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ABSTRACT

A novel self-powered sensing and communication architec-
ture for remote detection of chemical reactions is proposed.
It is assumed that pyroelectric nanogenerators fitted with
Graphene-based nano-antennas radiating in the Terahertz
band (0.1-10THz) are embedded in the catalyst surface where
different types of chemical reactions take place. Each reac-
tion consumes or dissipates some heat, which causes tem-
perature fluctuations on the catalyst surface. A pyroelectric
nanogenerator harvests electrical energy from each tempera-
ture fluctuation and use the energy to transmit a THz pulse
of proportional amplitude. Because different types of reac-
tions dissipate different amounts of energy, we show that a
remote receiver can detect the reaction type from the re-
ceived pulse energy. The accuracy of reaction detection at
the receiver, however, is compromised by the noise and at-
tenuation of the THz channel, which makes it difficult to
detect reactions from a longer distance. Using simulations,
it is shown that dynamic frequency selection within the THz
band based on the expected chemical composition of the re-
actor at any given time can help extending the distance of
remote reaction detection.

1. INTRODUCTION

Live monitoring of reactions is important for measuring
reactor conditions and improving the performance of chem-
ical processes. Reaction monitoring is most commonly car-
ried out via temperature and composition (and/or pressure)
which still have to be used for inferential analysis of the cat-
alyst conditions. However, if available, direct information
on catalyst site properties and state offers significant oppor-
tunities for improving both catalyst and reactor technologies
from a bottom-up perspective. Using wireless nanoscale sen-
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sor network to monitor and control chemical reactors has
been recently demonstrated in the literature [8, 9, 11]. This
paper proposes a novel self-powered wireless nanosensor net-
work (WNSN) architecture for such direct monitoring of key
reactions on the catalyst surface.

The proposed architecture exploits the observation that
each reaction either dissipates (exothermic) or consumes (en-
dothermic) certain amount of heat, which causes temporal
variation in the ambient temperature. Therefore, a pyro-
electric energy harvester [7] that harvests electrical energy
from the temporal gradient in ambient temperature, can be
readily used to power a nanosensor node deployed in a cat-
alyst site. Furthermore, because the exact amount of dis-
sipated or consumed heat strongly depends on the type of
reactions, the reaction type can be inferred from the har-
vested pyroelectric energy. Thus, the pyroelectric energy
harvester could play the dual role of an energy generator
as well as a reaction sensor. The remaining challenge is to
wirelessly transfer the information from nanoscale devices
to macroscale sinks, so the reactions can be monitored from
the Internet.

To enable wireless monitoring, we propose that the py-
roelectric nanogenerators are fitted with Graphene-based
nano-antennas [5] capable of radiating in the Terahertz band
(0.1-10THz). When a reaction takes place, the nanogen-
erator use the harvested energy to transmit a THz pulse
of proportional amplitude. Because different types of reac-
tions dissipate different amounts of energy, a remote receiver
should be able to detect the reaction type from the received
pulse energy.

The performance of the proposed WNSN-based remote re-
action monitoring architecture is evaluated using a specific
chemical reactor called Fischer-Tropsch Synthesis (FTS),
which converts gas to liquid. We find that the molecular
absorption (attenuation) and noise of the THz channel are
major barriers for accurate reaction detection at the sink.
Detection accuracies over 90% cannot be achieved beyond
0.5 mm, which makes it challenging to connect the WNSN
to the Internet.

Because molecular absorption and noise are highly fre-
quency selective, we propose to divide the THz band into
many subchannels and select a subchannel that is least af-
fected by the molecular composition of the reactor environ-
ment as a means to overcome the THz challenge. Simu-
lation experiments show that by dynamically selecting the
subchannels during the chemical process, accurate reaction
detection (> 90%) can be achieved at a distance of 50 cm



from the nanogenerator, which makes Internet-based remote
reaction monitoring feasible. The key contributions of this
paper can be summarised as follows:

e We propose a novel self-powered WNSN architecture
for reaction monitoring that uses reaction heat as a
source of energy harvesting as well as reaction detec-
tion

e We build a performance model to study the reaction
detection accuracies of the proposed architecture

e We simulate a widely used commercial reactor and
show that the default use of the entire THz band as a
single channel cannot achieve accurate reaction detec-
tion beyond 0.5 mm

e We show that dynamic frequency selection within the
THz band can help achieve accurate reaction detection
at significantly longer distances making it feasible to
connect the WNSN to the Internet.

