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Wastewater reuse is becoming increasingly common, and there is a need for decentralized and small-scale

systems to support the safe recovery of water resources. In this study, an integrated life cycle assessment

(LCA) and quantitative microbial risk assessment (QMRA) were used to compare microplasma ozonation

(an emerging technology) to chlorination (an established technology) for the disinfection of wastewater for

landscape irrigational reuse. Three waterborne pathogens, Legionella pneumophila, Giardia, and Crypto-

sporidium parvum, were selected to include bacteria and protozoans covering the transmission routes of

inhalation and ingestion. Inactivation data from the literature were coupled with bench-scale experiments

(to establish inactivation parameters for L. pneumophila by ozone in wastewater) for the design and simula-

tion of disinfection processes. Microplasma-based ozonation reduced more life cycle human health im-

pacts as compared to chlorination for five of the six impact categories, because of the high susceptibility of

the pathogens to ozone and the lower impacts stemming from electricity (required in ozonation) vs. chem-

ical production (required in chlorination). These results were consistent across the electricity-fuel mixes of

all fifty U.S. states. These results indicate that from the point of view of reducing human health impact, the

emerging microplasma ozonation technology is superior to chlorination for wastewater reuse disinfection.

To reduce the overall human health impact, future design efforts should focus on reducing process con-

sumables (i.e., chemical and electricity consumption) through longer hydraulic residence times (HRTs),

while maintaining adequate disinfectant dosing to provide reliable disinfection efficacy despite influent vari-

ability in compounds that may quench or interfere with the disinfectant.

1. Introduction

Wastewater reuse alleviates pressure on freshwater resources.
In 2010, the total water reuse in the United States was esti-
mated to be 2400 million gallons per day (MGD),1 an increase
of 42% compared to that in 2004.2 However, successful reuse
requires that the finished water be disinfected to prevent the

spread of pathogens, especially for reuse applications – such
as landscape irrigation – that could result in human contact.
Currently, chlorination using sodium hypochlorite is a well-
established disinfection method for wastewater. Pathogens
are inactivated mainly through free chlorine or chloramines
(depending on the ammonia content of the treated wastewa-
ter), which are effective against a wide range of waterborne
pathogens. Due to its efficacy and affordability, chlorination
is the most widely used technique for wastewater disinfec-
tion.3 However, when dechlorination is required (which is
typical, especially if reclaimed water is used for irrigation),
the economic benefits of chlorination over alternative disin-
fection techniques are not always guaranteed.4 Beyond cost,
chlorination may also encourage the formation of harmful
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Water impact

Microplasma ozonation (MPO) is a promising technology for decentralized water reuse disinfection. We used an integrated life cycle assessment and
quantitative microbial risk assessment to benchmark this technology against chlorination to identify the disinfection process of lesser human health
impacts. The results show that for irrigational reuse, the MPO reduced more human health impacts than chlorination across fifty U.S. states.
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disinfection byproducts (DBPs)5–7 and is ineffective at low
doses against a sub-set of pathogens of concern, such as
Cryptosporidium parvum.8

Ozone is a powerful disinfectant for a number of critical
microorganisms such as the Norwalk virus,9 poliovirus,10

Escherichia coli,11,12 and even chlorine resistant C.
parvum,13–17 despite the potential to produce DBPs such as
the bromate in bromide-rich waters.3 Lowered water toxicity
after ozonation has also been reported.18 Recently, an emerg-
ing method to produce ozone – microplasma technology –

was invented and brought to market.19 Because the building
block of microplasma ozone generators (known as a “chip”) is
modular and produces 2–3 grams of ozone per hour, virtually
any ozone production rate can be generated by stacking indi-
vidual chips. As such, ozone may become a more feasible dis-
infection alternative for small-scale treatment systems. In ad-
dition to increased modularity, microplasma generators using
oxygen as the feedstock gas have achieved energy efficiencies
more than twice that of conventional dielectric barrier dis-
charge reactors (e.g. 120 g (kW h)−1 (ref. 19) vs. 50 g (kW h)−1

(ref. 20)), stemming from the combination of a much smaller
plasma impedance (∼41 kΩ) and a much lower driving volt-
age.19 Finally, microplasma ozone generators do not need wa-
ter cooling units, owing to their large surface area to volume
ratio and the low temperature of the plasmas.21 This addi-
tional benefit further reduces the complexity and size of the
system without compromising functionality.

