditions (e.g.,
outdoor air temperature) and/or electricity supply and demand conditions. There are two main
methods of acquiring real-time pricing (RTP) schedules:
1. Manual Entry Interface: The utility or ISO through a GUI manually enters hourly real-time
prices and publishes it as day-ahead (DA) or day-of (DO) price.
2. Real-Time Internet Feed: Real-time prices are extracted from real-time Internet feeds.
Specifically, the Web service for both DA and DO wholesale electricity is used to create an
OpenADR-compliant RTP data model (also in Web services). Web services use extended
markup language (XML) for data communications.
The benefit of manual entry is that the utility operator has some flexibility to issue customerdirected dynamic pricing rates. Using real-time Internet feeds allows for automation with utility- or
ISO-published prices and integration with its systems. [3]
Both manual and real-time feeds are compatible with the ADR simulation sets carried out in this
deliverable. However, the use of real-time feeds requires standardised semantics (web services,
schemas, etc.) and will introduce an unpredictable amount of overhead for communications. For
internet engineering task force, constrained application protocol types of semantics the overhead
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would be measured in terms of few bytes, On the other hand, using uncompressed XML-schemas
would result into hundreds to thousands of bytes of overhead per packet and the bandwidth
requirement presented in Table 1 for DR would be expected. Defining the appropriate semantics
for SG communication within SGEM FP3 is carried out in WP6 Task 1.
There are several different ways to structure an RTP tariff for DO and DA prices using manual and
real-time Internet feeds, including the following:
1. Day-ahead RTP (DA-RTP): Prices are set day-ahead and take effect for the next day.
a. Hourly DA-RTP (24 prices/ day): Hourly prices for the entire next day are published dayahead.
b. 15-Minute DA-RTP (96 prices/ day): Fifteen-minute prices for the entire next day are
published day-ahead. Fifteen-minute prices give more resolution than hourly prices and,
possibly, enable better management of energy costs within facilities that can handle such
granular price representations.
2. Day-of RTP (DO-RTP): Prices are set hourly (or every x-minutes) directly before they take
effect on the same day.
a. Hourly DO-RTP (one price/hour): Directly before every hour one price is set for the next
hour.
b. Hourly, 15-minute interval DO-RTP (four prices/hour): Directly before every hour, four 15minute interval prices are set for the next hour.
c. Every x-minute DO-RTP (one price/x-minute): Directly before every x-minute period one
price is set for the next x-minute period. This is a generalization of 2a above. Common
intervals include x=5 minutes and x=15 minutes. [3]
The simulations conducted in Section 6, the AMR traffic in particular is compatible with 1b or 2b
cases above. The ADR case 1 of Section 5.3.1 fits in the case 2c above.

4.2

Environment for the Simulation Scenarios

The DR traffic simulation topology consists of a suburban area that is presented in Figure 4-1. The
suburban area is divided into 30 clusters, each containing 25 and, in total 750, houses/apartments
with AMR units. Each house/apartment has one 802.15.4 RTU that is wirelessly connected with an
802.15.4 interface of a hybrid CLH that is connected with an eNodeB (base station) through its LTE
interface. Sixteen IEEE 802.15.4-2011 channels (CH) on the 2.4 GHz frequency band are applied.
The 802.15.4 channel for each cluster is selected to maximise the distances between the clusters
using the same channel. Each cluster also contains 31 user equipment (UE) producing typical
traffic during a busy hour in the LTE network as BG traffic. Total number of the UE (930) is
selected by assuming that average family (in Finland) size is 3.7 persons and there are three
operators with equal shares of users.
The RTUs and UEs are randomly (uniform distribution) positioned inside every cluster at the start
of each simulation run. A Hybrid CLH is placed on the center of its cluster. The purpose of the
random placement is to let the AMR units to be placed in various locations, not dictated by
municipal planning as is usual in real environments. The clusters represent locations of municipal
planning, separated by roads, parks, etc., where groups of houses/apartments are usually
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constructed (especially in temporally phased construction zones). More information about
evaluating the simulation topology is presented in the previous report [1].
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Figure 4-1: Evaluated, generalised, suburban scenario topology with 750 RTUs and 930 UE.
In each cluster the RTUs and UE are randomly positioned.

5 Simulation Setup
This section defines the parameters essential for configuring our simulations and the simulation
scenarios. Firstly, we introduce key parameters that concern the network. Secondly, we address
the traffic parameters of the simulations. Lastly, the simulation scenarios are presented.