The rest of this paper is structured as follows. Details of
the proposed WNSN architecture are discussed in Section
2. Performance modelling of remote reaction detection over
THz channel is presented in Section 3, followed by the simu-
lation results in Section 4. We conclude the paper in Section
5.

2. REACTION MONITORING ARCHITEC-
TURE

The proposed WNSN-based reaction monitoring architec-
ture is shown in Figure 1. A chemical reactor contains one
or many tubes designed to allow the processing of chemical
reactants via different reactions under specified pressure and
temperature in the presence of a catalyst (figure 1.a). The
inner surface of a catalyst tube contains numerous sites (fig-
ure 1.c) where reactants adsorb and react with each other
producing different chemicals. It is assumed that each cata-
lyst site is fitted with a pyroelectric nanogenerator coupled
with a Graphene antenna for wireless transmission in the
THz band (figure 1.d). We also assume that we can de-
ploy a rod through the axis of the catalyst tube to embed
few macroscale wireless remote sink connected to the In-
ternet (figure 1.b). The communication medium between
nanomotes and the remote sinks therefore consists of the
chemicals inside the tube. The types and amounts of these
chemicals change as the chemical production proceeds. The
remote sinks are connected to the Internet through a wire-
less gateway located outside of the reactor.

In order to make our discussion concrete, we have se-
lected FTS [1] as a case study. However, the discussion and
methodology in this paper is entirely general. FTS synthesis
is a major process for converting natural gas to liquid hydro-
carbons in a chemical reactor. The reactor starts with a spe-
cific amount of carbon monoxide (CO) and hydrogen (Hz).
Many chemical species are produced and consumed via 8 dif-
ferent categories (types) of reactions, R1 to Rg which have
been presented in Table 1 along with the amount of gener-
ated heats. We assume an iron-based fixed-bed FTS reactor
which has catalyst sites with dimensions of 0.3um x 0.3um,
so the mass of each site is around 1.5fg. We propose that a
rod be deployed inside through the axis of the catalyst tube
at a given distance containing macro-scale wireless remote
sinks connected to the Internet.

Table 1: Elementary Reactions and Released Energy in
KJ/mol for Fischer-Tropsch Synthesis

Reaction Released
Energy
(KJ/mole)
Adsorption Phase
1 CO — C(S) + O(S> 56.81+0.96
Hy — H(S) + H<S) 10+0.5
‘Water Formation
Ry O(S) + H(S) — OH(S> +s 103.80£0.96
Ro OH(S> + H(s) — H2O(s) +s 86.2240.62
Chain Initiation
R3 C<S) + H(S) - CH(S) +s 77.66 0.7
R4 CH(S) + H(S) — CHQ(S) +s 11.9440.1
Rs CHQ(S) + H(s) — CH3(5> +s 61.88+0.5
Chain Growth
Re CnH2n+1(s) + | 44.7940.43
CH2(5> — CmH2m+1(s) (m=n+1)
Hydrogenation to Paraffin (HTP)
R7 | CnH2n+1(s)+H(s) — CyHy, o +25s | 117.75+£0.67
8 -Dehydrogenation to Olefin (DTO)
| Rsg | CnH2n+1(s) — C,H,, +H(S) | 96.27+0.5

The pyroelectric nanogenerator converts any temperature
variation to electricity. The generated pyroelectric current
I is proportional to the rate of temperature change and is
obtained as I = Po x A X (%), where Pc is the pyroelectric
current coefficient of the material (80 punC/cm?K [7]), A is
the electrode area (0.3um x 0.3um), and dT'/dt is the rate of
change in temperature. The harvested power is then derived
as Py = I x R, where R is the device resistance (50 M in
7).

To compute the pyroelectric power, we need to derive
the rate of temperature change, which can be obtained as
‘% = %, where AT is the amount of temperature rise
in the site due to the reaction heat and ¢ is the reaction
time. AT can be obtained directly from the heat formula
as AT = cp%’ where H is the amount of reaction heat
released to the site, C} is the heat capacity (specific heat)
of the catalyst material (0.45 J/gK for iron), and m is the
mass of the reaction site (1.5fg). Assuming that it takes 1
ps for a reaction to complete, we have 4T = AT x 10'2.
This means that even for a small AT, we can expect a sig-
nificant rate of change in the temperature and eventually
the harvested power. Figure 2 shows the temperature rise
in each site of an iron-based catalyst and the resulting har-
vested power using the pyroelectric model of [7]. The figure
suggests that each nanomote can harvest averagely 10nW
per reaction.

