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Under intense environmental pressure, the global energy sector is promoting the integration of renewable 
energy into interconnected energy systems. The demand-side management (DSM) of energy systems has 
drawn considerable industrial and academic attention in attempts to form new flexibilities to respond to 
variations in renewable energy inputs to the system. However, many DSM concepts are still in the experi-
mental demonstration phase. One of the obstacles to DSM usage is that the current information infrastruc-
ture was mainly designed for centralized systems, and does not meet DSM requirements. To overcome this 
barrier, this paper proposes a novel information infrastructure named the Internet of Energy Things (IoET) in 
order to make DSM practicable by basing it on the latest wireless communication technology: the low-power  
wide-area network (LPWAN). The primary advantage of LPWAN over general packet radio service (GPRS) 
and area Internet of Things (IoT) is its wide-area coverage, which comes with minimum power consumption 
and maintenance costs. Against this background, this paper briefly reviews the representative LPWAN tech-
nologies of narrow-band Internet of Things (NB-IoT) and Long Range (LoRa) technology, and compares them 
with GPRS and area IoT technology. Next, a wireless-to-cloud architecture is proposed for the IoET, based on 
the main technical features of LPWAN. Finally, this paper looks forward to the potential of IoET in various 
DSM application scenarios.
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Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND  
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1. Introduction

Under intense environmental pressure, the global energy sector 
is transitioning toward clean and sustainable development. The con-
cept of the smart grid has been widely accepted in the last decade 
as a means of integrating higher percentages of renewables [1,2]. In 
2016, China’s government announced new policies on combining the 
Internet with smart energy in order to demonstrate new clean ener-
gy technologies [3,4]. The government and the energy industry have 
recognized that the construction of an energy-Internet backbone via 
smart grid is the core strategy to promote a clean energy revolution 
for a new era.

A clean energy system requests a robust communication infra-
structure that can accept greater variation from renewable energy 

inputs [5]. From the perspective of control theory, maximizing sys-
tem observabilities enhances the system controllability. To balance a 
complex energy system, it is therefore necessary to obtain abundant 
information from both the supply and demand side. The informa-
tion Internet is a reliable tool that can collect information at zero 
marginal cost. Nevertheless, energy systems are still restricted by 
closed-information environments due to management and technical 
issues.

Particularly on the demand side, for example, communication 
infrastructure is incomplete at the power distribution level [6], and 
even less communication infrastructure is available for utilization 
systems at lower voltage levels. Despite developments in the smart 
grid over the last decade, periphery energy networks are still out of 
the scope of system operators [7].
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Management is not the only problem, as technology also plays 
a critical role in the issue of demand-side management (DSM). The 
current power automation architecture was developed based on 
standards to satisfy the particular requirements of centralized gen-
eration and transmission systems [8]. With the rapid integration of 
distributed energy resources, the current design cannot meet the 
requirements of the fast changes that are happening on the demand 
side. Meanwhile, the end users do not have the expertise required 
to operate and maintain such complicated systems. Under these 
circumstances, technical complexity has become a major bottleneck 
restricting the acceptance of DSM applications such as demand re-
sponse in the real world [9,10].

To overcome this barrier, low-power wide-area network (LPWAN) 
is a new solution in the context of a wireless breakthrough in the 
communication sector. Unlike WiFi and ZigBee, LPWAN enables 
massive wireless connections covering long distances with mini-
mum power consumption and maintenance [11]. Two representa-
tive technologies of LPWAN are the narrow-band Internet of Things 
(NB-IoT) [12] and Long Range (LoRa) technology [13]. The NB-IoT is 
inherited from cellular communication, and seamlessly works on 
the existing global system for mobile (GSM) and long term evolu-
tion (LTE) networks in licensed frequency bands [14]. Many telecom 
operators have been ambitiously working on weaving together city-
scale Internet of Things (IoT) networks based on NB-IoT. In contrast, 
LoRa technology operates in the unlicensed frequency band, so 
that end users are free to build up LoRa gateways that are similar 
to house-owned WiFi routers. Therefore, LoRa technology is perfect 
for outlying regions without cellular network coverage, or for estab-
lishing private networks with specific requirements for quality and 
security [15].

LPWAN provides a practical and economical way of establishing 
IoT networks. This paper presents the potential of an Internet of En-
ergy Things (IoET) based on LPWAN as a future communication in-
frastructure for DSM applications. First, we briefly review the tech-
nologies of NB-IoT and LoRa as the representatives of LPWAN. Next, 
a new architecture is proposed for the IoET to establish wireless-to-
cloud connections between end devices and the cloud computing 
center. Finally, this paper looks forward to the potential of the IoET 
in various DSM application scenarios.