5.1

Key Parameters

Key parameters for the simulation scenarios are presented in Table 2. LTE parameters are
selected based on SGEM deliverable D6.1.1 [4]. Quality of Service (QoS) class identifier number 9
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signifies that there is no guaranteed bit-rate (non-GBR) value for the transmitted data [5]. Link
adaptation and channel dependent scheduling mode signifies that also RTUs will take
measurements on various sub-bands and calculate separate modulation and coding scheme
(MCS) indexes for each sub-band. The eNodeB will try to match the UEs/CLHs to their preferred
sub-bands, perform link adaptation, and create wideband MCS index. If the eNodeB can put the
UEs/CLHs in one of its preferred sub-bands, and if the MCS index of that sub-band is higher than
the wideband MCS index, the eNodeB will use the sub-band MCS index and optimise frame
resources. The IEEE 802.15.4-2011 parameters are selected based on the standard [6].
Transmission power is selected to obtain the transmission range as a maximum distance between
two nodes inside a cluster.
The used path-loss model type in LTE network, suburban macrocell, is based on COST 231 Hata
path-loss model [7]. Terrain type C corresponds to mostly flat terrain with light tree densities. The
applied path-loss model in 802.15.4 level is Erceg that is suitable for communication inside a
cluster [8]. Path loss from obstacles signifies that there are from 0 to 2, randomly selected, walls
between each RTU and the hybrid CLH or walls between each UE and the eNodeB. The wall pass
through path loss represents a case where the placement of the AMR unit or UE varies from yard
installation to inside of structures. Each wall attenuates the signal by 6 dB [9]. Hybrid CLHs are
assumed to be placed on a rooftop height (e.g. TV antenna pole). Thus, hybrid CLHs do not
experience path loss caused by walls on a propagation path to eNodeB. The positioning of CLH
antennas produces a significantly more stable communication path between the eNodeB and the
CLH with low fading characteristics.
Table 2: Key parameters for the simulation scenario
LTE parameter
Band width
Base frequency
Transmission power
Tx antenna gain
Receiver sensitivity
Antenna height
Scheduling mode

UE/CLH
eNB
10 MHz (UL)
10 MHz (DL)
1800 MHz
1990 MHz
0.2 W
39.8 W
-2 dBi
16.5 dBi
-106.5 dBm
-120.7 dBm
1.5 m (UE)
30 m
Link adaption and channel dependent scheduling
Suburban macrocell with terrain type C,

Pathloss

pathloss from obstacles -6dB * (0,1,2) (UE)

802.15.4 parameter

RTU/CLH

Band width
Number of channels
Base frequency
Transmission power
Receiver sensitivity
Data rate
Bit error correction
Modulation
Maximum backoff number
Minimum backoff exponent
Number of retransmissions

2 MHz
16
2404, 2409,..., 2479 MHz
42.76 mW
-95 dBm
250 kbps
1%
QPSK
4
3
3

Antenna height

1.5 m (RTU), 10 m (CLH)
Erceg with terrain type C,

Pathloss

pathloss from obstacles -6dB * (0,1,2) (RTU)
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5.2

Traffic Parameters

Quality of service (QoS) classes for the different LTE traffic components are defined in the top part
of Table 3. QoS class identifier number ‘9’ signifies that there is no guaranteed bit-rate (non-GBR)
value for the transmitted data, unlike in QoS classes ‘1’ and ‘2’ that have guaranteed bit-rate
(GBR) values and lower allocation retention priority values admitting a higher priority [5].
Retransmissions are utilised solely with SG traffic, i.e. ADR, AMR, and emergency traffic have
maximum number of retransmissions set to 4 on the LTE level and 3 retransmissions are applied
on the 802.15.4 level. Rest of the Table 3 presents the SG and BG traffic details. Generated BG
traffic is exactly the same as in the previous report [1] where it is described more accurately.
Table 3: Traffic parameters of distinct traffic components
LTE traffic component

QoS class identifier, ARP

GBR

MNR

9 (non-GBR), 9

-

4 (ACK)

1 (GBR), 2

96 Kb/s

AMR UL/DL and Emergency
Voice
Video conference

0 (no ACK)

2 (GBR), 4

1.5 Mb/s

9 (non-GBR), 9

-

Start time

Generation interval

Payload data

ADR UL case 1

random [300-304] s

4s

100 B

ADR UL case 2

random [300-301] s

1s

100 B

ADR control DL case 1

random [300-600] s for each ADR RTU dest.