Now let us explain the working principle. When a reac-
tion occurs in a catalyst site, production (or consumption) of
heat by the reaction would increase (or decrease) the temper-
ature of the site. This instantaneous temperature variation
will be converted to electrical energy by the Pyro-EH. The
nanoradio use this harvested power to directly generate and
transmit a radio pulse to a nearby remote sink. Because the
power amplitude of the pulse is proportional to the harvested
energy, it should be possible to use the received energy of
the pulse at the remote station to differentiate one type of
reaction from another. Although different types of reactions
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Figure 1: Overall microscopic monitoring of chemical reactor using WNSN. (1) a picture from a small industrial plant of FT
reactors. (2) data from the reactor will be collected and transferred to the monitor room for further analysis. (a) schematic of
a single chemical reactor. (b) a snapshot from of a cross section of a catalyst tube. (c) a STM picture from the inner surface
of a real FT catalyst tube [6] (d) a schematic of the inner surface of the catalyst that its sites have been equipped with the
proposed nanomotes. (e) the working principle of the proposed architecture in reaction monitoring. As an example, an Rr
reaction raises the site temperature by 300u K, which generates a 23 nW of instantaneous power supply for the radio.
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Figure 2: Estimating harvested power from temperature rise
in a site.

produce different amounts of energies, the actual received
pulse energies at the sink would depend on the amount of
noise and signal attenuation experienced by the transmitted
pulses in the THz channel, making accurate wireless reac-
tion detection a challenging problem. In the next section,
we propose a performance model to capture the reaction
detection accuracy using the proposed architecture.

3. PERFORMANCE MODEL

Due to molecular absorption and noise of the THz band,
the received pulse energy at sink becomes a random vari-
able. The received pulse energy of different reactions then
could overlap with each other, making accurate reaction de-
tection a challenging problem. In this section, we propose
a performance model to evaluate the accuracy of wireless
reaction monitoring at a given distance using the proposed
architecture. First, we describe the reaction model followed
by characterizing the THz channel within a chemical reactor,
and finally the accuracy model of reaction detection using a
threshold based decoder at the sink.

3.1 Reaction model

Our aim is to use the proposed architecture to monitor
a set of M possible chemical reactions ri,7r2,...,rm. We
assume that when the reaction of type r; occurs, it emits
E.; amount of energy and all F.;’s are distinct. For a
reason which will become clear in Section 3.4, we assume
that the reaction types are ordered in ascending order of
reaction emission energy, i.e. Fe1 < Eeo < ... < E¢ m.

The emitted energy via each reaction is used to generate
and transmit a Gaussian pulse using a nanoscale Graphene
based nanoantenna which operate over THz band. A key
problem in using the terahertz band within a chemical reac-
tor for communication is that the variation in the composi-
tion of the reactor, due to occurrence of different reactions,



creates a time-varying communication channel [10]. In the
next section, we overview the time varying terahertz channel
modelling.

3.2 THz channel model

We consider a single-hop communication via a radio chan-
nel in a wireless medium which has time-varying chemical
composition. Radio communication is affected by the chem-
ical compositions, i.e., existing molecules in the channel, in
two different ways in the terahertz band. First, radio sig-
nal is attenuated because molecules in the channel absorb
energy in certain frequency bands. Second, this absorbed
energy is re-radiated by the molecules to create noise in the
channel.

We assume the radio channel is a medium consisting of
N chemical species S1, 52, ..., Sn. The effect of each chem-
ical species S; on the radio signal is characterised by its
molecular absorption coefficient K;(f) of species S; at fre-
quency f. The molecular absorption coefficients of many
chemical species are available from the HITRAN database
[2]. Let m;(t) be the mole fraction of chemical species S; in
the medium at time ¢t. The medium absorption coefficient
K(t, f) at time ¢ and frequency f is a weighted sum of the
molecular absorption coefficients in the medium:

K(t, f) :Zmi(t)Ki(f) (1)

The medium absorption coefficients K (t, f) determines the
attenuation and the molecular absorption noise in the radio
channel. Let d denote the distance between the nanomote
and the remote station. The total attenuation due to spread-
ing and molecular absorption at time ¢, frequency f and a
distance d from the radio source, A(t, f,d), is given by [4,
10]:

2
At f.d) = (icfd) K. o

where c is the speed of light.
The PSD of the received signal P, ;(t, f,d) at frequency
f, time t and distance d is:

Pl ) = 5 Q0

The average received energy for a given reaction of r; at
time t then would be:

