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Energy efbcient LoORaWAN for Industry 4.0
Applications

Habz Husnain Raza Sherakiember, IEEE Luigi Alfredo Grieco,Senior Member, IEEE,
Muhammad Ali ImranSenior Member, IEEEand Gennaro Boggigenior Member, IEEE

AbstracNThanks to its inherent capabilities (such as, fairly connects a wide range of sensor devices deployed across
long radio coverage with extremely low power consumption), the production line to different analytic systems inducing

LoRaWAN can support a wide spectrum of low rate use-cases in e itimate performance improvement that can lead towards
the industry 4.0. In this paper, both plain and energy harvesting billions of dollars of savings [5]

industrial environments are considered to study the performance Tais M .
of LoRa radios for industrial automation. In the brst instance, a Due to their distinct features to meet radio coverage, scala-

model is presented to investigate LoRaWAN in the industry 4.0 bility, and energy requirements for the Industry 4.0 paradigm,
in terms of battery life, battery replacement cost, and damage | ow Power-Wide Area Network (LP-WAN] [6] are considered
penalty. Then, the energy harvesting potential, available within he trend setters in the evolution of wireless communications.

an industry 4.0, is highlighted to demonstrate the impact of . .
harvested energy on the battery life and sensing interval of LoRa A plethora of LP-WAN technologies are out in the market

motes deployed across a production facility. The key outcome of these days that include: Sigfox, Long Range Wide Area Net-
these investigations is the cost trade-off analysis between batterywork (LoRaWAN), NarrowBand Internet of Things (NB-10T),
replacement and damage penalty along different sensing intervals DASH7, LTE-M1, Ingenu, and Weightless to name a féw [6].
\é\/lhé%% c_jemonstraftess a linear _incr_ea:se irl' _agglre_gat(e cost up 10 Among them, LoRaWAN[[7],[[8], Sigfox and, Weightless have

in case of 5min sensing interval in plain (non-energy ; .
harvesting) industrial environment while it tends to decrease after alreaQy been proposed s_una.ble for mqst ‘?f the Machine-to-
a certain interval up to bve times lower in Energy Harvesting Machine (M2M) communication scenarios in 1loT use-cases
(EH) scenarios. In addition, the carbon emissions due to the because of their common characteristics (such as, low power
presence of LoRa motes and the annuaCO. emission savings consumption, high scalability with extended radio coverage,
per node have been recorded up to &g/kWh when fed through 514 simple/low-cost network infrastructuré) [9].

renewable energy sources. The analysis presented herein could . :
be of great signibpcance towards a green industry with cost and Despite several low power technologies have recently been

energy efbciency optimization. introduced to cater lloT use-cases, energy is still one of

Index TermsNIndustrial automation, cost and performance the major challenges for this kind of applications. Energy

evaluation, carbon savings in industry 4.0, energy harvesting, gxhaustlve_ operatlon Of_ Senso_r node_s (also knO\_NmaHa$ .
Industrial 10T, LoRaWAN. installed within a harsh industrial environment or inaccessible

places (e.g., in many industrial monitoring use-cases) makes
it impractical to replenish the batteries frequently. Moreover,
these batteries are an expendable resource with adverse en-
Industrial Internet of Things (lloT)[[1] is a recent wavevironmental effects. On the other hand, an optimal sensing
of connectivity and communication technologies that is beirigterval to generate alerts can well avoid the fast battery
predicted as the game changer in redesigning and reshapirginage but, sometimes, even a slight latency in popping-
the concept of a smart industry witnessing the new industrigh an urgent alert costs a bulk of damaged products wasting
revolution. lloT introduces a set of standards [2], [3] (e.ghe useful resources at the production line. The situation
high powered-wireless acess, low cost wireless access, #®edomes even more critical when the production costs of
low power wide area) to enable the connectivity of a widthe manufactured products are signibcantly high and timely
range of manufacturing equipment to a web-based netwaiitection of various anomalies at different production stages
and integrates this data for timely decision making [4]. llo€an avoid huge bnancial losses for a smart industry. However,
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¥ Two signibcant operational costs (i.e., battery replacevaluation is presented arguing LoRaWAN is the best in terms
ment and damage penalty) are assessed and the optiofatost, battery life, and energy efbciency while NB-IoT is
sensing interval is suggested. unbeatable with respect to Quality of Service (Qo0S), latency
¥ The renewable energy potential in industrial environmeand, reliability. The authors i [12] conclude that LoRaWAN is
is exploited to feed LoRa nodes and a socio-economiest suited for a bulk of industrial Internet of Things (IoT) use-
analysis is presented. cases such as predictive maintenance and anomaly detection.
¥ The CO, emissions are evaluated due to the presenceThe QoS was one of the parameters missing in the study
of LoRa end-nodes and total emission savings are hight LoRaWAN for industrial monitoring as mentioned in [12].
lighted in case of energy harvesting LoRa deployment§l3] proposes analytical models to investigate LoRaWAN
The present contribution will focus on the LoRaWAN archiuplink (of class A device) with respect to several parameters
tecture, but the developed model can also be extended to agf#§ latency, throughput and collision rate. The authors have
to other LP-WAN standards with slight customization. conducted simulations to demonstrate the efbciency of their
This manuscript is outlined as follows: Sectioh Il summanodel and claim that their model is quite useful for the
rizes the current state-of-the-art and provides a comparison"®gource optimization in a cell for a preset QoS requirement.
the available LP-WAN options. Sectign]ill presents a model Another insight of the LP-WAN solutions was presented by
to evaluate the performance of LoRaWAN in plain industridit4] which primarily highlights the notion of Low Throughput
scenario while the model for battery life and sensing interviietworks (LTN). The authors evaluate the performance of
evaluation is presented in Sectipn] IV for energy harvestirifferent independent LP-WAN technologies Rourished out
industrial environment. The results and discussions, coverigfore the standardization of LTN. For this purpose, they study
both plain and harvesting industrial environments, are providd#€e major technologies; LoRaWAN, Sigfox and, OnRamp.

in Sectior{ V. Finally, the concluding remarks are presented 1€ authors conclude that the studied technologies may only
Section V). be suitable for the use-cases where the constraints like jitter,

delay and, throughput are relaxed despite their higher radio
coverage.

The importance of industrial monitoring and control pro-

This section not only outlines the recent developments andsses in terms of productivity enhancements has been em-
proposals for monitoring the industrial processes but alpdasized in[[15]. They identify a list of factors inBuencing
discusses the potential of LP-WAN technologies targetingrformance goals (such as communication throughput, radio
industrial use-cases |[5]{[9]. Following are the few articlesoverage, data security). The authors are convinced that a
discussing the recent developments in this domain in termsggfilular based loT solution is inevitable to achieve required
highlighting the signibcance of different LP-WAN solutionerformance level. Hence, a design and implementation of loT
to be adopted for industrial automation and their comparis@ietwork is proposed for industrial monitoring and control. The
based on the range of Key Performance Indicators (KPl@g}hors conclude that their proposed IoT solution performs
identibed as critical for industry 4.0. well in terms of pre-identibed parameters.