5 min

100 B

ADR control DL case 2
AMR UL
AMR DL
Emergency UL

random [300-330] s for each ADR RTU dest.
random [5-20] min
5 min
5 min + random [0-1] s

30 s
15 min
4.3 s
10 min

100 B
250 B
250 B
100 B

Start time

Session length/size

Direction

2.5 min

UL/DL

Streaming, HTTP, FTP
SG traffic,
RTU (UL)/SG server (DL)

BG traffic per UE in an hour
Voice
Video conference

0.05 min

Streaming

5 min

HTTP

DL

2 pages
2900 kB

FTP
Total BG traffic

5.3

1 min

5 MB

12/88 %

Simulation Scenarios

We have a number of simulations scenarios that cover ADR data transmissions with variable
amount of participating RTUs and distinct ADR traffic generation intervals. Also BG traffic, AMR
communications and emergency traffic with randomly delayed last gasp messages are included
into ADR scenarios. For the comparison purposes, simulations with bare BG traffic are also
performed. The purpose of the scenarios is to identify the suitability of 802.15.4/LTE hybrid
network for smart grid communications, especially for ADR traffic that can have remarkable higher
load than other SG traffic types.
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5.3.1 ADR Case 1
The ADR case 1 scenario presents an ADR application where the ADR AMI units only report of the
accumulated energy usage. The ADR server then in turn provides spot pricing to the AMI units at
every five-minute interval. The spot pricing update is transmitted throughout the five-minute period
to the AMI units in order to balance out the network load. In the scenario, traffic is generated as
presented in the Table 3. In ADR uplink (UL) case 1, three scenarios are considered, where traffic
is generated by 20%, 60%, and 100% of the RTUs. Respectively, in ADR control downlink (DL)
case 1, traffic is transmitted by the SG server to RTUs that generate ADR traffic during the specific
simulation run. In all scenarios the RTUs generate the SG UL traffic, the SG server generates the
SG DL traffic, and the BG traffic is produced by the UEs (UL) and the BG server (DL). 20
simulation runs applying different setups that affect the traffic distributions and node placements
are averaged per each simulation with specific number of participating ADR nodes. The length of
each of the simulation runs was selected as 20 min.

5.3.2 ADR Case 2
In this second case, the reporting period is increased in both directions. The scenario reflects a
case where load balancing is conducted by the ADR RTUs reporting the instantaneous energy
usage and the ADR server providing adjustments every four-second intervals. The frequency of
updates enables taking into account local energy production when the ADR server carries out the
adjustments. The traffic is generated as in the previous scenario 5.3.1 and in the Table 3, except
ADR case 2 is applied instead the ADR case 1 as reporting intervals. Thus, a larger amount of the
ADR SG traffic is generated than in the previous scenario.

5.3.3 Power Consumption
The total power consumption of the 750 households is estimated and time spent for having the
desired power consumption reduction or adding is examined. The power consumption reduction is
necessary for load balancing where overloading of an energy source is prevented. Successful load
balancing reduces the need of the additional power sources in some cases. For example, use of
non-renewable energy sources can be decreased by encouraging people to use less energy (by
e.g. pricing), when there is only little renewable energy available. Alternatively when there are good
wind or solar power conditions, people can consume energy more freely.
A practical demonstration of two previous scenarios is performed with the exactly same
parameters. A half hour simulation is performed with each ADR case (1,2) and each ADR traffic
volume (20%, 60% and 100%). Total energy consumption of a household managed by specific
RTU was assumed initially being 100%. Between a simulation time 10 and 20 min, SG server
informs in its ADR control messages a shut-off command of an appliance. Shut-off, and later
switch-on, command could be transmitted to the specific RTU only if SG server has been able to
receive an ADR UL message from it during the last 5 seconds (case 1) and during the last 2
seconds (case 2). When RTU receives a shut-off command, it updates the power consumption to
90%. Between a simulation time 20 and 30 min, the server informs in its ADR control messages
(switch-on command of an appliance) that there is no need to reduce the energy consumption
anymore and energy consumption of the area will be normalised to 100%.
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The simulation scenario was shown to correspond to direct load control that is presented in section
4.1. But transmitted messages can also be assumed to contain any other DR information, e.g.,
real-time pricing information presented in Section 4.1.2. The pricing information can be transmitted
directly to an appliance and power reduction can be obtained immediately as in DLC. On the other
hand, price information can also be delivered to customers who can decide his actions, whether to
reduce the power usage or not. To estimate the power consumption of the area in this case is
complicated but the instant time when customers have access to the pricing information can be
measured.