Erat,d) = /B Pri(t, f,d)Tydf ()

where T}, is the duration of the transmitted pulse in sec-
ond. The PSD of the molecular absorption noise Nabs(t, f, d)
which is due to the re-radiation of absorbed radiation by the
molecules in the channel is given by [4]:

NabS(tv f» d) = kBTO(l —exp(—K(t,f) *d)) (5)

where Tp is the reference temperature 296K and kp is the
Boltzmann constant. Amusing a flat noise spectrum, the
noise PSD at distance d would be:

B

N(t,d) = (6)

3.3 Receiver model

The receiver model aims to characterised the signal re-
ceived by the remote station. We assume that a reaction of
type r;, where ¢ = 1,.., M has occurred at the nanomote.
The reaction of type 7; generates an energy of E. ;. We as-
sume both the energy harvester and the nanoradio are ideal,
which means the nanomote generates a pulse with energy
E.; to be transmitted to the remote station. (Note that in-
efficiency in energy harvesting and radio can be taken care
of easily.) We further assume that the pulse generated by
the nanoradio has a duration of T, = 107'3s and its power
spectral density (PSD) uniformly spread in the 0.1-10 THz
band. We denote B = 10 THz as the bandwidth of the pulse
and U;(f) as the PSD of the transmitted signal at frequency
f when reaction type e; occurs.

The remote station uses an energy detector (ED) to deter-
mine the energy level of the received signal. The ED requires
the design of a filter, matched to the received pulse shape.
We assume the bandwidth of the filter is equal to B. If an
reaction of type 7; occurs at the nanomote, the received en-
ergy level has a Gaussian distribution of g; with mean pu;
and variance o7 given by [3]:

i = NTinwB + Er,i (7)
07 = N>Ti B+ 2N x E,; (8)

where N is the noise PSD at distance d that can be calcu-
lated from equation 6, E, ; is the average received energy for
symbol 7; that can be calculated from equation 4. T, is
the integration time which is a design parameter, typically
Tint >= Tp.

3.4 Accuracy of reaction detection

This section presents the threshold-based decoder (TBD)
which uses the received energy at the remote station to de-
termine the reaction that has occurred at the nanomote. Re-
call from Section 3.3 that if reaction type r; has occurred,
then the received energy has a Gaussian distribution with
mean p; and variance o? given in Eq. (7) and (8). Also,
recall from Section 3.1 that for two reaction types r; and
r; with ¢ < j, we have E.; < E.; where E.; and E. ; are
respectively the energy emitted when the reaction types r;
and r; occurs. Consequently, we have pu; < p; for ¢ < j or
the mean received energies p; are sorted in ascending order.

In order to distinguish between the M reaction types, we
need M — 1 different thresholds, which are denoted by & 2,
&2,3, ..., and Erx—1,m. The value of &; (i = 1,....M — 1
and j =i+ 1) is given by the intersection of the Gaussian
density functions with parameters (u;,o?) and (,uj,a?), ie.
&;,j satisfies

I (&ig) = fn; (6ig) 9)
—(Ei),-—ui)2 —(ltj—Ei,j)z
L e (2{7?) 1 (2512) (10)

= e
V21O V2moj

and we have p; < & ; < pj.
Let e, be the received energy at the remote station, then
the estimated reaction type ¢ is determined according to:

. 1 ifer, <&1,2
1= 7 ifFe{2,3,...M -1} st. &1 < er < &iit1
M ifer>&v-1,m

(11)
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Figure 3: The impact of distance on the accuracy of event
detection. Received pulse energies for each reaction at the
receiver in two different distances.

It can be shown that the error probability P.,rpp of the
TBD method is given by:

P..rgp = P[E; > &1,2|r1]P[r1] (12)
M—1
+ Y (P[Er < &i—1,1|ri] + P[Er > & isa|ri]) Plri]
i—2

+ P[E, < &v—1,m|rMm] P[]

where P[r;] is the probability that reaction type r; occurs,
E, is the random variable of received energy at the remote
station and P[E, > |r;] is the conditional probability that
the received energy is greater than £ given that the reaction
type r; has occurred. Note that the conditional probability
is in fact a Gaussian distribution with mean p; and variance
o2. Therefore, given the reaction model and the receiver
model, it is possible to determine the classification error.