The Pbrst effort to highlight the signibcance of LP-WAN Sigfox has been considered Ky [16] because of its higher
paradigm for long-term industrial scenarios was made bgdio coverage, almost equivalent to that of cellular networks
[9]. The authors have identiped the few suitable LP-WANKut against a fraction of energy consumption. The authors
candidates to fulPll the strict requirements (such as, reliabililpvestigate Sigfox based heterogeneous network architecture
and energy efbciency) imposed by IloT networks. The workhere they propose the combination of ultra-low energy
classibes the existing industrial solutions into short-range acshsumption star network topology suitable for short range
long-range communication technologies for lloT and urges tik®@mmunication with a Sigfox gateway. The authors perform
latter being the future of [loT applications for scalability, longeveral experiments with energy modeling and claim that this
radio coverage, roaming and, energy efbciency). kind of infrastructure guarantees a large coverage areas and

Similarly, the state of the art of LP-WAN technologiedonger battery life (up to 4 years) of end-devices.
currently serving 10T applications has been reviewed| by [11]. In addition to the aforementioned literature, some other
In particular, the authors focus on two famous and widelyorks (e.g., [[1F]{20]) also discuss the lifetime of sensor
accepted LP-WAN solutions; ultra-narrow band technology lyodes through duty-cycled operatidn [19], [[20]) on the cost
Sigfox and SemtechOs Chirp Spread Spectrum (CSS) tesfheommunication delays but their studies neither take into
nology introduced in LoRaWAN. They held several experiaccount the complex LoRa deployments nor operating costs
ments for both the solutions to evaluate their performance (@.g., battery replacement and damage penalty) in industrial
terms of radio coverage and energy consumption. Concludisettings where trying to curtail the one, compliments the other
their remarks, the authors revealed that private networkstiype of cost. To the best of authorOs knowledge, this work
LoRaWAN are the future of Industry 4.0 because of theis the premier to thoroughly investigate LoRaWAN and its
suitability towards a range of lloT use-cases. carbon footprints for the industry 4.0 services in the presence

According to [12], the existence of LP-WAN solutionsof several harvesting sources to pare the reliance on battery-
has made it possible to achieve the goals anticipated pgwered operation. Salient features of some of the major
Industry 4.0. LoRaWAN and Narrow-Band Internet of Thing& P-WAN players, analyzed and marked suitable for industrial
(NB-loT) are identibed as the key players and performanase-cases so far, are reviewed in Tdble I. The selection of a

Il. STATE OF THE ART AND ESSENTIAL COMPARISON OF
LP-WAN TECHNOLOGIES
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TABLE | . . . :

COMPARISON OFLP-WAN TECHNOLOGIES STUDIED FOR INDUSTRIAL 'ndl!s”'a| en\_/'ronment' B_emg a. part of IloT, the LoRa end-

MONITORING APPLICATIONS devices monitor several industrial parameters (such as pollu-
Parameters LoRaWAN Sigfox NB-loT tion monitoring, Pre detection, Row level monitoring, leakage
Spectrum Unlicensed ISM Unlicensed ISM  Licensed LTE detection, and temperature monitoring). It is pertinent to note
gﬂs'lgisa c’)‘g‘;de' ﬁ'gﬁ‘”ce E;‘I’fpr'ﬂary HZrI?P”e‘aW that an average energy consumption reading for different LoRa
Moﬂulaﬂon css BPSK OFDM SFs is .cgljsidered as;uming unidirectior)al (upllink_) communi-
Bandwidth 125/250 kHz 100 Hz 180 kHz cation initiated by periodic transmitters in the lifetime evalu-
gﬁtr?eSta(tglsee ) ggloubAps-so kbps 1130£Abps . ;12:0 kops  ation. Here, the frequency of periodic transmitter (monitoring
Link Budget P 157 dB 149 dB 164 dB device) to sense z_;\nd report an anomaly plays a_signil_Dcant
Uplink Latency <2's <3s <10s role. Various sensing intervals are considered to investigate
gz%t’:td Size ilE'g“(?ifs bit iélﬁitB iggoz'égogf the average battery life against their operation on different
Scalabi)llity Medium Low High LoRaWAN transmitting powers and Spreading Factor (SF)
Adaptive Data Yes No No (ranging from 7 to 12). Furthermore, no variation in the
f:}";‘:‘r’ference High High Low energy consumption is evident until the application payload
Immunity 9 9 size of 3bytes which seems appropriate to several industrial
Current Draw 44 mA 49 mA 120-300 mA  applications for reporting an anomalous behavior.
P@ri%/ggnr‘]etwork Ves Ves Ves The front-end communication in LoRaWAN network ar-
Localization Yes (TDOA) Yes (RSSI) No chitecture takes place choosing a combination of SF, Code
Deployment $100- $700- $15000/base  Rate (CR), and channel frequency. The SF can be seen as the
ggﬁtge %Oé’i?r{qgate":’%an 1(2)Er?qlgatelﬁlsgn itigok?n Liban, |002ITAMIC ratio between symbol raRs and chip rateR.

= ’ ’ i - R .

< 15km suburban 50km rural <35kmrural | @nd can be expressed & = log;z. Let T, be the time

_ _ _ _ _ _ taken for submitting a packet into the sub-band for onward
single technology is not straight forward involving differentransmission (also named Zisne on Airand hereafter referred
convolutions depending upon the individual use-case. asAir Time T.). Then, T, can be evaluated as:

The choice of LoRaWAN for industrial monitoring and Ta = Tpreamble + Tpayload 1)
control applications (such as, anomaly detection and predicti . :
maintenance) is justibable because of the following reaso § brst part of T, is the time taken by a pream-

First, LORaWAN depicts the least current drawn among € tothtr:?nsmn and (;:an bemzagglged Eﬁr;eamb'e_r =
counterparts in similar conditions. Second, despite being t ength of programmed preambié .25)alsym whereaslsym

proprietary physical layer solution itself, LoRa has an opéﬁ tr_:_e t'mi ta;kSan goEnslT;reongFaaﬂggé%vsglt’rggeen)(tpiﬁised
source protocol stack as LoRaWAN that seems more openat% sym . BW - ' : prese .
adopt. Third, it enjoys a reasonable trade-off for throughpﬁwrent spreading factor and bandwidth conbgurations being
while operating in unlicensed ISM band. Fourth, LoRaWAN

sed. Similarly, Tpayicad IS a@nother part ofT,, the total
packets experience minimum uplink latency that can be fe nee_de'(\jl to ftranslmltda paglci;_lc_j anchta_rlw_ be bwe;/r\]/ed as
signibcance in industrial monitoring scenarios. Fifth, cogfa/ead ~ N0. of payload SymbO&lsym . LEL Toff DE the
effectiveness is another decisive parameter that may ca e for which the ghannel is unavailable for.transml'ssmn
standing LoRaWAN far apart from its counterparts with a glso k(r;owr:j as Off;Tr:me).tln caiefthe chgr}:nzl_ns uga::aﬂable,
added advantage of fair scalability potential within an industry 1€ end-node must nave 1o wait for an internigi; betore
Finally, LoRaWAN has got signibcant attention in recent yea

schedules the subsequent transmission. It is to note that,
for its rapid adaption for public network infrastructures alrea r the sake of simplicity, the proposed model considers
deployed by several network operators.

etransmissions as new transmission after waiflig . As
per [22], it emerges that: ! "
I11. L oRAWAN FORINDUSTRIAL MONITORING ) 1
sik;l;lrills sfeig(;zna\/s\;::\ﬁsfg\r”ﬁ?] dsuhs?filglmnqnosn?trgr?n“gzt ?ir;;t?oenlea- Following is an example of evaluating the air time and the
y 9 app " time between subsequent packet starts in case of 0.1%, 1% and