2. LPWAN technologies

LPWAN represents a new trend in the evolution of IoT technolo-
gies. Unlike 3G/4G or WiFi, these systems do not focus on enabling 
high data rates per device or on minimizing latency. Rather, the key 
performance metrics defined for LPWAN are energy efficiency, scal-
ability, and coverage. Many LPWAN players have come to the mar-
ket, with the two most widely accepted players being the LoRa and 
NB-IoT technologies. This section briefly reviews the main features 
of both technologies and compares them with existing telecom and 
IoT technologies.

2.1. LoRa technology

LoRa technology, developed by Semtech, is the most widely used 
technology for LPWAN in the sub-GHz unlicensed band [16]. Due to 
the utilization of unlicensed bands, the LoRa network is open to cus-
tomers who lack authorization from radio frequency regulators. As a 
result, the LoRa network is easy to deploy over a range of more than 
several kilometers, and serves customers with minimum investment 
and maintenance costs.

LoRa technology has made tremendous improvements to existing 
technology in order to achieve its target [17,18]. The first of these is 
LoRa modulation based on the chirp spread spectrum (CSS) scheme, 
which uses broadband linear frequency-modulated pulses whose 

frequency increases or decreases based on the encoded information. 
The Shannon-Hartley theorem indicates that an increase in transmis-
sion channel bandwidth is a way to overcome a poor signal-to-noise 
ratio (SNR). CSS, which has been used for radar applications since 
the 1940s, was chosen for its inherent robustness to channel deg-
radation mechanisms such as multipath fading, the Doppler effect, 
and in-band jamming interference. As a result, the maximum cou-
pling loss (MCL) for the LoRa modulation reaches as high as 148 dB— 
20 dB greater than that of existing sub-GHz communications—in 
order to extend the coverage distance to kilometers and increase the 
capacity of the network. LoRa modulation features six spreading fac-
tors that result in adaptive data rates. This feature enables multiple 
differently spread signals to be transmitted at the same time on the 
same frequency channel.

The other improvement is the optimization of the LoRa network 
protocol for energy-limited sensors because the uplink traffic usually 
exceeds the amount of downlink for IoT networks. Under this envi-
ronment, the LoRa technology specification has defined three modes 
of different data-receiving windows for different application scenar-
ios. In addition, data encryption is supported by LoRa technology to 
ensure channel security by means of AES-128 encrypted key pairs.

Thus far, LoRa technology has been tested in 56 countries in 
demonstrations on smart meters, traffic tracking, smart appliances, 
and smart healthcare [19]. In the Netherlands, the telecom operator 
KPN has deployed a LoRa network that covers the entire country, as 
has SK Telecom in Korea [20]. In addition, a LoRa Alliance with more 
than 300 members is collaborating to define an open global stan-
dard for secure and carrier-grade LPWAN connectivity representing 
the different layers of an ecosystem, from chipsets, modules, devic-
es, and gateways to network and application servers. 

2.2. NB-IoT technology

NB-IoT is a new narrow-band IoT system built from existing LTE 
functionalities. The technology standard was announced by the 3rd 
generation partnership project (3GPP) in 2016, which promises to 
provide improved coverage for a massive number of low-throughput  
low-cost devices with low device power consumption in delay- 
tolerant applications.

NB-IoT technology makes use of narrow-band channels to pro-
vide higher sensitivity and long range at the expense of limited data 
rates—typically below a few hundred bits per second (bps) [21,22]. 
The demodulated spectrum is much wider than individual trans-
missions so that multiple uplinks can occur simultaneously. The 
base station carries the complexity to decode multiple narrow-band 
channels simultaneously without knowing the exact frequency of 
these channels. The advantages of NB-IoT technology include its en-
hanced indoor coverage, which is targeted at an MCL of 164 dB, and 
its ability to connect a massive number of low-throughput devices 
with an adapted data rate. As indicated by the 3GPP guideline, the 
design objectives of NB-IoT technology include low-cost devices, 
high coverage (a 20 dB improvement over the general packet radio 
service (GPRS)), long device battery life (more than 10 years), and 
massive capacity (more than 52 000 devices per channel per cell). 
Latency is relaxed, although a delay budget of 10 s is the target for 
exception reports.

In addition, NB-IoT network supports three deployment oper-
ation modes to provide flexibility based on existing cellular infra-
structure [23]:

(1) Acting as a standalone and dedicated carrier. In standalone 
operation, NB-IoT network can be used as a replacement for one or 
more GSM carriers. This allows the efficient re-farming of GSM in-
frastructure for IoT.

(2) Acting in-band within the reserved physical resource block 
(PRB) of a wideband LTE carrier. Here, all communication channels 
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es within a limited area [38–40].
Table 2 compares the communication distance, maximum con-

nection, and data rate among WiFi, ZigBee, and LPWAN. LPWAN 
provides a much greater coverage distance and a higher connection 
capability for IoT networks.