Both chlorination and ozonation technologies have the
shared goal of reducing pathogen concentrations in
reclaimed water to protect human health. However, technolo-
gies that consume energy, chemicals, and other resources
can result in a variety of environmental emissions across
space and time that can be detrimental to human health, cre-
ating a tension between direct benefits (reduced pathogen ex-
posure) and negative health consequences stemming from
the indirect release of environmental stressors (e.g., PM2.5 re-
leased during the transport of materials to the treatment
plant via truck). Although direct human health risks from
pathogen exposure can be evaluated by Quantitative Micro-
bial Risk Assessment (QMRA, which assesses the risks associ-
ated with exposure to specific pathogens of concern22), the
implications of indirect impacts of a given technology are
better assessed via Life Cycle Assessment (LCA).23 To better
understand the health implications of disinfection system de-
sign and operational decisions, a hybridized LCA and QMRA
methodology can be established by leveraging the common
unit of Disability Adjusted Life Years (DALYs).24 This ap-
proach was recently used to quantify the human health im-
pacts of different flow regimes at several water reclamation
plants24 and could offer insights into the selection and devel-
opment of disinfection technologies for water reuse.

To date, LCA studies have compared ozonation or chlori-
nation to other treatment alternatives.25–27 For example,
ozonation vs. sand filtration or MBRs,28 ozonation vs. chlori-
nation plus ultraviolet treatment,29 ozonation vs. ozonation
plus hydrogen peroxide,29,30 chlorination vs. ultraviolet,31

and chlorination vs. ozonation plus hydrogen peroxide.29

Existing relevant QMRA studies focused primarily on a single
disinfection technology, such as chlorination,32,33 or a combi-
nation of technologies in series, such as ozonation followed
by chlorination.34,35 No study thus far has adopted the hy-
bridized LCA and QMRA approach to determine the human
health impact of the disinfection unit.

Given the potential of microplasma ozonation technol-
ogy, the objective of this study is to evaluate the human
health impact of microplasma ozonation benchmarked
against chlorination. A combination of LCA and QMRA was
conducted to determine the factors governing their perfor-
mance and uncertainty in a wastewater reuse setting. To
achieve this objective, two full-scale disinfection treatment
trains were designed in parallel: (i) chlorination followed by
dechlorination, and (ii) microplasma ozonation. Pathogens
explicitly modeled included Giardia, C. parvum, and
Legionella pneumophila. This choice of pathogens encom-
passes protozoans and bacteria covering the transmission
routes of both ingestion and inhalation that are likely to oc-
cur in landscape irrigation.36 Giardia and C. parvum were
chosen because they are two of the most frequently docu-
mented waterborne enteric pathogens in the United States.2

L. pneumophila was included due to its high health care cost
of over $33 000 per episode of sickness due to infection,37 as
well as the recent outbreak of Legionellosis in New York City
(USA) in the summer of 2015.38 Data from the literature (for
Giardia and C. parvum inactivation) and data from bench-
scale experiments conducted in this study (for L.
pneumophila inactivation) were used. Given the anticipated
importance of electricity consumption to indirect health im-
pacts,24,39 the comparative assessment was conducted
across all 50 U.S. states with a focus on three states with
the largest reclaimed water use (Florida, California, and
Texas),2 using their respective fuel mixes for the consumed
electricity and the quantification of environmental impacts.
Finally, the LCA-QMRA modeling tool was integrated into a
Monte Carlo framework, and sensitivity analyses were
conducted to determine the relative sensitivity of results to
input parameters, as well as design and operational deci-
sions. The findings of this study will guide the develop-
ment and future implementation of microplasma ozonation
for wastewater disinfection.