Furthermore, I presents_system model for evaluating “1%% duty-cyle allowance against different spreading factors in
battery life, battery replenishment cost, and damage penaltleRaWAN as shown in TablE]ll

LoRa has emerged as a robust physical layer propriety TABLE Il
solution in last few years introduced by French company Cy-  Air TIME EVALUATION OF LORAWAN FOR DIFFERENTLORA
cleo, later acquired by Semtech. Thanks to its higher receiver CONFIGURATION SETTINGS
sensitivity, LoRa can enable communications with a received i Time between packet starts (s)

. . Spreading Air Time - | d=0.1% | d =1% d =10%
signal power as low as -137 dBm operating on sub-GHz ISM  gacior | =T, (ms)
band_ar!q employs wide channel bandwidth. Fo_IIowing these =5 26336 26 34 263 0.46
peculiarities, LoRa has been adopted as a physical layer tech- sF8 92.672 92.67 9.27 0.93
nology by LoRaWAN protocol stack currently being promoted ~ SF9 164.864 | 164.86 | 1649 | 1.65
™ Al ¢ 160 b ldwidb 121 SF10 329.728 | 329.73 | 32.97 3.30

by LoRa iance of over members worldwide [21]. SF11 659.456 | 659.46 | 6595 6.59

The system model envisaged in this paper considers an _SF12 1155.072 | 1155.07 | 11551 | 11.55

implementation of LoRa based monitoring devices in the The LoRaWAN conbguration settings considered in the
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TABLE IV

!Ifetlme evaluatlon are presented n Ta@] I“ Here.’ It Is ASSUMPTIONS DRAWN FOR BATTERY REPLENISHMENT COST
important to note that all the LoRa conbgurations settings are EVALUATIONS
assumed constant throughout this evaluation. Each parameterCost Parameters [ Assumed Values

in LoRaWAN conbguration is critical and modifying this ~ The lifetime (in years) evaluated for Industrial 0.10 - 5.14
setting would consequently inBuence the air time. Further- monitoring devices on 1dBm power output.
licati 10ad si f 3 byt . id d Current market value per batter)( Cy,. 3.7

more, an app 'lcat'on payload size 0 YIES IS CONSIdered the number of batteries installed per node| 1
for this evaluation as no variation in the energy consumption Variable labor cost per node as per repla¢e3.5 - 10
is recorded until this payload size which seems appropriate Ment complexity £), C: .
lind ial P |¥ . f . Ipp P h Cost per node for Disposing-of the batteries0.10

to several industrial applications for reporting an alert to the ;1 period €), Cyce. .

expert systems. For example, it can sufbce the need to share it mode. The total h b das th
the status of a range of important parameters to be monitof&g!SMit mode. The total mean charge can be expressed as the

(such as temperature, pressure, light, acceleration, and so %Hymatl_on of the products for average currer_1t draws and the
time periods when a node remains in a certain state. It could

23].

[ L]ORAWAN ASSUMED PARAI\;IrEA'I'BELRES III=IOR THE LIFETIME EVALUATION bﬁ represqgteq as:
LoRaWAN Parameters Values Qtotal = I state @ tstate , State " {tx, sleep, swap (5)

H . H state

ﬁgsllgc:\élc;?zgayload Size 11 4?153’ B Similarly, total mean energ¥ (oa » can also be the product
Modulation Method LoRa (based @59 of tqtal average cha[ge calculatgd in Ep] (5) and voltage
Spreading Factor (SF) 712 applied (on Semtech@1272 so it can be represented as:
Coding Rate 4/5 Etotal = Qiotal &VeD (6)
Bandwidth 125 kHz . L , ,
Number of Preamble Symbols 8 '!'he_ SemtechQs monltor_mg devices are considered for the
Frequency 865 MHz lifetime evaluation assuming the current draw of A for a
Cyclic Redundancy Check enabled transmit power of 14Bm assuming the Lithium-lon battery
Explicit Header ON [24]. Here, the mean total charge and the energy consumption
Low Data Rate Optimizer AUTO refers to average of six different readings for all LoRa SFs
Transmit Power 14 dBm (from 7-12) with 30 repetitions each for a single mote. While

- testing the feasibility for a wide range of sensing intervals for
As the LoRa motes are conventionally battery-powered [Ra motes, a fair range of sensing intervals (i.e., frorm 60
nature so they are suppos_ed to adopt duty-cycled operatgms) is considered to study the impact of varyingsense ON
to reach a longer battery life. After each measurement, g consumption reading of LoRa nodes. Moreover, following
momtonng nodes periodically go t.o slgep before their nexge Eq. ), the mean energy consumption per &ay, , and
transmission cycle. Let the sensing intervalTsense, D€ the mean energy consumed during a whole year can easily be
the pause time between consecutive slots, the sleep intergghyated. At this stage, it is possible to evaluate the average
! tsieep, be the amount of time for which the LoRa nodeggttery life, L, (in years) with the assumption of total battery

remain in sleep mode, andtsyicn be the time taken by the capacity,Gs , of 1000mAh (i.e., 11880J @ 3.3)/
nodes in switching between the active and sleep modes, then _ G .
Lg = = a365 @)

the! Tsense Can be represented as: day
I Tsense = ! tsieep +2 @' tswitch - (3) B. Battery replenishment cost

Sensing interval plays a crucial role for the expert systemsThe replenishment cost for the batteries comprises of three
to ensure timely decision making. Where short sensing intern|p-costs; battery purchasgelabor, and thedispose-ofcost
helps detecting the anomaly at early stages, it also caug§sthe replaced batteries. The brst and third type of costs
short battery life hence batteries are replenished frequend¥n be seen as bxed costs ignoring the inRation factor with
Similarly, long sensing interval lets the monitoring device§me, While the second cost (i.e., labor) solely depends on the
maintain their operation for several years, it may incur de|a)é‘émplexity level of battery replacement and the type of indus-
in fault detection hence, production efbciency is on the stakg, \here the battery replenishment is needed. For instance,
A. Battery life a monitoring node installed within a machinery structure is

Here, it is important to note that the LoRa devices amore complex to handle than the one installed on the outer
assumed to be periodic transmitter where the current draw fanface hence, the labor cost would vary accordingly. For
sIeep,Ts|eep, and switching modesf,swap, are 100nA and battery replacement cost evaluation, the assumptions drawn
21.9mA, respectively[[24]. are presented in Tabe V.