3. IoET architecture based on LPWAN

3.1. Wireless-to-cloud architecture

Section 2 presented the key features of LPWAN and compared 
LPWAN with the technologies of cellular telecom (GPRS) and area 
IoT (ZigBee/WiFi). The primary advantages of LPWAN lie in its wide 
communication coverage and low-power consumption; its disad-
vantages are its relatively low data rate and the limited computation 
capability of its end devices. A wireless-to-cloud architecture is 
therefore proposed for the IoET, in order to integrate cloud comput-
ing into end devices via LPWAN, as shown in Fig. 1(a).

As shown in Fig. 1, an IoET enables communication between 
end devices and the cloud platform via wireless connections. Com-
pared with area IoT architecture, shown in Fig. 1(b), the primary 
distinction is the savings on the area IoT gateway associated with 
the gateway network layer. As a result, the LPWAN-based IoET archi-
tecture becomes manageable for both network operators and end 
users. This simplified network topology conveniently extends the 
integration of sensing and control devices in actual energy systems. 
In addition, the functions of end devices become extendable by the 
computing capacity provided by the cloud center.

The three functional layers of the wireless-to-cloud architecture, 
as shown in Fig. 1(a), are discussed in the following subsections.

3.2. Remote-sensing and control layer

Actual energy-related devices are connected through the remote- 
sensing and control layer, which is associated with a huge amount of 
energy sensors, controllers, and embedded computer and wireless 
communication modules. Energy sensors monitor device statuses 
and send them to the cloud center, while controllers deliver the in-
structions provided by the cloud center.

Embedded systems compactly incorporate embedded central 
processing units (CPUs), memory, periphery devices, and wireless 
communication modules as the carrier of energy sensors and con-
trollers for machine-to-machine (M2M) communication conversion. 
They also control actions with quality of service (QoS) requirements. 
Therefore, in addition to sensing and control functions, real-time 
services are provided via embedded systems in order to enhance the 
sensitivity of communication QoS to wireless transmitting and cloud 
computing. This concept, which is named “fog computing,” fills in 
the technical gaps of cloud computing [41].

are shared between LTE and NB-IoT network, with the possibility of 
using power spectral density boosting on the NB-IoT PRB.

(3) Acting as the guard-band of an existing LTE carrier. In the 
guard-band mode of operation, NB-IoT network utilizes new re-
source blocks within the guard-band of an LTE carrier.

Compared with LoRa network, NB-IoT network is designed to 
work seamlessly on existing GSM and LTE networks within the li-
censed frequency bands, without enormous updates on the existing 
base stations. Due to its efficient utilization of existing cellular net-
works, many telecom manufacturers, including Huawei, Ericsson, 
and Nokia, support the standardization of NB-IoT network.

Thus far, the commercialization of NB-IoT networks has been 
initiated, with a particular focus on applications for smart transpor-
tation, logistic management, smart grids, and smart manufacturers 
[24–26]. Telecom giants such as AT&T and China Telecom have an-
nounced ambitious plans for using NB-IoT networks to implement 
coverage in major cities in 2017 [27].

2.3. Comparisons with GPRS technology

Before LPWAN, many IoT business applications were run on GPRS 
networks [28–32]. GPRS technology is commonly referred to as 
“2.5G” mobile communication; the subsequent 3G and 4G technolo-
gies are targeted to high data rates per device or to minimum laten-
cy in order to support the high-quality transmittal of voice, image, 
and video [33–35].

Table 1 compares the main features of GPRS and LPWAN tech-
n ologies regarding the aspects of power consumption, latency, 
coverage, and data rate. End devices in LPWAN are expected to have 
one tenth of the energy consumption and a 20 dB improvement 
over GPRS networks. In addition, the capacity of GPRS networks is 
limited by communication channels, whereas both NB-IoT and LoRa 
networks have optimized utilization of channel composition in or-
der to extend connection capabilities under lower data rates.

2.4. Comparisons with area IoT technology

For connections among personal devices, ZigBee [36] and WiFi 
[37] have dominated the current IoT market. These technologies pos-
sess different features and performances. WiFi benefits from a high 
data rate and low latency, but its power consumption is much high-
er than that of ZigBee. ZigBee is designed for small-scale projects 
that need wireless connections, and is used to create personal area 
networks with small, low-power consumption, such as for home 
automation, medical device data collection, and other low-power 
low-data-rate scenarios. Although ZigBee has been optimized for IoT 
networks, its prominent problem is its low coverage distance and 
device scalability. Therefore, WiFi and ZigBee are referred to as “area 
IoT” in that they can be used to support connections between devic-

Table 1 
Comparisons between GPRS and LPWAN technologies.

Technology Power consumption Latency Coverage Data rate

GPRS High Low MCL 130 dB Maximum 171.2 kbps

LPWAN Low Not guaranteed MCL 150 dB Adaptive from 0.1 kbps to 250 kbps

Table 2 
Comparison of ZigBee, WiFi, and LPWAN technologies.