2. Method
2.1. Pathogen inactivation via chlorination or ozonation

2.1.1. Giardia and C. parvum inactivation parameters. Lit-
erature data were used to design both the chlorination and
ozonation disinfection systems for Giardia and C. parvum in-
activation. The inactivation kinetics were assumed to follow
the Chick–Watson inactivation model with inactivation rate
constants of 2.5 × 10−2 (at 18 °C) and 8.36 × 10−4 (at 20 °C) L
mg−1 min−1 for Giardia and C. parvum inactivation by chlo-
rine, respectively.40,41 The inactivation rate constants for
Giardia and C. parvum using ozone were 27.1 (at 25 °C) and
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0.8 (at 20 °C) L mg−1 min−1, respectively.40,42 The effect of
temperature on the inactivation rate constants was addressed
using the Arrhenius equation. The impact of the water matrix
on the residual disinfectant concentration was accounted for
by mathematical simulation. Detailed equations, values, and
steps are provided in sections 1 and 2 of the ESI.†

2.1.2. Determination of L. pneumophila inactivation pa-
rameters. The chlorination inactivation parameters for L.
pneumophila were obtained from the literature, with a
second-order inactivation rate constant at 30 °C of 0.307 L
mg−1 min−1.43 To obtain a representative inactivation rate
constant for L. pneumophila by ozone in secondary wastewa-
ter, a set of bench-scale experiments were performed (de-
scribed below).

L. pneumophila strain ATCC 33152 was cultivated following
ATCC instructions. After harvesting, L. pneumophila cells were
rinsed three times with sterile 0.01 M phosphate buffer,
followed by centrifugation at 5000 rpm. L. pneumophila cells
were enumerated by plating onto charcoal-containing CYE
agar plates following ATCC protocols. Semi-batch reactors
containing a final solution volume of 700 mL were sub-
merged in a water bath for temperature control. Mixing was
accomplished by a magnetic stirrer operating at 700 rpm. Oz-
one gas concentration was adjusted with a transformer in se-
ries with the generator to achieve a gas phase ozone concen-
tration of 1.3 to 4.9 g m−3. The generated ozone gas from the
microplasma ozonator was directed into the reactor through
a ceramic diffuser, and the flow rate of ozone was controlled
by a Swagelok® valve and monitored with a rotameter. The
off-gas was passed through a 0.25% potassium iodide solu-
tion, a 10% bleach solution, and finally a HEPA-CAP filter to
prevent the release of any aerosols containing L. pneumophila.
Luerlok syringes were used to take samples via PTFE tubing
attached through the cap of the reactor. The dissolved ozone
concentration was determined by the Indigo colorimetric
method44 read by a portable spectrophotometer (HACH,
model DR2800; Loveland, CO).

Two types of experiments to determine the inactivation pa-
rameters were conducted using solutions with and without
wastewater organic matter (WOM). The organic matter-free
solution was buffered by phosphate at pH 6.8–7.0, because
previous research has demonstrated that ozone disinfection
kinetics of L. pneumophila are insensitive to pH at environ-
mentally relevant conditions (pH 7–9).45 The solutions
containing organic matter were a mixture of phosphate
buffer and wastewater filtered through a 0.22 μm filter.
Treated wastewater was collected from the effluent of a sec-
ondary clarifier at the Urbana (Illinois, USA) Northeast Waste-
water Treatment Plant and kept at 4 °C in the dark until
used. Prior to the inactivation experiments, the ozone genera-
tor was warmed up for 5 min with ozone passed directly into
the ozone destruction units made from glass bubblers filled
with KI solution. Subsequently, ozone was pumped through a
solution of 0.01 M phosphate buffer at a high flow rate (40
mL min−1) for a period of 0.3 to 3 min, until the desired ini-
tial dissolved ozone concentration was achieved. The flow