Instead, the average chard®, in each state (i.etranmit, The brst type of cost (i.e., battery purchase Oglychase )
sleep and switch) can be evaluated considering the curredan be seen as the total capital required for purchasing the
draws in different modes of LoRa monitoring device and theumber of batteries needed in a time period as:
time duration for which a device remains in a certain state. Cpurchase = Cb @Ngycle (8)

For example: Qu = lx & ty (4) Here,Cy is the cost incurred to purchase a single battery and
where,! ty is the time duration when a node is in transmiN¢ce is number of replacement cycles required in a time
state andlx can be seen as the average current drawn period, T, respectively. It is signibcant to remark that a time
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period of 20 years is assumed for the cost evaluation as itr&lio signals when transmitted with 3W from a distance of
believed to be the fair lifetime attainable through monitorin§ m at 9 MHz based on Powercast P2110 harvester module
devices in energy harvesting industrial environment. Likewisehich features ultralow power consumption and fairly high
cumulative labor cost for battery installatiof,nor , iS the efbciency. The potential referred hereby is exploitable in most
variable cost that can be evaluated as: industrial setups and has already been utilized to feed sensors
Ciabor = Cr @N¢ycle (9) in a variety of lloT applications [26]; [27].
where, C, is the variable labor cost per node for battery Surplus harvested energy from the industrial environment
replenishment based upon the complexity of installation. THeay be useful for achieving two signiPcant milestorfésst,
dispose-of cost for batterie€giss. , iS the cost incurred on it may serve to reduce the energy requirement of battery-
disposing-of the replaced batteries that is not usually higheewered monitoring devices by enabling them to operate on
but it may still be signibcant in case of large-scale netwoh@rvested energy when available. Monitoring devices only go
deployment where thousands of nodes need replacemenfOih @ battery-powered operation in the absence of harvest-
a time period.Cgss. is evaluated considerin§1600 as an ing energy that would eventually prolong the battery life.
average dispose-of cost for every ton of wastage for the expirégicond as the sensing interval reciprocates damage penalty
batteries as per the recent statistics reported by the UK Gdjy-an industrial environment, the newly harvested energy
ernment [25]. Therefore, the total battery replacement cogpuld be employed to seek the trade-off by shrinking the
Crepl. , Can be expressed as a summation of the aforementio#€@sing interval up to a fair percentage without negotiating

costs in a?&ime period_ It could be represented as: on the lifetime. This BEXIbIIIty can dramatica”y improve the
Crepl. = Csute , State " {purchase, labor, diss} (10) production efbciency of various product lines in industry 4.0

state depending upor€, andR, of the manufacturing plant.

C. Damage penalty A. Battery life with energy harvesting

The cost incurred on damaged products manufactured onthéet A = {e;, e, ...,en} represents the total amount of
production line due to a possible latency in anomaly detectitiarvested energy supplied to the system throogldifferent
can be referred to as tldamage penaltyThis kind of latency renewable energy sources whene;" N, then the amount of
can also be respected as the damage intehv@ilamage and energy available in the energy buffer integrated fromnall

could be expressed as: sources can be expressed as:
! Tdamage = tdetect ! toccur ; or! Tdamage P Tsense ebuf. _ #n e (13)
. . . . 11) . - a
Here, tgetect IS the time period after which an anorglajf))/ is a=1

detected whiletocewr is the anomaly occurrence time. NowSimilarly, let S{1, 2, 3,..,n! 1, n} | n " R be the
let Pyamage » Rp, and C, be the damage penalty, the ratdarvesting time divided inta different slots, then the amount
of production at the manufacturing line, and the unit cost & harvested energy available to the energy buffer at the end
production assumed for a specibc unbnished product, then @@ny ith slot Csl? be reﬂesen;ed as:
damage penalty can be expressed by the following equation: et = (el )+ (14)
=1 .
Pdamage = ! Tdamage # Rp # Cu (12) where, €}, €', and €l are the energy available in the
The damage penalty is increased as a function of the dam%gﬁfer '

int | with i . e of T tis | ant t until the end of previous slot (i.@!, 1th), the amount of
interval with Increasing value sense - (LIS IMPOMANt 10 544 ntaneous energy consumed during current (tle),slot,
note that different product categories (such as very exp

) . . ) 1d the newly harvested energy just added to the system in the
sive, expensive, medium, and cheap) are considered for y 9l 4

. L : ) [T slot, respectively. Hence, the amount of energy harvested
evaluation of damage penalty in different industrial scenarigs . ihe period of totah slots can be represented realizing

with increasing unit cost<;, (e.g., 10, 70, 150, and 500) an }
. ; . ) e Eq| 14 as:
decreasing rate of productior®,, (i.e., 30, 6, 3, and Iin , dg]n a RGN $, &%,
respectively. P dn = €™ dn ! e"s dn + e dn
0 0 nt 1 nt1

. ' (15)
given that i tetftdn> " €™ dn for an uninterrupted

eration which implies that the amount of energy remained
_the buffer during previous slots should always be greater
an the energy required in the next slot. Here, replacing the

IV. ENERGY HARVESTING FOR INDUSTRIAL MONITORING

This study considers an industrial environment with me
harvesting potential per day for three different harvestin
sources to make the evaluation procedure simple. First,
tibcial light bulbs are considered with a potential to haF—

buf. 2\ | H .
vest a fair amount of energy during the working hours %aLue ofe (;rnor& E!q'l) |n#ghe$a}1bove FXp;ﬁSSéor?'
200 Ix. Seco_nd, the harvesting potential due to change ifgbuf. 4 = - dn | s dn + " dn
temperature is reported to scavenge reasonable amount ©f a=1 O a=1 N1 az1 Nl
energy at two different temperature gradients (i.e., 10 hour (f16)

@5°C and 5 hours @®°C) employing TG12-2.5-01L with If there aren slots inﬁlday, then the average amount of energy
efbcient thermoelectric effect that is based on Aluminiufarvested per day 4., , is equal to the amount of energy
oxide costing onlye2/kg. The cost of maintaining this thermajadded to the system overtjme slots as follows:

gradient varies depending on the type of element material BN - : Ebuf. g 17)
being used. Third, the amount of energy harvested due to day 0
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Now, substituting the value ofon Ebuf- dn from Eq. @), we spreading factors. The maximum value of energy consumption
can reW(ite tge above equation as: ) $ (almost 85 J a day) is reported when the node senses every
_n T o # ¥ on ins. # ¥ on har minute. It is obvious to note that the average consumption goes
Eday = € dn! e dn + €& dn  on decreasing as sensing interval is increased. For example,
a=1 © a=1 "1 a=1 "1 (18) the average value of energy consumption per day is at the
Here, the new energy requirement per dE}éay, can be minimum when LoRa monitoring nodes sense and report for

seen as a difference of previous energy demand drawn Bgranomaly every Pve minutes. .
day, Edaya derived by the EqD6) and the amount of new|y 2) Battery life with different transmlttlng poweI’SAfter

harvested energy per dag..,, , that becomes the part of the€¥aluating the energy consumption, the average battery life
system. It can be expressea(il as: can also be calculated as reported in Figfe 2. As LoRa

S Eh 19 monitoring devices are capable of transmitting with different
day = Hday * “day . (19) output powers, the results are taken with four different power
The new ba_lttery life of LoRa monitoring nodes is r_ee"akonbgurations ranging from 1@Bmto 20 dBm The battery

uated employing Eq.[[7) once the new energy requiremepit js signibcantly increased between riin and 5 min

per day,E g, , is established. This is evaluated consideringsnsing intervals. The maximum battery life (of approximately
the same assumptions regarding capacity of the battery gdaars) can be observed in case ofE8nas the current draw
applied voltage 1000 mAh @ 3.3 )V as followed in non- iy this conbguration is minimum (281A) as compared to
energy harvesting life evaluations. Here, the newly Ca":U'at%Bnbguration of 2@iBmwhen the monitoring nodes undergo

lifetime would also contribute in reducing the total battery,svimum current draw (125 mA) yielding less than 2 years
replacement cosCrepl. , With the damage penalty being theys battery life [24].