Technology Communication distance Maximum connection Data rate

ZigBee 10–75 m ≤ 255 Maximum 171.2 kbps

WiFi 100 m ≤ 255 > 10 Mbps

LPWAN 3 km to city scale ≤ 50 000 (NB-IoT), ≤ 200 000 (LoRa) Adaptive from 0.1 kbps to 250 kbps
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3.3. LPWAN transmission layer

Distributed energy devices are usually geographically dispersed, 
making IoT technologies such as ZigBee and WiFi difficult to use. 
Under such scenarios, LPWAN becomes the alternative.

The LPWAN transmission layer establishes wireless channels 
between end devices and the cloud platform. As representative 
technologies, NB-IoT and LoRa technologies are suitable for different 
application scenarios. In outlying districts without cellular cover-
age, LoRa network is the practical choice, as it forms a star-shaped 
topology around end devices that are served by a single base station 
(BS). In the example illustrated in Fig. 2, a LoRa BS that is set up in a 
substation in a rural area communicates with distributed photovol-
taic (PV) panels. In a city with cellular networks, end devices simply 
connect with the cloud center via NB-IoT cellular network by paying 
a data fee to telecom companies. Fig. 3 shows a scenario in which 
the cloud center coordinates home appliances and electric vehicles 
(EVs) dispersed throughout the city via the NB-IoT cellular network. 
For systems with particular security requirements, one solution is to 
establish a virtual private network with secured channels in an NB-
IoT cellular network; another choice is to construct a private LoRa 
network to physically secure the connections.

3.4. Cloud platform layer

The cloud platform layer serves as the cloud platform that hosts 
energy applications via data exchange and communication between 
devices. More specifically, the platform corporates the functions of 
information conversion, integration, and interoperation, as shown in 
Fig. 4. The corresponding functions are described below.

(1) Protocol parsing. An IoET must deal with communications 
between various end devices that have different protocols. It is not 
realistic to assume that every device understands all the proto-
cols in the network. Instead, the protocols are parsed by the cloud 
platform, other than the field devices. Therefore, it is convenient to 
decouple actual devices and communication protocols under cen-
tralized management and maintenance. To achieve higher flexibility, 
the cloud platform also provides a programming interface to enable 
user-defined protocols for connections with unknown devices.

(2) M2M communications. M2M communication among en-
ergy devices is the main feature of an IoET, in order to extend the 

interoperability of networks between devices. Limited by wireless 
bandwidth, a “subscribe/publish” pattern is suitable for M2M com-
munications. Many event-driven middleware technologies have 
implemented this pattern, which enables almost unlimited device 

Fig. 1. (a) LPWAN-based IoET architecture; (b) area IoT architecture. LAN: local area network.

Fig. 2. Application scenarios of LoRa network in rural areas. BSC: base station control; 
MSC: multi-service control.

Fig. 3. Application scenarios of NB-IoT cellular network in a city.
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addressing and efficient bandwidth utilization. Data encryption is 
also supported by middleware to enhance communication security.

(3) Big data storage and analysis. Access to a huge number of 
sensors inevitably results in massive data storage and analysis re-
quirements. The cloud platform supports both real-time and histor-
ical data access for specific energy system applications. Real-time 
data is accessed by memory database in order to meet the require-
ments of low latency and high concurrency. The historical data is 
accessed by distributed file systems in order to meet the needs of 
massive data storage and big data analysis.

(4) End user interoperations. At present, energy systems are 
restricted to closed-information environments in order to secure 
management operations. However, inflexible information exchang-
es will make it difficult to address diverse interoperations among 
various end user roles in the clean energy era. The cloud platform 
extends user interoperations by visualizing the energy devices in 
the cloud-based pool to permit platform-independent accessing. 
A cloud-based tool is also set up to program the working flow for 
user-defined operations by editing the graphics, model, and data of 
visualized energy devices in the platform.

4. IoET-based DSM applications

Based on LPWAN, an IoET enables extensive connections between 
energy devices at very low cost and without expert knowledge. An 
IoET extends the reach of the energy information system to match 
the requirements of DSM. Many DSM concepts being reported in the 
literature now become practical once they are supported by IoET 
infrastructure.

4.1. Smart appliances and smart home systems

One of the primary objectives of smart appliances is to reduce 
energy consumption and energy bills. The smart appliance market 
has attracted considerable attention, from manufacturing to indus-
try; however, an obstacle remains in the form of a lack of appropri-
ate communication channels. The current solution is to use ZigBee 
or WiFi to establish connections between appliances and the cloud 

platform [42]. The drawback to this solution is that diverse com-
munication environments usually result in unexpected failures that 
may challenge end users who lack patience and specific knowledge. 
Another alternative is to set up an independent gateway for appli-
ances. However, this solution often results in fragmented applica-
tions for different brands and in poor user feedback.