Assuming an equal probability for all 8 types of FT re-
actions, Figure 3 shows the received signal energies at the
remote station along with 7 thresholds which has been cal-
culated for two distances (0.6mm and 6mm) in a given FT
composition (CO:35%, H:62%, OH+H20 =0.5%, others <
2.5%). In the first case, as the noise lower, due to smaller
distance, the received signal energies have less overlap which
leads to lower error (14%) than the second case (43%). How-
ever, for a given distance, as the composition during the FT
reactor is variable, the calculated thresholds would be dy-
namic over time. In the next section, we simulate a real F'T
reactor to analyse possible reaction accuracy over different
distances.

4. RESULTS

In this section, we simulate a real FTS reactor and inves-
tigate the performance of the proposed reaction monitoring
architecture.

4.1 Methodology

We assume the FT process starts with 100 carbon monox-
ide molecules and 250 hydrogen atoms. We assume a con-
ventional fixed-bed iron FT catalyst with equal kinetic con-
stants of 10 for all possible reactions except water forma-
tion reactions that has been considered as 0.07 and 2 for
O + H— OH and OH + H — H,O0, respectively. The
chemical production continues until no more new chemicals
can be produced. Molecular absorption coefficient of the
chemical species produced within the reactor is obtained
from the HITRAN database [2] for a temperature of 500K
and pressure of 10 atmospheres. for a given channel compo-
sition, we follow the procedure in Section 2 to compute the
medium absorption coefficient, attenuation, molecular noise
and received signal energies at the remote station in a given
distance. Then, we use the performance model of section 3
to calculate the thresholds and finally the error of the reac-
tion detection. As the composition of the medium is variable
over time, we have different levels of error at different time
slots, so we present the average error during the F'TS in all
experiments.

We simulate three different methods of using the THz
band. In the first, which we call Default THz, the entire
band (0.1-10THz) is used as a single channel having a 9900
GHz bandwidth. In the second and third, the THz is divided
into N subchannels of equal (9900/N GHz) bandwidth, but
only one of these N channels are used at any given time.
In the second method, nanogenerators select the subchan-
nel that has the minimum absorption coefficient during the
entire synthesis. We refer to this method as static channel
selection (SCS), as the subchannel is selected once in the
beginning and used throughout the chemical process with-
out any channel change. In the third method, we obtain the
evolution of the FTS composition over time via extensive
offline simulations and then derive the subchannels with the
lowest absorption at any time slot. Then, the nanogener-
ators use this information as a vector of (time, frequency)
to dynamically switch to the appropriate subchannel at any
time slot. We refer to this method as dynamic channel se-
lection (DCS). More details on SCS and DCS are available
in [10].

4.2 Simulation Results

Figure 4 plots the average probability of error for reac-
tion detection at the sink for 20 different distances ranging
from 0.1um to 0.1m when the entire THz band is used in
the default mode as a single channel. It shows that the er-
ror is almost zero for distances less than 0.5mm, but starts
to increase exponentially after that. This exponential in-
crease is due to the exponential rise in the molecular noise
and attenuation of the THz channel (see Equations. 2 and
5). We define effective monitoring distance, n, as the dis-
tance at which reactions can be detected in the remote sink
with less than 10 % error. As it can be seen from Figure
4, to achieve reaction detection accuracy over 90%, the sink
cannot be further than 0.5mm (n = 0.5mm) from the py-
roelectric nanogenerators. However, it is difficult to install
large macroscale receivers with Internet connectivity so close
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can be achieved with multi-channel THz. Figure 5 shows the
effective monitoring distance (1) as a function of number of
subchannels N. For both SCS and DCS, effective moni-
toring distance initially increases with increasing number of
subchannels, but stops increasing after a threshold. While n
is less than 0.5mm for the Default THz, it extends to 25 cm
with SCS when the THz band is divided into 80 subchannels
with 123.75 GHz channel bandwidth. Finally, with DCS we
can achieve wireless reaction monitoring from a distance of
50 cm by using 60 subchannels each having 166.6GHz band-
width. These extensions make it much easier to connect the
WNSN to the Internet.

5. CONCLUSIONS

Using simulations, we have shown that reaction heat can
be used both as a source of energy harvesting for nanosen-
sor nodes as well as reaction detection. In principle, remote
reaction detection is possible by using the harvested energy
to transmit a THz pulse of proportional amplitude, because

different reactions generate different amounts of energy. In
reality, the molecular absorption and noise of the THz band
make it difficult to achieve accurate reaction detection be-
yond a few hundred micrometers. We have, however, found
that dynamic frequency selection within the THz band en-
ables accurate reaction detection at significantly longer dis-
tances making it feasible to monitor reactions from the In-
ternet.
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