constant. Here, 14dBm is the maximum transmission power allowed

B. Sensing interval with energy harvesting for an emitter in 1% duty cycle sub-band under European leg-

In some industrial environments, the damage penalty causdtions for transmission power restrictions. Figlife 3 zooms
far more harm than the frequent battery replacements. Conti§f© the 14dBm power conbguration setting where the mon-
ling Crep. Would not be a feasible option in those cases. ftpring nodes successfully achieve a lifetime of 5 years when
avoid/control Pyamage , SENsing interval can be shortened t§1€y wake back every &in to measure and transmit. The
more frequently update the expert systems in the presencélgnitoring nodes with sensing interval of less thammin
harvested energy while maintaining the existing battery [ifd"€ not able to last for even an year. Here, it is interesting to
This provision of interval contraction depends on the actuPte that the delay of every minute after the brst minute in
amount of harvested energy available at buffer in a particuli}e Sensing interval yields almost one-year increment in the
instance can be equal to the relaxation in energy quota due’¥grall battery life of monitoring node in this case.

the availability of harvested energy at an instant. It can be seber'?) Sensing intervals com.patible with LoRaWARhe num-
. —h er of messages per day in LoRaWAN depends on the two
as the ratio of the average harvested energy perkigy,, to

h q q 4. Thus. th tracted int Idifferent factors. First, the choice of spreading factor for
e energy demand per ddygay . Thus, the contracted Interval . ymunication as evergF in LoRaWAN incurs different air

in case of energy harvesting availability,Tsens, , could be time. Second, duty-cycle of a particular sub-band available for
represented as: ( =l communication as there may be multiple sub-bands at each
! Toonse = ! Teense ! ! Teense 4= (20) transmission with different duty-cycle allowance (e.g., 0.1%,
day 1%, or 10%). Figurg]4 gives an overview of the maximum

This contracted sensing interval would enable the fair réaumber of messages that can be transmitted by a monitoring
duction of the damage penaltPgamage , Setting the battery node deployed across the production line when different active
replacement cost as a constant. and sleep periods are selected. The higher the duty-cycle

V. RESULTS ANDDISCUSSION allocation, the higher the number of messages. The number

This section spans the results of LoRaWAN evaluatiof Messages reduce signibcantly moving along the SFs up to
following the proposed model (elaborated in Sectipn$ IAnly a few messages per day in case of SF12 and 0.1% duty-
and[TV) along with a detailed discussion on these results. 9ycle.

can be divided into two sub-sections; i) standard LoRaWAN Ftlg(;lrg [}d_?rhOWS‘SEO\.N ﬁ|ff§r(i/r\1/tA§e_ns;ng mtefrvals gre sfup-
evaluation for industrial monitoring and ii) LoRaWAN jp Ported by difiereni>esin LoRa In terms of number o

industrial monitoring with energy harvesting capabilities. messages compatibility. For example,.only SF7 can §upport
the maximum number of messages with 5 s sensing interval

A. LoRaWAN evaluation in industrial monitoring scenarios 5nq monitoring nodes cannot employ other spreading factors
1) Energy consumption Energy consumption can be seeravailable in LoRaWAN to practically transmit this number
as the foremost LoORaWAN parameter that serves to evaluafemessages. It is obvious that LoRa monitoring nodes only

the battery life in the industrial environment. Figlife 1 presenssipport the sensing intervals above $@o avoid violating
the average energy consumption of LoRa monitoring node prduty-cycle compliance. It implies, a fair range for sensing
day against a range of fair sensing Intervals. The averaigéerval in LoORaWAN can only be in terms of minutes (i.e.,
energy consumption is the average value of all the enerffpm 1 min to 5 min). Therefore, rest of the results assume
consumptions reported while operating on different LoRaWABMis range of sensing intervals.
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4) Statistics for battery replacement cogthe higher man-
agement in a smart industry always bnds it difbPcult replacing
the batteries of monitoring nodes for two reasons; (i) it incurs
a lot of industrial resources in terms of cost and time, (ii)
the entire production process needs to be in non-operational
state that results in huge Pnancial losses and deteriorates
production efpciency. Figurg] 6 presents cumulative battery
replacement cost as a function of variation in the installation
labor cost when it is considered betweéf.5 to £10 per
replacement as per the complexity of the spot. These costs are
anticipated for a fair range of sensing intervals identibed in
Figure[. It is obvious that cumulative battery replacement cost
keeps increasing when shortening the sensing interval as extra
number of replacement cycles are required when the LoRa
devices wake back frequently (such as, irmin interval).
Likewise, variation in the replacement cost does not affect
much for the sensing intervals abovenfin and is reported
just over£100.

5) Statistics for damage penaltyfhe damage penalty can
be seen as the second type of cost but higher enough to be paid
signibcant attention by the administration of a smart industry.
The longer the sensing interval, the longer the damage interval
it may cause. The best case can be the lower bound of sensing
interval so that to avoid any delays in detecting the anomalous
situation. Similarly, the worst case may be the longest sensing
interval when the anomaly was occurred just after the previous
cycle and the smart system would be able to detect this
anomaly in the next cycle at the earliest after waiting for the
whole sensing interval (e.g., Tsense = 5 Min).

Figure[T compares four different product lines from industry
4.0 with different unit costs and production rates given in
Section[Tl]. Although there is not a noticeable difference
between the damage penalty of all four cases on lower part
of sensing interval, but as we move on to higher sensing
interval, the difference appears to be signibcant. The product
with minimum unit cost and higher production rate seems to
be the most ideal case when the penalty does not go beyond
£1500 even with the longest sensing interval (i.emiB). The
damage penalty may go up £2500 in case of maximum unit
cost and lowest production rate following the same sensing
interval.

6) The overall cost in non-energy harvesting scenarios:
The overall cost includes both types of contradictory costs
evaluated previously; battery replacement cost and damage
penalty. Figur¢ 8 throws light on an overall picture depicting
both types of cost to estimate a clear contribution of each
type of cost. It is signibcant to note that the results in the
all four product categories witnessed the same trend (i.e.,
linear increase in cost) hence, due to the space limitations,
the only instance (i.eCy = £10 and R, = 30/min) was
opted to demonstrate the trend as in Figufe 8. To present
an example, the damage penalty is recorded when the unit
cost of production i€ 10 and the rate of production reaches
30 products per minutelnitially, the proportion of battery
replacement cost is 44% in comparison to overall cost that
goes down to 3% of the overall cost when the LoRa monitoring
nodes reactb min of sensing interval. On the other hand,
damage penalty is doubled over every minute of sensing
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interval starting from£300 (when sensing interval & min)
to £1500 in case of Tgense = 5 Min

B. LoRaWAN in industrial monitoring scenarios with energy
harvesting capabilities

Industrial potential for renewable energy comes into play
in two different waysFirst, due to the presence of harvested
energy from the industrial environment, LoRa monitoring
nodes can be fed by newly harvested energy minimizing the
battery powered operatio®econdthanks to the energy scav-
enging capabilities present in industrial environment, sensing
interval appears to be Rexible and can be contracted as per the
relaxation in energy quota. This section highlights the benebts
of exploiting the harvesting potential in terms of extended
battery life and Rexible sensing interval and provides insight
of how LoRaWAN performs far better in the presence of
harvested energy as compared to the evaluations drawn in the
previous sub-section.