The NB-IoT-based IoET provides city-scale networks of devices to 
satisfy the requirements of smart appliances and smart home sys-
tems. Wireless channels established by NB-IoT networks give smart 
appliances access to the cloud platform without any particular con-
figurations on the gateway. As long as appliances are connected, the 
cloud platform automatically recognizes them and provides feedback 
to smart home applications [12]. Adding an appliance to the cloud 
platform thus becomes a simple task, and the entire process is com-
pleted without the need for expert knowledge. Moreover, smart home 
systems are prompted to carry out management based on the status-
es of appliances and on historical data stored in the cloud platform.

4.2. Microgrids and distributed energy systems

Microgrids and distributed energy systems aim at the high- 
percentage integration of clean energy and at highly reliable power 
supply. These energy systems are suitable for outlying districts such 
as islands, highlands, and river valleys, where large-scale power sys-
tems are too expensive to construct [43].

The operation of a distributed energy system usually requires 
flexible and reliable communication systems. However, cable-based 
communications are impractical in most cases due to their compli-
cated maintenance. Furthermore, the communication distances of 
ZigBee and WiFi are too short to be practical for an energy site [44]. 
Therefore, LPWAN-based IoET becomes another option for micro-
grids and distributed energy systems.

Unlike LoRa network, an NB-IoT network must be set up within 
an existing cellular network. Therefore, LoRa technology is a more 
flexible tool to meet the requirements of outlying districts. Since 
LoRa network works in the unlicensed band, the site owner is al-
lowed to set up a wireless BS to connect energy devices that are 
dispersed over distances of several kilometers, without authorized  

Fig. 4. The structure of the cloud platform layer.
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permission. A star topology is simpler than a more complex net-
work, and is more convenient to maintain without expert skills.

4.3. Active distribution networks and aggregated demand response

An active distribution network manages a high percentage of dis-
tributed energy resources that are integrated at the distribution and 
utilization systems. With the emergence of distributed generators 
and storage at the low voltage level, various smart energy devices 
now request the level of information-sharing that is associated with 
distribution system operations. Nevertheless, it is difficult to extend 
current information systems to end consumers due to complex field 
environments and security concerns. In particular, utilization net-
works at the lowest voltage level lack the space and communication 
channels required to add additional remote devices to enable inter-
operations with power distribution systems [45,46].

The current solution is to use GPRS networks operated by tele-
com companies [47]. The substantial data bill makes it necessary 
to use smart meters in order to save measurements at the gateway 
and send them back to the operation center when inquired for. To 
address this issue, the LPWAN-based IoET provides an economical 
way to reach consumers at the low voltage level. On the one hand, 
by investing in enterprise-own LoRa networks, the cloud platform 
receives data generated by energy consumers with no charge from 
telecom companies. On the other hand, bi-directional communica-
tion enables the aggregation of energy consumers to participate in 
demand response. Considering the reachability of LPWAN, demand- 
response capacities are anticipated to be comparable to peak-valley 
differences and renewable variations.

4.4. Electric vehicles and aggregated vehicle-to-grid operation

Regarding the mobile energy system, EVs have been accepted as 
the transportation solution of the future in order to reduce fossil 
fuel use and carbon emissions [48]. The large-scale integration of 
EVs will introduce inherent flexibility to the operations of energy 
systems. Current academic studies have demonstrated the effec-
tiveness of EVs in balancing the control of power systems via means 
such as frequency regulation, peak shaving, and vehicle-to-grid 
(V2G) operations [49].

An efficient communication network is a precondition to aggre-
gate dispersed EV charging. However, installations of cable networks 
are impractical in most cases, and coverage of telecom signals is 
weak in some underground parking lots. LPWAN is a general solu-
tion for EV communications since the adapted modulation scheme 
is sensitive to end receivers, even with over 150 dB decay. Thus far, 
both NB-IoT and LoRa technologies have been successfully tested in 
actual parking lot demonstrations. Based on LPWAN, EVs connected 
to an IoET are aggregated as a storage pool to respond to energy sys-
tems and allow greater integration of variable renewables.

4.5. Energy distribution network and multi-energy system

Multiple forms of energy conversion, such as power-to-gas sys-
tems, power-to-heat systems, and combined heat and power sys-
tems, are integrated into energy hubs for higher energy utilization 
efficiency [50,51]. Performing the role of grid nodes, energy hubs 
are interconnected in the energy distribution network (EDN). The 
EDN is a novel concept of integrating flexibilities in the demand side 
by interoperating different energies such as electricity, gas, and heat 
within a local area. With highly flexible energy interoperations, EDN 
can actively respond to variable renewable energy, leading to a larg-
er renewable share in power systems.

Energy flowing through the heat and gas networks of an EDN cre-
ates a harsher environment for sensing and communication than an 

electricity network. To tackle the issue, the ultra-low-power mode 
of LPWAN enables NB-IoT and LoRa modules to last for several years 
without battery changing. The reachability of IoET collects more 
details of multi-energy systems, allowing highly efficient interoper-
ations.