rate was then reduced to a level that maintained a dissolved
ozone concentration of 15 to 25 μg L−1 for the organic-free
solution experiments, and 33 to 281 μg L−1 for the experi-
ments with WOM. This required an adjustment of the gas
phase ozone concentration by changing the voltage applied
to the ozone generator (50 V to deliver an initial dissolved
ozone concentration of 33 μg L−1, and 120 V to deliver any
initial concentrations higher than 33 μg L−1). For experi-
ments with WOM, a mixture of undiluted, filtered second-
ary effluent and L. pneumophila cells was injected into the
reactor through a PTFE tube, while only L. pneumophila in
a buffered solution was injected for experiments with
organic-free solutions. The temperature of the reactor was
maintained by a water bath at 7 or 22 °C, in order to rep-
resent winter and summer conditions. A final L.
pneumophila cell concentration of 105–106 cells mL−1 in the
reactor was used for all experiments. Samples were subse-
quently obtained at different time points through addi-
tional PTFE tubing with Luerlok syringes and immediately
transferred into a 0.1% sterilized sodium thiosulfate solu-
tion. This solution was then subjected to serial dilutions
and plating on charcoal-containing CYE agar plates. At least
three separate experiments using different batches of L.
pneumophila were conducted. L. pneumophila inactivation
did not occur in the control experiments.

To obtain the Chick–Watson inactivation rate constant
that is crucial for the design of the ozonation disinfection
system, the dissolved ozone concentration must be known.
However, residual ozone at low doses during wastewater
treatment can be difficult to measure due to turbidity46 and
ozone consumption by WOM.47–49 These issues were noted in
prior research11,50,51 and were also observed in this study.
Therefore, a mass balance model was constructed as a tool to
predict the dissolved ozone concentration in wastewater dur-
ing L. pneumophila inactivation. To do so, a separate set of ex-
periments were conducted to determine the ozone decompo-
sition and transfer rate in solutions with and without WOM.
At both 7 and 22 °C, the decomposition kinetics of dissolved
ozone in solutions containing various concentrations of ini-
tial WOM loadings and initial dissolved ozone concentrations
were individually assessed. This approach was proven suc-
cessful in that it eliminated the interference that was caused
by the simultaneous presence of both the L. pneumophila bio-
mass turbidity and WOM on the Indigo colorimetric method
for ozone detection at low ozone concentrations (see more in
section 3.1). The transfer rate of ozone into water at both 7
and 22 °C was determined by purging ozone into organic-free
buffered water at different ozonator driving voltages, during
which the increase in dissolved ozone concentration was
recorded as a function of time. The dissolved ozone concen-
trations were then used to fit a series of mass balance equa-
tions and develop a model using OriginPro 9.1 (Northamp-
ton, MA) that predicts the dissolved ozone concentration.
The final function predicts dissolved ozone concentration
based on input parameters, such as the initial ozone concen-
tration and Henry's constant at different temperatures.
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O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
ok

to
be

r 
20

16
. D

ow
nl

oa
de

d 
on

 2
8-

2-
20

26
 1

0:
34

:5
3.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ew00235h


Environ. Sci.: Water Res. Technol., 2017, 3, 106–118 | 109This journal is © The Royal Society of Chemistry 2017

Examples of the parameter fitting are provided in the ESI† of
this manuscript (Fig. S1 and S2).

2.2. Life cycle assessment (LCA)

2.2.1. System description. Two alternative disinfection
technologies for secondary effluent were considered in this
study: (i) chlorination followed by dechlorination, and (ii)
microplasma ozonation. The former was used as a bench-
mark because it is a well-established and widely accepted
technology for water reclamation disinfection. Both systems
were designed using design manuals and specifications pro-
vided by the manufacturers. Design details can be found in
section 2 of the ESI.†

The chlorination-based disinfection system consists pri-
marily of a sodium hypochlorite storage tank and dosing sys-
tem, a contact tank, a sodium bisulfite storage tank and dos-
ing system, and two inline static mixers (one for each
chemical; Fig. S5†). Secondary effluent is mixed with sodium
hypochlorite at the entrance of the serpentine contact tank.
The inactivation kinetic data were obtained from the litera-
ture, as described in section 2.1.1. The chlorine contact tank
was designed to have a large length to width ratio (L :W =
40 : 1) to minimize dispersion. The chlorinated wastewater
continues flowing towards the end of the contact tank, where
it is then mixed with sodium bisulfite for dechlorination. The
dose of sodium bisulfite was designed to dynamically match
the hypochlorite residual. The final discharge is subsequently
used for immediate downstream landscape irrigation.