6 Results
This Section presents the results of the simulation scenarios defined in Section 5.3. Key
parameters for the simulation scenarios are presented in Table 2 and traffic parameters are shown
in Table 3.
The Table 4 presents the peak loads and packet delivery ratios in percentages in all the simulation
scenarios. It can be concluded that in all the scenarios, SG traffic packet delivery ratio requirement
(>99%) is exceeded. Also, no significant effect to BG traffic packet delivery ratio was perceived
when SG traffic was added in the network.
Table 4: Peak loads and (packet delivery ratios in percentages)
Traffic	
  component	
  	
  (peak	
  load)

BG	
  traffic	
  

ADR,	
  AMR	
  and	
  Emergency	
  UL	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
case	
  1	
  (	
  80.08	
  kB/s,	
  	
  88,57	
  kB/s,	
  96.34kB/s)	
  	
  	
  	
  	
  	
  	
  	
  	
  
case	
  2	
  (90.66	
  kB/s,	
  	
  120.74	
  kB/s,	
  150.74	
  kB/s)
ADR	
  control	
  and	
  AMR	
  DL	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
case	
  1	
  (	
  0.75	
  kB/s,	
  	
  1.05	
  kB/s,	
  1.25	
  kB/s)	
  	
  	
  	
  	
  	
  	
  	
  	
  
case	
  2	
  (	
  1.45	
  kB/s,	
  	
  3.05	
  kB/s,	
  4.35	
  kB/s)
Voice	
  	
  (51.84	
  kB/s)
Video	
  conference	
  	
  (	
  1,66	
  MB/s)
Streaming	
  	
  (0.53MB/s)
HTTP	
  	
  (0.22	
  MB/s)
FTP	
  	
  (	
  10.68	
  MB/s)

6.1

SG	
  and	
  BG	
  traffic,	
   SG	
  and	
  BG	
  traffic,	
   SG	
  and	
  BG	
  traffic,	
  	
  
ADR	
  20	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   ADR	
  60	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
ADR	
  100	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(case	
  1),	
  (case	
  2) (case	
  1),	
  (case	
  2) (case	
  1),	
  (case	
  2)

-‐

(99.5),	
  (99.9)

(99.8),	
  (99.8)

(99.7),	
  (99.4)

-‐

(100),	
  (99.9)

(100),	
  (99.8)

(99.9),	
  (99.4)

99.8
90.6
100
99.2
94.8

(99.9),	
  (99.8)
(91.3),	
  (91.3)
(100),	
  (100)
(99.3),	
  (99.3)
(94.3),	
  (93.1)

(99.8),	
  (99.8)
(90.9),	
  (91.3)
(100),	
  (100)
(99.3),	
  (99.3)
(93.7),	
  (93.9)

(99.9),	
  (99.9)
(91.1),	
  (90.9)
(100),	
  (100)
(99.2),	
  (98.9)
(93.4),	
  (92.3)

ADR Case 1

Simulation results of the Section 5.3.1, ADR case 1, scenarios are presented here. Peak loads and
packet delivery ratios can be seen in the Table 4. Figure 6.1 presents the average loads of SG and
BG traffic components as a function of ADR traffic volume. The x-axis illustrates the amount of the
RTUs (%) participating in ADR communication. The amount of the BG traffic is approximately the
same with each ADR traffic volume. FTP traffic is approximately 757 kB/s, streaming is 290 kB/s,

CLEEN OY

Eteläranta 10, P.O. BOX 10, FI-00131 HELSINKI, FINLAND www.cleen.fi

- 14 -

D6.2.32: Evaluation of traffic volumes and performance of different communication topologies
under bi-directional Smart Grid traffic with local energy production.
video conference is 216 kB/s, voice is 27.1 KB/s, and HTTP is 18.4 kB/s. SG traffics with different
ADR traffic volumes are respectively, SG UL: 4.04, 11.5, and 19 kB/s; and SG DL: 0.11, 0.21 and
0.31 kB/s. Total traffic is approximately 1.3 MB/s.

10000

Total traffic
FTP

Average load [kB/s]

1000

Streaming
Video Conference

100

Voice
HTTP

10

1

0,1

BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 1
Figure 6-1: Average loads of SG and BG traffic components.
Figure 6-2 presents the average network delays of BG traffic components with the highest delays
(FTP and HTTP) as a function of the ADR traffic volume. As can be seen from the figure, ADR
traffic has very little impact, on average, to the delay of FTP and HTTP traffic.