5. Conclusions

The NB-IoT and LoRa technologies are two representative 
breakthroughs of wireless LPWAN in the communication sector. 
Compared with GPRS, LPWAN is a better solution for low energy 
consumption and improved coverage. Compared with the area IoT 
of ZigBee and WiFi, LPWAN enables massive connections covering 
long distances at the cost of minimum construction work and main-
tenance. Based on LPWAN, an IoET allows extensive connections of 
energy devices under wireless-to-cloud architecture at very low cost 
and without expert knowledge. The IoET hence extends the reacha-
bility of the energy information system to match the requirements 
of demand-side applications. The establishment of an IoET can 
stimulate the DSM applications of smart appliances and smart home 
systems, microgrids and distributed energy systems, active distribu-
tion networks and aggregated demand response, EVs and aggregat-
ed V2G, and EDNs and multi-energy systems. In conclusion, the IoET 
paves the way to aggregate DSM flexibilities on the demand side in 
order to enable higher integration of renewables in energy systems.

Acknowledgements

This work was supported by the National High Technology Re-
search and Development Program of China (2014AA051901), the 
International S&T Cooperation Program of China (2014DFG62670), 
and the National Natural Science Foundation of China (51207077, 
51261130472, and 51577096). Thanks for the contributions of Dr. Yi-
bao Jiang and Dr. Xiaoshuang Chen on this paper.

Compliance with ethics guidelines

Yonghua Song, Jin Lin, Ming Tang, and Shufeng Dong declare that 
they have no conflict of interest or financial conflicts to disclose.

References

[1] Farhangi H. The path of the smart grid. IEEE Power Energy M 2010;8(1):18–28. 
[2] Massoud Amin S, Wollenberg BF. Toward a smart grid: Power delivery for the 

21st century. IEEE Power Energy M 2005;3(5):34–41. 
[3] National Development and Reform Commission, National Energy Administra-

tion, Ministry of Industry and Information Technology. Instruction on promoting 
the development of “Internet plus” smart energy, No. [2016]392 (Feb 24, 2016). 
Chinese.

[4] National Energy Administration. Notification of National Energy Administration 
on processing “Internet plus” smart energy demonstration project, No. [2016]200 
(Jul 26, 2016). Chinese.

[5] Bui N, Castellani AP, Casari P, Zorzi M. The Internet of energy: A web-enabled 
smart grid system. IEEE Network 2012;26(4):39–45. 

[6] Palensky P, Dietrich D. Demand side management: Demand response, intelligent 
energy systems, and smart loads. IEEE Trans Ind Inform 2011;7(3):381–8. 

[7] You Y, Liu D, Yu W, Chen F, Pan F. Technology and its trends of active distribution 
network. Autom Electr Pow Sys 2012;36(18):10–6. Chinese.

[8] Sidhu TS, Yin Y. Modelling and simulation for performance evaluation of 
IEC61850-based substation communication systems. IEEE Trans Power Deliver 
2007;22(3):1482–9. 

[9] Mohsenian-Rad AH, Wong VWS, Jatskevich J, Schober R, Leon-Garcia A. Autono-
mous demand-side management based on game-theoretic energy consumption 
scheduling for the future smart grid. IEEE Trans Smart Grid 2010;1(3):320–31. 

[10] Lopes JAP, Soares FJ, Almeida PMR. Integration of electric vehicles in the electric 
power system. Proc IEEE 2011;99(1):168–83. 

[11] Petajajarvi J, Mikhaylov K, Roivainen A, Hanninen T, Pettissalo M. On the cover-
age of LPWANs: Range evaluation and channel attenuation model for LoRa tech-
nology. In: Proceedings of the 14th International Conference on ITS Telecommu-
nications; 2015 Dec 2–4; Copenhagen, Denmark. Piscataway: The Institute of 
Electrical and Electronics Engineers, Inc.; 2015. p. 55–9.

[12] Ratasuk R, Vejlgaard B, Mangalvedhe N, Ghosh A. NB-IoT system for M2M  



466 Y. Song et al. / Engineering 3 (2017) 460–466

communication. In: Proceedings of the 2016 IEEE Wireless Communications and 
Networking Conference Workshops; 2016 Apr 3–6; Doha, Qatar. Piscataway: The 
Institute of Electrical and Electronics Engineers, Inc.; 2016. p. 428–32.

[13] Mikhaylov K, Petäjäjärvi J, Haenninen T. Analysis of capacity and scalability of 
the LoRa low power wide area network technology. In: Proceedings of the 22th 
European Wireless Conference on European Wireless; 2016 May 18–20; Oulu, 
Finland. Frankfurt am Main: VDE Press; 2016.