The microplasma ozonation disinfection system consists
of a microplasma ozone generator, a venturi ozone injection
nozzle, an ozone contact tank, and an ozone destruction unit
(Fig. S5†). Air is compressed into the microplasma ozone gen-
erator, which then generates plasmas to produce ozone. Oz-
one gas is injected into the secondary effluent using a venturi
injector. The ozonated wastewater flows into an ozone con-
tact tank, which also has a large length to width ratio (L :W =
40 : 1) to minimize dispersion. The inactivation in the ozone
contact tank was modeled based on kinetic data obtained
from this study as well as the literature.40,42 The escaped oz-
one from the ozonated wastewater is collected at the top of
the contact tank and passed through a thermal catalytic oz-
one destruction device. The final discharge is used for imme-
diate downstream landscape irrigation.

2.2.2. Goal and system boundary. The goal of this LCA was
to compare the environmental impacts on human health stem-
ming from two alternative disinfection technologies. The system
boundary included the construction and operation of both sys-
tems and did not consider processes that were common to both
technologies (e.g., physical and biological processes prior to dis-
infection) (Fig. S5†). The functional unit for this study was the
disinfection (more than 1 log10 inactivation) of 4 MGD of sec-
ondary effluent (with pathogen distributions defined in Table
S6†) with a project lifetime of ten years.

2.2.3. Inventory analysis. The quantity of materials and en-
ergy consumption for the construction and operation of both
the chlorination and ozonation systems were generated from

the detailed design (section 2 of the ESI†) and assumptions
(Table S1†). The ozone generator, in particular, was
inventoried using design documents for a microplasma oz-
one generator (2 g h−1 production per “chip”; EP Purification,
Inc.). To account for differences in environmental impacts
stemming from locality specific electricity fuel sources, fuel
mixes for three separate states in the U.S. – the states with
the highest total annual quantity of reclaimed water usage
(Florida, California, and Texas) – were each individually used
to quantify the sensitivity of LCA results to the location of the
disinfection system. To explore the generalizability of the
data, results from the three states were also compared
against the rest of the U.S. states in terms of the human
health intensity consumed energy (explained more in section
2.2.4). Data on the annual state net electricity consumption
profile by fuel sources were obtained from the US Energy In-
formation Administration for 2013 and 2014 (Table S3†).52

Inventory data were obtained from the ecoinvent database
(v3, accessed through SimaPro v8.0.5.13) encompassing raw
material extraction, processing, manufacturing, and transpor-
tation. A detailed summary of the design equations (sections
2.2 and 2.3 in the ESI†), a breakdown list of materials and
their quantities, and the inventory materials/processes from
ecoinvent 3 are provided in Tables S4 and S5 in the ESI.†

2.2.4. Impact assessment. Because the impact on human
health is the basis of comparison for this study, six out of
seventeen impact categories in the ReCiPe method relevant
to human health were evaluated, which included climate
change, ozone depletion, human toxicity, photochemical oxi-
dant formation, particulate matter formation, and ionizing
radiation. The impact assessment was conducted using the
ReCiPe endpoint method to express results in DALYs. Al-
though endpoint methods introduce greater uncertainty to
the system due to additional embedded assumptions, the use
of endpoint impact categories is often more accessible and
relevant for stakeholders.53 The hierarchist cultural perspec-
tive was set as the base case cultural perspective, which was
required for the ReCiPe method. A similar approach was used
in a previous study using DALYs as a measurement of the hu-
man health effects.24 The final results were normalized by
functional unit and expressed in DALYs per year per log10
pathogen inactivation.

2.2.5. Uncertainty and sensitivity analysis. Uncertainty
analysis of the human health impacts of both systems were
performed with Monte Carlo calculations and 1500 simula-
tions in Microsoft Excel 2013. Input variables were assigned
uniform distributions unless compelling evidence suggested
otherwise. Temperature followed a normal distribution54 and
the input parameter k – which is the identical survival proba-
bility for each organism – was assigned a log-normal distribu-
tion for each pathogen according to the literature.55–57 The
uncertainty surrounding input parameters with limited data
(i.e., point estimations) in the literature were addressed using
the pedigree matrix approach.58,59 Briefly, a matrix consisting
of five data quality indicators – reliability, completeness, tem-
poral correlation, geographical correlation, and further
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technological correlation – were used to select indicator
scores corresponding to each input parameter and data qual-
ity indicator combination. The indicator scores for these in-
put parameters were then calculated to yield a standard devi-
ation that log-normal data would follow. These standard
deviation values were converted and are reported as coeffi-
cients of variation provided together with the inventory data
(Tables S4 and S5 in the ESI†).