CLEEN OY

Eteläranta 10, P.O. BOX 10, FI-00131 HELSINKI, FINLAND www.cleen.fi

- 15 -

D6.2.32: Evaluation of traffic volumes and performance of different communication topologies
under bi-directional Smart Grid traffic with local energy production.
100

Average network delay [s]

FTP

10

1

HTTP

0,1

BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 1
Figure 6-2: Average network delays of BG traffic components with the highest delays.
Figure 6-3 presents the average network delays for UL and DL smart grid traffic and for BG traffic
components with lower delay values (video conference, voice, and streaming) as a function of ADR
traffic volume. Inclusion of SG traffic and then increasing ADR SG traffic volume does not have a
significant effect on the delay of the BG traffic components. A small difference in BG traffic delays
with different amount of SG traffic is mainly affected by limited number of averaging simulation runs
(20). More than 20 simulation runs could not be timely performed because the simulation topology
consists of a high number of nodes (about 1000) that resulted into extremely long simulation
durations.
The delay of the SG UL traffic seems to be nearly constant despite the increased ADR traffic
volume. It is an expected result because SG peak load for the whole network is at maximum 97.6
kB/s. Due to applying all 16 possible IEEE 802.15.4 (2.4 GHz band) channels, each cluster is able
to communicate without interference from the adjacent clusters. Thus, peak SG load inside an
each cluster (3.25 kB/s) is relatively low when compared to 250 kb/s transmission rate of the
channel. A small decrease in SG DL delay when ADR traffic was increased can be explained due
to the delay statistic collection method where a delay sample is an average between the packets
received during a one second. With ADR 20 % traffic volume there was less than one SG DL
packet reception during a one second. Thus, samples were better averaged when there was more
SG DL traffic. On the other hand, there was only 6.67 B/s increase in average SG DL load per
cluster, which cannot result into a notable increase in the network delay.
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Average network delay [s]

1

Video Conference

0,1

Voice
ADR, AMR and Emergency UL (smart grid)
ADR control and AMR DL (smart grid)

0,01

0,001

Streaming
BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 1
Figure 6-3: Average network delays of SG and BG traffic components with the lowest
delays.

6.2

ADR Case 2

Simulation results of the Section 5.3.2, ADR case 2, scenarios are presented next. The peak loads
and packet delivery ratios can be seen in Table 4. Figure 6-4 shows the average loads of SG and
BG traffic components as a function of ADR traffic volume. The volume of the BG traffic is
approximately the same as in the previous scenario of Section 6.1. SG traffic with different ADR
traffic volumes is respectively, SG UL: 15.3, 45.3, and 75.3 kB/s; and SG DL: 0.56, 1.56, and 2.56
kB/s. Note that while the SG UL traffic is higher than the capacity of IEEE 802.15.4-2011
narrowband data rates in the entire network, the load is spread over the 16 different frequencies
and multiple clusters. Hence, the wireless sensor network (WSN) component functions well within
its capacity.
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10000

Total traffic
FTP

Average load [kB/s]

1000

Streaming
Video Conference

100

Voice
HTTP

10

1

0,1

BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 2
Figure 6-4: Average loads of SG and BG traffic components.
Figure 6-5 presents the average network delays of BG traffic components with the highest delays
(FTP and HTTP) as a function of ADR traffic volume. A very small increase in delay can be
observed with higher ADR traffic.
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100

Average network delay [s]

FTP

10

1

HTTP

0,1

BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 2
Figure 6-5: Average network delays of BG traffic components with the highest delays.
Figure 6-6 presents the average network delays of UL and DL smart grid traffic and BG traffic
components with the lowest delays (video conference, voice and streaming) as a function of ADR
traffic volume (in percentage of total RTUs). Including and increasing SG traffic does not have a
significant effect on the delay of the BG traffic components in Figure 6-6. Nevertheless, a slight
increase in the delay of BG delay components can be noticed in Figure 6-5 (HTTP and FTP) due to
SG traffic. The volume of the SG traffic increased above some BG traffic components (voice and
HTTP) and delay increase could be seen in non-GBR BG traffic components (HTTP and FTP).
Streaming traffic, even though not priority traffic (non-GBR), was not affected because it was
generated almost solely in DL direction with constant packet generation intervals and SG traffic
was transmitted mainly in UL direction. FTP traffic was likewise transmitted practically merely in DL
direction but its peak load (10.7 MB/s) exceeds the maximum network capacity and therefore it
was sensitive to the traffic increase.
The delay of the SG (UL and DL) traffic was observed to have a slight increase when ADR traffic
volume was increased. The SG DL traffic delay increase was still relative low, but on the WSN
level the same frequency band is applied simultaneously in both directions (UL and DL), and the
channel accessed through carrier sense multiple access with collision avoidance, causing a more
perceivable increase in the delay.
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Average network delay [s]

1

0,1

Video Conference
Voice
ADR, AMR and Emergency UL (smart grid)
ADR control and AMR DL (smart grid)

0,01

0,001

Streaming
BG traffic

BG and SG (ADR 20 %) BG and SG (ADR 60 %) BG and SG (ADR 100 %)

ADR traffic volume, case 2
Figure 6-6: Average network delays of SG and BG traffic components with the lowest
delays.