[14] Mangalvedhe N, Ratasuk R, Ghosh A. NB-IoT deployment study for low power 
wide area cellular IoT. In: Proceedings of the 27th IEEE Annual International 
Symposium on Personal, Indoor, and Mobile Radio Communications; 2016 Sep 
4–8; Valencia, Spain. Piscataway: The Institute of Electrical and Electronics Engi-
neers, Inc.; 2016.

[15] Wixted AJ, Kinnaird P, Larijani H, Tait A, Ahmadinia A, Strachan N. Evaluation of 
LoRa and LoRaWAN for wireless sensor networks. In: Proceedings of the 2016 
IEEE SENSORS; 2016 Oct 30–Nov 3; Orlando, FL, USA. Piscataway: The Institute 
of Electrical and Electronics Engineers, Inc.; 2016.

[16] Vangelista L, Zanella A, Zorzi M. Long-range IoT technologies: The dawn of Lo-
RaTM. In: Atanasovski V, Leon-Garcia A, editors Future access enablers for ubiqui-
tous and intelligent infrastructures. Cham: Springer International Publishing AG; 
2015. p. 51–8.

[17] Petrić T, Goessens M, Nuaymi L, Toutain L, Pelov A. Measurements, performance 
and analysis of LoRa FABIAN, a real-world implementation of LPWAN. In: Pro-
ceedings of the 27th IEEE Annual International Symposium on Personal, Indoor, 
and Mobile Radio Communications; 2016 Sep 4–8; Valencia, Spain. Piscataway: 
The Institute of Electrical and Electronics Engineers, Inc.; 2016.

[18] Knight M, Seeber B. Decoding LoRa: Realizing a modern LPWAN with SDR. In: 
Proceedings of the 6th GNU Radio Conference; 2016 Sep 12–16; Boulder, CO, 
USA. [s.l.]: The GNU Radio Foundation, Inc.; 2016.

[19] Bardyn JP, Melly T, Seller O, Sornin N. IoT: The era of LPWAN is starting now. In: 
Proceedings of the 42nd European Solid-State Circuits Conference; 2016 Sep 12–
15; Lausanne, Switzerland. Piscataway: The Institute of Electrical and Electronics 
Engineers, Inc.; 2016. p. 25–30.

[20] Trasviña-Moreno CA, Blasco R, Casas R, Asensio Á. A network performance anal-
ysis of LoRa modulation for LPWAN sensor devices. In: García C, Caballero-Gil P, 
Burmester M, Quesada-Arencibia A, editors Ubiquitous computing and ambient 
intelligence. Cham: Springer International Publishing AG; 2016. p. 174–81.

[21] Wang YPE, Lin X, Adhikary A, Grövlen A, Sui Y, Blankenship Y, et al. A primer on 
3GPP narrowband Internet of Things (NB-IoT). 2016 Jun 13. arXiv:1606.04171.

[22] Gozalvez J. New 3GPP standard for IoT [mobile radio]. IEEE Veh Technol Mag 
2016;11(1):14–20. 

[23] Roselli L, Mariotti C, Mezzanotte P, Alimenti F, Orecchini G, Virili M, et al. Review 
of the present technologies concurrently contributing to the implementation of 
the Internet of Things (IoT) paradigm: RFID, green electronics, WPT and energy 
harvesting. In: Proceedings of 2015 IEEE Topical Conference on Wireless Sensors 
and Sensor Networks; 2015 Jan 25–28; San Diego, CA, USA. Piscataway: The In-
stitute of Electrical and Electronics Engineers, Inc.; 2015.

[24] Bontu CS, Periyalwar S, Pecen M. Wireless wide-area networks for Internet of 
Things: An air interface protocol for IoT and a simultaneous access channel for 
uplink IoT communication. IEEE Veh Technol Mag 2014;9(1):54–63. 

[25] Goursaud C, Gorce JM. Dedicated networks for IoT: PHY/MAC state of the art and 
challenges. EAI Endorsed Trans Internet Things 2015;1(1):e3.

[26] Mahmoud MS, Mohamad AAH. A study of efficient power consumption wireless 
communication techniques/modules for Internet of Things (IoT) applications. 
Adv Internet Things 2016;6(2):19–29. 

[27] Lin X, Adhikary A, Wang YPE. Random access preamble design and detection for 
3GPP narrowband IoT systems. IEEE Wirel Commun Le 2016;5(6):640–3. 

[28] Mouly M, Pautet MB. The GSM system for mobile communications. Reno: Tele-
com Publishing; 1992.

[29] Rahnema M. Overview of the GSM system and protocol architecture. IEEE Com-
mun Mag 1993;31(4):92–100. 

[30] Cai J, Goodman DJ. General packet radio service in GSM. IEEE Commun Mag 
1997;35(10):122–31. 

[31] Ferng HW, Tsai YC. Using priority, buffering, threshold control, and reservation 
techniques to improve channel-allocation schemes for the GPRS system. IEEE 
Trans Veh Technol 2005;54(1):286–306. 