1) Prolonging the battery life:Extended battery life is the
brst milestone that can be achieved taking energy harvest-
ing into account within industrial environment. The damage
penalty and the battery replacement cost both are signibcant
but exhibiting inverse relationship. It implies that if we try
to control one, the other may go up in plain industrial
environment. While the potential for harvesting energy within
an industry 4.0 can turn them around.

a) Lifetime of LoRa motes in harvesting industrial en-
vironment: In harvesting environment, the extra harvested
energy is able to further prolong the lifetime of monitoring
nodes several times as compared with plain industrial settings
when moving along the sensing intervals, as shown in Figure
[9. The updated lifetime would signibcantly contribute towards
reducing theC,epi. , @s shown in FigurEJrO. It can be observed
that even in case of shortest sensing interval of a minute,
the battery life can be extended many folds when utilizing
harvested energy without changing the sensing interval.

b) Battery replacement cost in harvesting industrial en-
vironment: The battery replacement cost can also be trimmed
by prolonging the lifetime of monitoring nodes in a harvesting
industrial environment. Figure L0 clearly argues about chop-
ping Crepi. as low as just ovef 13when! Tsense approaches
over 3min in comparison to counterpart where it jumps over
£80. Moreover, Crep.  keeps rising as the sensing interval
is reduced. As extra battery replacement cycles are required
if the LoRa motes wake up back and forth (such as, in 1
min interval). WhereasCe,. maximally reachesE 50 in
energy harvesting scenario even when!thiRense = 1 min in
comparison with non-energy harvesting scenario wi@gg
is reported oveE 230 for the same interval.

2) Contracting the sensing interval:

a) Interval contraction rate: As mentioned in section
[V-B] the Rexibility in the sensing interval can be achieved as
an added advantage in addition to prolonging the lifetime of
LoRa devices. Figurg 11 demonstrates the interval Rexibility
rate (in percentage) at whi¢hTsense could be reduced in case
of renewable energy. Here, it is worth mentioning that the rate
of interval contraction ranges from 14% to 70% moving from 1
min to 5min sensing interval based on the amount of newly
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Fig. 6. Cumulative battery replacement cost against
variation with respect to complexity
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harvested energy available. The greater the sensing interval,
the higher the relaxation in the energy quota and consequently,
the higher the percentage of interval Rexibility. It implies, a
5 min preset sensing interval for an IloT application can be
reduced to as short as 1rhin whenever needed to reduce
the long damage interval, Tgamage , @and to diminish higher
damage penalty?gamage -

b) Damage penalty in harvesting industrial environment:
It is even critical for the smart industries manufacturing costly
products (i.e, highe€, ) where each damaged product causes
far huge penalty as compared @ep. . Therefore, instead of
attaining the longer battery lifetime in the Sectjon V-B1, we
can utilize newly harvested energy to derive a shorter sensing
interval, ! Tsense a@s permissible by the quota of harvested
energy available at hand. Thanks to the interval contraction via
harvested energy, it is possible to restrict the damage penalty
(see Figuré 112) to an upper boundfof040above the interval
of 85s (120s previously i.e., up to 29% shorter), even when
considering the most expensive product category. The damage
penalty can be conbned as lowfa520in the smart industries
with lower C,.

c) Aggregate costs in harvesting industrial environment:
Figure[ I3 exhibits the overall cost picture where the aggregate
of both costs (i.e.Pdamage and Cyep. ) is compared with
non-energy harvesting scenario in Figlife 8. The impact of
interval contraction on both costs clearly argues about the non-
linear increase iMPgamage and Crep. moving along higher
intervals. With the increase in the contraction rate in harvesting
environment, the aggregate cost tends to go signibcantly down
along the higher sensing intervals. The cost reported by most
right bar in Figure I8 orl Tsense = 3605 are even lower
than the value reported dnTsense = 60s which favors the
selection of greater interval.

3) Carbon footprint analysis for LoRa devicesollow-
ing the ascent in the global warming curve, serious efforts
have been put in place by various segments of the society
to de-carbonize the environment, fairly reducing the carbon
footprints. The smart industries are also well on their way
to green industrial revolution by taking several measures to
reduce carbon footprints from different industrial processes.
The employment of renewable energy sources not only offers
industrial cost savings but also contributes to fairly drop the
extent of carbon footprint caused by the conventional power
generation.

Despite the green energy solutions, it is important to note
that each kind of renewable energy source is associated
with a certain amount of carbon per kWh of generation. By
distributing these carbon emissions on the lifetime of the
system, we can consider an amount of carbon associated
with each type of renewable energy source 1&g/kWh,
20g/kWh, and 30g/kWh for thermoelectric, photoelectric,
and RF energy respectively [28], [29] as compared to the
CO, emission of fully battery powered monitoring devices as
1503/kWh [30]. LetCO8%  COJE, COLE, andCOXF are
the carbon emissions associated with fully battery-powered,
thermoelectric, photoelectric, and RF energy respectively and
Eyear =V @ 84865, then by multiplying the carbon footprint
associated with a renewable energy sourck g, Yyields an
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annual carbon emission of corresponding energy source. formulating an optimization problem where maximizing the

Similarly, annual carbon emission savings per LoRa nodiéetime is an objective function with both the costs (i.e.,
can also be evaluated by subtracting the ani@@, emis- battery replacement costs and damage penalty) as constraints.
sion in the presence of energy harvesting sources from the REFERENCES

expected carbon emission in fully battery powered solution

; . [1] E. Sisinni, A. Saifullah, S. Han, U. Jennehag, and M. Gidlund, andus-
(I'e" 4'58Kg/kWh ) It can be eXpressed as: trial internet of things: Challenges, opportunities, and directioli=RE

Coga\/Ings = Eyear ﬂCOgatt' )! (CO;E + COZPE + CO?F ) Transactions on Industrial Informaticsol. 14, no. 11, pp. 4724D4734,
(21) Nov 2018.

. e . [2] OIEEE Standard for Low-Rate Wireless Networks - Amendment 5:
Flgure@ presents the ann@0, emission savings per LoRa Enabling/Updating the Use of Regional Sub-GHz BandEEE Std

node against the sensing interval. The longer the sensing 802.15.4v-2017 (Amendment to IEEE Std 802.15.4-2015, as amended
interval of LoRa monitoring nodes, the greater the savings by IEEE Std 802.15.4t-2017pp. 1D35, June 2017.

icqi i einni ; OIEEE Standard for Local Area Network/Wide Area Network
on carbon emissions. It is signibcant to note that a saving d (LAN/WAN) Node Communication Protocol to Complement the Utility

to 3.22kg/kWh per LoRa node is possible annually on the  |ndustry End Device Data TablesEEE Std 1703-2012p. 19239, June
sensing interval of Gmin that accounts for tons of annual 2012.

icai ; ; ] S. Mumtaz, A. Alsohaily, Z. Pang, A. Rayes, K. F. Tsang, and J. Ro-
carbon emission Savings for a Iarge scale network. Flgur[él driguez, OMassive internet of things for industrial applications: Address-

[15 demonstrates the annual emission savings in a large scale ing wireless iiot connectivity challenges and ecosystem fragmentation,O
LoRa network as a function of the number of end-devices. |EEE Industrial Electronics Magazineol. 11, no. 1, pp. 28B33, March