6.3

Power Consumption

In this Section, the results of the scenario of Section 5.3.3 are presented. Figure 6-7 (case 1) and
Figure 6-8 (case 2) illustrate the energy consumption of the 750 households as a function of time.
The results demonstrate that in the addition that ADR traffic can be correctly transmitted, it can be
also applied for the practical purposes, e.g., to mitigate the power consumption during the most
loaded period due to direct load control.
ADR control DL interval was 5 min (case 1) and 30 s (case 2). Thus, it took approximately that time
to decrease or to increase the energy consumption of the households on the area. It has to be
reminded that ADR UL message (response) had to be received inside 5 s (case 1) and 2 s (case 2)
to be able to generate preferred ADR control DL message. As planned, 20, 60 and 100 percent of
the households could be successfully controlled via ADR, because power consumption was
respectively reduced from SG traffic of 100 % to 98, 94, and 90 %, respectively.
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Figure 6-7: Energy consumption of the 750 households as a function of time with ADR case
1.
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Figure 6-8: Energy consumption of the 750 households as a function of time with ADR case
2.

7 Conclusions
In this deliverable we have addressed two different kinds of DR scenarios, both with three different
setups. The scenarios were addressed from a communications point of view, where the contents of
the data payloads and their processing are out of scope for this work. The objects of interest were
the behaviour of the communication links and their ability to carry out the traffic in different
scenarios. Moreover, minimising the impact of DR traffic on other traffic occurring in the public LTE
network was a key criterion in designing the methods of communication.
The first DR scenario reflects a real-time pricing scenario (spot pricing) where AMI units report
energy use to the utility/ISO at periodic intervals and the utility/ISO updates the retail prices at
periodic intervals. In addition, DLC can be applied in such a scenario. The second DR scenario is
more intensive, in terms of communication, and it enables load balancing with local energy
production. In both cases, regular AMR was included in the scenarios for the customers not taking
part in the DR scheme. This was achieved by having a fraction of the customers (in percentage)
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taking part in ADR. In addition, the importance of delivering last gasp messages was maintained
and last gasp event were simulated along with all of the other traffic.
The scenarios and the simulations were carried out using a two-tier topology, i.e. a hybrid LTEwireless sensor network system. The RTUs at the AMR or AMI units were equipped with an IEEE
802.15.4 radio interface and medium access control layer. The RTUs were divided into clusters
with a CLH equipped by a dual radio interface, one with the RTUs and one LTE front end with the
area eNodeB. The CLH was responsible for relaying the traffic between the RTUs and the
eNodeB.
The main result of the simulations is that the hybrid LTE-WSN is able to support all of the
addressed scenarios and deliver a sufficient QoS for a wide area of applications. The delay of
uplink ADR traffic is, on average, approximately 20 ms. While it satisfies all of the delay criteria
presented in Table 1, it is not sufficiently low to serve as protection circuitry bus with a few ms
delay criteria. The worst delivery ratio in all of the ADR simulations was 99.4% In most of the cases
the ratio was above 99.8%. From the Table 1 it can be observed that the delivery ratio can satisfy a
large range of AMI and DR applications. For wide area situational awareness it is not sufficiently
high however. The simulation results also presented the actual communication volumes occurring
in ADR networks. When the results are compared to Table 1, we perceive that the obtained results
imply significantly lower traffic volumes than the table proposes. While the simulations neither take
into account the increased data requirements from security protocols nor the overhead produced
by data presentation semantics, a feasible inclusion of those components will not increase the
communication amounts to the levels implied by Table 1.
The last set of simulations on application of direct load control shows the feasibility of using our
communications approach. We can observe an almost linear decrease on energy usage when the
“shut-off” command is issued and the response is directly proportional to the frequency with which
the ADR server provides these commands. The converse is also observed as a near linear growth
of energy use at the issuance of the “switch-on” notification.
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