[32] Damnjanovic A, Montojo J, Wei Y, Ji T, Luo T, Vajapeyam M, et al. A survey on 
3GPP heterogeneous networks. IEEE Wirel Commun 2011;18(3):10–21. 

[33] Hanzo L, Haas H, Imre S, O’Brien D, Rupp M, Gyongyosi L. Wireless myths, re-
alities, and futures: From 3G/4G to optical and quantum wireless. Proc IEEE 
2012;100(Special Centennial Issue):1853–88.

[34] Jiang H, Wang Y, Lee K, Rhee I. Tackling bufferbloat in 3G/4G networks. In: 
Proceedings of the 2012 Internet Measurement Conference; 2012 Nov 14–16; 
Boston, MA, USA. New York: Association for Computing Machinery, Inc.; 2012. p. 
329–42.

[35] Pagani M, Fine CH. Value network dynamics in 3G-4G wireless communica-
tions: A systems thinking approach to strategic value assessment. J Bus Res 
2008;61(11):1102–12. 

[36] Kinney P. ZigBee technology: Wireless control that simply works. In: Proceed-
ings of Communications Design Conference; 2003 Sep 29–Oct 2; San Jose, CA, 
USA; 2003.

[37] Evennou F, Marx F. Advanced integration of WiFi and inertial navigation systems 
for indoor mobile positioning. EURASIP J Appl Sig P 2006;2006:86706.

[38] Lee JS, Su YW, Shen CC. A comparative study of wireless protocols: Bluetooth, 
UWB, ZigBee, and Wi-Fi. In: Proceedings of the 33rd Annual Conference of the 
IEEE Industrial Electronics Society; 2007 Nov 5–8; Taipei, Taiwan, China. Piscata-
way: The Institute of Electrical and Electronics Engineers, Inc.; 2007. p. 46–51.

[39] Gill K, Yang SH, Yao F, Lu X. A zigbee-based home automation system. IEEE Trans 
Consum Electr 2009;55(2):422–30. 

[40] Balasubramanian A, Mahajan R, Venkataramani A. Augmenting mobile 3G using 
WiFi. In: Proceedings of the 8th International Conference on Mobile Systems, 
Applications, and Services; 2010 Jun 15–18; San Francisco, CA, USA. New York: 
Association for Computing Machinery, Inc.; 2010. p. 209–22.

[41] Bonomi F, Milito R, Zhu J, Addepalli S. Fog computing and its role in the Internet 
of Things. In: Proceedings of the 1st ACM Mobile Cloud Computing Workshop; 
2012 Aug 17; Helsinki, Finland. New York: Association for Computing Machinery, 
Inc.; 2012. p. 13–6.

[42] Jin T, Noubir G, Sheng B. WiZi-Cloud: Application-transparent dual ZigBee-WiFi 
radios for low power internet access. In: Proceedings of 2011 IEEE INFOCOM; 
2011 Apr 10–15; Shanghai, China. Piscataway: The Institute of Electrical and 
Electronics Engineers, Inc.; 2011. p. 1593–601.

[43] Alanne K, Saari A. Distributed energy generation and sustainable development. 
Renew Sust Energ Rev 2006;10(6):539–58. 

[44] Kanabar PM, Kanabar MG, El-Khattam W, Sidhu TS, Shami A. Evaluation of com-
munication technologies for IEC 61850 based distribution automation system 
with distributed energy resources. In: Proceedings of 2009 IEEE Power & Energy 
Society General Meeting; 2009 Jul 26–30; Calgary, AB, Canada. Piscataway: The 
Institute of Electrical and Electronics Engineers, Inc.; 2009.

[45] Djapic P, Ramsay C, Pudjianto D, Strbac G, Mutale J, Jenkins N, et al. Taking an 
active approach. IEEE Power Energy M 2007;5(4):68–77. 

[46] Albadi MH, El-Saadany EF. A summary of demand response in electricity mar-
kets. Electr Pow Syst Res 2008;78(11):1989–96. 

[47] Bates RJ. GPRS: General packet radio service. New York: McGraw-Hill Compa-
nies, Inc.; 2001.

[48] Situ L. Electric vehicle development: The past, present & future. In: Proceedings 
of the 3rd International Conference on Power Electronics Systems and Applica-
tions; 2009 May 20–22; Hong Kong, China. Piscataway: The Institute of Electrical 
and Electronics Engineers, Inc.; 2009.

[49] Kempton W, Tomić J. Vehicle-to-grid power fundamentals: Calculating capacity 
and net revenue. J Power Sources 2005;144(1):268–79. 

[50] Vasebi A, Fesanghary M, Bathaee SMT. Combined heat and power economic dis-
patch by harmony search algorithm. Int J Elec Power 2007;29(10):713–9. 

[51] Gahleitner G. Hydrogen from renewable electricity: An international review 
of power-to-gas pilot plants for stationary applications. Int J Hydrogen Energ 
2013;38(5):2039–61.