It can be concluded that even a medium scale LoRa netwoﬁ 2017.
a

. . . L. Da Xu, W. He, and S. Li, Olnternet of things in industries: A survey,0
deployment with energy harvesting devices may save several |Egg Transactions on industrial informaticsol. 10, no. 4, pp. 22330

tons of carbon emissions annually which is quite encouraging 2243, 2014.

for the industrial administrations to consider energy harvestinf§! Y- Raza, P. Kulkarni, and M. Sooriyabandara, OLow power wide
. area networks: An overviewBEE Communications Surveys Tutorials
LoRa deployments to actually realize the dream of green g pp no. 99, pp. 1919, 2017.

industrial revolution. [71 M. A. Ertark, M. A. Ayddn, M. T. Biyakakkasilar, and H. Evirgen, OA

To summarize, the work yields the following important Survey on LoRaWAN Architecture, Protocol and Technologi€sitire
y 9 P Internet vol. 11, no. 10, p. 216, Oct 2019.

developments. FirsBdamage is always higher tharepi. for (5] p_ zorbas, K. Abdelfadeel, P. Kotzanikolaou, and D. Pesch, OTS-LoRa:
greater intervals and the curves belonging to these costs meet Time-slotted LoRaWAN for the Industrial Internet of Thing&@mputer

across the sensing interval ofifin . SecondCrep. goes down CommunicationsJan 2020.

L v b f the | lifeti hi d th Fl)] R. Sanchez-lborra and M.-D. Cano, OState of the Art in LP-WAN
signibcantly because of the longer lifetime achieved throug Solutions for Industrial 10T Services&nsorsvol. 16, no. 5, 2016.

harvested energy without having any impact bilsense. [10] H. H. R. Sherazi, M. A. Imran, G. Boggia, and L. A. Grieco, OEnergy
Third, the surplus harvested energy also induces the Rexibility harvesting in lorawan: A cost analysis for the industry 4.EGE

. . . Communications Lettersol. 22, no. 11, pp. 235802361, Nov 2018.
for the interval contraction towards generating recent alerﬁl] K. E. Nolan, W. Guibene, and M. Y. Kelly, OAn evaluation of low power

Fourth, the proper exploitation of harvested energy in an  wide area network technologies for the internet of things Qiieless
industrial setup cuts down both types of costs (iRyamage Communications and Mobile Computing Conference (IWCMC), 2016

. . International IEEE, 2016, pp. 439D444.
and Crepi. ) to end up with the reduced aggregate cost IHZ] R. S. Sinha, Y. Wei, and S.-H. Hwang, OA survey on Ipwa technology:

caparison with non-energy harvesting industrial environment.” Lora and nb-iot,dct Expressvol. 3, no. 1, pp. 14921, 2017.
Fifth, the aggregate cost does not depict a linear increaselli$i R. B. S¢rensen, D. M. Kim, J. J. Nielsen, and P. Popovski, OAnalysis of

; i — latency and mac-layer performance for class a lorawl#EB Wireless
harvested environment and starts declining whefense Communications Letteysiol. 6, no. 5, pp. 5660569, Oct 2017.

240s. It goes down to as minimum &300, especially when [14] G. Margelis, R. Piechocki, D. Kaleshi, and P. Thomas, OLow throughput
I Teense = 3605, even lower than the aggregate cost recorded networks for the iot: Lessons learned from industrial implementations,O

| - in 2015 IEEE 2nd World Forum on Internet of Things (WF-loDec
on! Tsense = 605. 2015, pp. 181D186. ‘
VI. CONCLUSION AND FUTURE ACTIVITIES [15] S. Mohod and R. S. Deshmukh, Olnternet of things for industrial

monitoring and control applicationsi@ernational Journal of Scientibc
The work Prst presented a model to evaluate the energy con- and Engineering Researchol. 07, no. 2, pp. 494D498, 2016.

. . . . . 116] D. Hernandez, G. Peralta, L. Manero, R. Gomez, J. Bilbao, and C. Zubia,
sumption, estimating the battery life of LoORaWAN momtormd OEnergy and coverage study of lpwan schemes for industry 4.0,0 in

devices in an industrial environment. It then exploited several Electronics, Control, Measurement, Signals and their Application to
renewable energy resources available in a smart industry to g/loelc;\atronilcs G(ECMSM), 2017 |IEEE International Workshop ¢EEE,
ighli i i i » pp. 1D6.

highlight the impact of harvesting potential on the .batteg\i? A.-A. A. Boulogeorgos, P. D. Diamantoulakis, and G. K. Karagianni-

replacement cost and damage penalty. Furthermore, it studies dis, OLow power wide area networks (Ipwans) for internet of things

the interesting relationship between the aforementioned costs (igt)/ applications: Research challenges and future trer@sRR vol.

. ; abs/1611.07449, 2016.

in industry '4.0 to understand how these costs reciproc 3] Y. Song, J. Lin, M. Tang, and S. Dong, OAn internet of energy things

each other in a smart factory where the damage penalty can, pased on wireless IpwanEngineering vol. 3, no. 4, pp. 460 D 466,

sometimes, be far huge compared to battery replacement cost. 2017. . _

Moreover, the results brst evaluate several critical paramet@f@ C- Tunc and N. Akar, OMarkov Buid queue model of an energy
. .. . . harvesting iot device with adaptive sensing&formance Evaluation

of LoRaWAI\_I in a pIam |nd.ustr|al_enV|ro_nment and then a  vol 111, pp. 1D 16, 2017.

comprehensive comparison is provided with energy harvestii2g] N. Michelusi and M. Levorato, OEnergy-based adaptive multiple access

industrial environment. The future work would consider apply- N LPWAN loT systems with energy harvesting,GPic. of 2017 IEEE
ing the similar model on 802.11ah, 802.11ax and 802.11h8; | Alanes ONMember 116 Hccosaod: 04 -
Ing the similar mo : , : : Fﬁ] L. Alliance, OMember list,O [Accessed: 06 February 2020]. [Online].

(EHT). Moreover, the work can also be extended towards Available:|https:/lora-alliance.org/member-directory


https://lora-alliance.org/member-directory

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. X, NO. X, MARCH 2020 11

Muhammad Ali Imran (M003, SMO12) Fellow
IET, Senior Member IEEE, Senior Fellow HEA is

@ Dean University of Glasgow UESTC and a Professor
& ;\

[22] F. Adelantado, X. Vilajosana, P. Tuset-Peiro, B. Martinez, J. Melia;w_, .
Segui, and T. Watteyne, OUnderstanding the limits of loraw&E6 y
Communications Magazineol. 55, no. 9, pp. 34D40, 2017.

[23] M. O. Farooq and D. Pesch, OAnalyzing lora: A use case perspecti
in 2018 IEEE 4th World Forum on Internet of Things (WF-lIpFeb
2018, pp. 355D360.

[24] S. Inc., OLow power long range transceiver, sx1272/73 datasheet,O
2015, [Revised Feb. 2020]. [Online]. Available: https://www.semfec
com/products/wireless-rf/lora-transceivers/sx1272 Glasgow and is the Director of Glasgow-UESTC

[25] Olmpact Assessment Report (DEFRA1784),0 Department for Envir Centre for Educational Development and Innovation.
ment, Food and Rural Affairs, Tech. Rep., March 2018. He is an Afbliate Professor at the University of

[26] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, OWireless network©®klahoma, USA and a visiting Professor at 5G Innovation Centre, University
with rf energy harvesting: A contemporary survefBE Communica- of Surrey, UK. He has over 20 years of combined academic and industry
tions Surveys & Tutorialsvol. 17, no. 2, pp. 757D789, 2015. experience with several leading roles in multi-million pounds funded projects.

[27] F. Touati, A. Galli, D. Crescini, P. Crescini, and A. B. MnaouerHe has Pled 15 patents; has authored/co-authored over 400 journal and
OFeasibility of air quality monitoring systems based on environmentainference publications; has edited 7 books and authored more than 30
energy harvesting,0 iBroc. of 2015 IEEE I2MTC Conferencéay book chapters; has successfully supervised over 40 postgraduate students at
2015, pp. 266D271. Doctoral level. He has been a consultant to international projects and local

[28] N.Y. Amponsah, M. Troldborg, B. Kington, |. Aalders, and R. L. Houghcompanies in the area of self-organised networks.

OGreenhouse gas emissions from renewable energy sources: A review of
lifecycle considerations,@enewable and Sustainable Energy Revjew:
vol. 39, pp. 461 B 475, 2014.

[29] H. H. R. Sherazi, G. Piro, L. A. Grieco, and G. Boggia, OWhe
renewable energy meets lora: A feasibility analysis on cable-less ¢ f(‘
ployments,QEEE Internet of Things Journapp. 191, 2018.

[30] M. Romare and L. Dahti, OThe life cycle energy consumption ang,
greenhouse gas emissions from lithium-ion batteri®g@kholm. Zugriff
am vol. 23, p. 2017, 2017.

of Wireless Communication Systems with research
interests in self organised networks, wireless net-
worked control systems and the wireless sensor
systems. He heads the Communications, Sensing
and Imaging CSI research group at University of

Gennaro Boggia (S099-M001-SMO09) received,
with honors, the Dr. Eng. and Ph.D. degrees in
electronics engineering, both from the Politecnico di
Bari, Bari, Italy, in July 1997 and March 2001, re-
spectively. Since September 2002, he has been with
the Department of Electrical and Information Engi-
neering, Politecnico di Bari, where he is currently a
Full Professor. From May 1999 to December 1999,
Husnain Sherazi (5015-M018) earned his PhD i he was a Visiting Researcher with the TiLab, Tele-
electrical and information engineering, Politecnic )< comltalia Lab, Torino, Italy, where he was involved
di Bari, Italy on the Ministerial Fellowship in 2018. _ in the study of the core network for the evolution of
He completed his BS and MS degrees in computefhird-Generation (3G) cellular systems. In 2007, he was a Visiting Researcher
science on fully funded fellowship from COMSATS at FTW, Vienna, Austria, where he was involved in activities on passive and
University, Lahore, Pakistan in 2011 and 2013, reactive trafbc monitoring in 3G networks. He has authored or coauthored
spectively. He is currently a Researcher at Tyndalmore than 150 papers in international journals or conference proceedings,
National Institute, University College Cork, Cork, gaining more than 2300 citations. He is regularly involved as a Member of the
Ireland. He has been Adjunct Professor at GIFTTechnical Program Committee of many prestigious international conferences.
‘ Q;fy University, Pakistan during Fall-19. Previously, HeHis research interests include the Pelds of Wireless Networking, Cellular
) has been with the Department of Electrical and=0mmunication, Internet of Things (loT), Network Security, Security in
Information Engineering, Politecnico di Bari, Italy as a Postdoc. ResearcHgf. Information Centric Networking (ICN), Protocol stacks for industrial
from Nov. 2018 to Oct. 2019. He has been on a research exchange at Unig@plications, Internet measurements, and Network Performance Evaluation.
sity of Glasgow, UK from May 2017 to Jan. 2018. Several articles in renowné#g is currently an Associate Editor for the IEEE Commun. Mag., the ETT
conferences and journals are on his credit. He has been an active men¥¥#gy Journal, and the Springer Wireless Networks journal.
of IEEE and Italian chapter of IEEE Computer Society. He is a reviewer
of several prestigious journals and conferences. His teaching & research
interests broadly span the areas of: Energy Harvesting-Low Power Wide Area
Network technologies for future 10T, Intelligent Transportation Systems and
applications, and QoS improvement of advanced cellular infrastructures.

L. Alfredo Grieco (S002-M004-SMO12) received
the Dr. Eng. degree (with honors) in electronic
engineering from OPolitecnico di BariO, Bari, Italy,

in Oct. 1999 and the Ph.D. degree in information
engineering from OUniveraitli Lecce,O Lecce, Italy,

on December 2003. From Jan. 2005 to Oct. 2014,
he held an Assistant Prof. position at the ODEI -
Politecnico di BariO. From March to June 2009, he
has been a Visiting Researcher with INRIA (Sophia
Antipolis, France), working on the topic of Internet
measurements. From Oct. to Nov. 2013, he has been
a Visiting Researcher with LAAS-CNRS (Toulouse, France) working on
Information Centric Networking design of M2M systems. From Nov. 2014
to Dec. 2018, he has been an Associate Professor in Telecommunications
at Politecnico di Bari (DEI). Since Dec. 2018, he is a Full Professor in
Telecommunications at Politecnico di Bari (DEI). He authored around 200
scientibc papers published in venues of great renown that gained more than
8000 citations. His current research interests include: Industrial Internet of
Things, Information Centric Networking, and Nano-communications. He is
the Founder Editor in Chief of the Internet Technology Letters Journal (Wiley)
and served as EiC of the Transactions on Emerging Telecommunications
Technologies (Wiley) from mid-2016 to 2019. He also serves as associate
editor the IEEE Transactions on Vehicular Technology journal (for which
he has been awarded as top associate editor in 2012 and 2017). He has
been constantly involved as Technical Program Committee member of many
prestigious conferences. Within the Internet Engineering Task Force (Internet
Research Task Force), he contributed (as author of RFC 7554) new standard
protocols for industrial 10T applications (new standard architectures for
tomorrow ICN-loT systems). From Jan. 2019, he is Founding Member and
Subarea-Chair of the IEEE SIG on Intelligent Internet Edge. In 2020 he has
been nominated scientibc coordinator of the 10T4.0 Lab.



https://www.semtech.com/products/wireless-rf/lora-transceivers/sx1272
https://www.semtech.com/products/wireless-rf/lora-transceivers/sx1272

	Industrial Internet of Things and the fourth industrial revolution
	State of the art and essential comparison of LP-WAN Technologies
	LoRaWAN for Industrial Monitoring
	Battery life
	Battery replenishment cost
	Damage penalty

	Energy harvesting for industrial monitoring
	Battery life with energy harvesting
	Sensing interval with energy harvesting

	Results and Discussion
	LoRaWAN evaluation in industrial monitoring scenarios
	Energy consumption 
	Battery life with different transmitting powers
	Sensing intervals compatible with LoRaWAN
	Statistics for battery replacement cost
	Statistics for damage penalty
	The overall cost in non-energy harvesting scenarios

	LoRaWAN in industrial monitoring scenarios with energy harvesting capabilities
	Prolonging the battery life
	Contracting the sensing interval
	Carbon footprint analysis for LoRa devices


	Conclusion and future activities
	References
	Biographies
	Husnain Sherazi
	L. Alfredo Grieco
	Muhammad Ali Imran
	Gennaro Boggia