A sensitivity analysis was performed by adjusting each input
value individually from its median to the 10th and 90th percen-
tiles. The corresponding change of the output metric (human
health impact) was recorded to characterize the relative impor-
tance of individual sources of uncertainty. Additionally, the per-
centage change in the output metric was also normalized to the
percentage change in the input value to offer additional insight
to the system through a relative response (Fig. S4a and b;† the
larger the ratio, the more sensitive human health impacts were
to relative changes in a given input value).

2.3. Quantitative microbial risk assessment

2.3.1. Hazard identification. Giardia, C. parvum, and L.
pneumophila were identified as the pathogens of concern that
could be exposed to people during landscape irrigation with
reclaimed water. Giardia and C. parvum represent the chlo-
rine resistant pathogens that the state of Florida regulates as
one of the reclaimed water quality monitoring parameters.1

Accidental ingestion during landscape irrigation makes these
pathogens public health concerns.60 L. pneumophila was se-
lected because it was identified in reclaimed wastewater61,62

and it poses a potential hazard to human health when such
water is aerosolized (e.g., during landscape irrigation).63

2.3.2. Exposure assessment. The most common landscape
irrigation system is the sprinkler irrigation system,64 which
creates aerosols consisting of large water droplets as well as
fine mist that could be accidentally ingested and/or inhaled
by humans. As discussed above, the primary route of exposure
was identified as ingestion for both Giardia and C. parvum,
and inhalation for L. pneumophila. To calculate the final
dose, a population size of 40 000 was assumed along with 100
gallons of wastewater produced per capita per day.65 It was
assumed that the reclaimed water would be used to irrigate
the public landscape, and that the full population would
share access to this space. Additionally, a park visit frequency
of once a week per person was assumed. For ingestion, an es-
timated 1 mL ingestion of municipal irrigation water per per-
son per visit to the public lawn was used.60 For inhalation,
10−2 CFU m air−3 (CFU mL water−1)−1 of partitioning coeffi-
cient,66 0.72 m3 h−1 inhalation rate,66 0.5 h of exposure dura-
tion per visit, and 50% retention fraction of L. pneumophila
in lungs were used as the default case.57

2.3.3. Dose response assessment. Dose response data for
the three chosen pathogens were all obtained from the litera-
ture. The exponential model (eqn (1)) was the best fit across
dose response data for all three pathogens.

Risk probability = 1 − e−k×dose (1)

For the exponential model, it is assumed that the patho-
gens have independent and identical probability of survival
to reach and infect at an appropriate site in the host's body,
during which one pathogen is capable of producing an infec-
tion.22 For Giardia, a dose response model using adult males
was used, with infection being the response measured and
ingestion being the exposure route.56 The log-normal maxi-
mum likelihood estimate (MLE) k value was 1.99 × 10−2 with
a 95% percentile of 2.92 × 10−2.56 For C. parvum, a dose re-
sponse model using human volunteers as hosts and infected
with Iowa strain was adopted, with infection being the response
measured. The log-normal MLE k value was 4.19 × 10−3 with
a 95% percentile value of 7.52 × 10−3.55 A dose response
model for L. pneumophila using guinea pigs as hosts was
chosen, with infection being the response measured and in-
halation being the exposure route. The log-normal MLE k
value was 5.99 × 10−2 with a 95% percentile value of 0.111.57

2.3.4. Risk calculation in DALYs. The probabilities of in-
fection calculated in section 2.3.3 were converted to DALYs
incurred per year by multiplying the probability value (in the
unit of symptomatic cases per year) by the severity factor (also
known as the characterization factor in DALYs per symptomatic
case for each pathogen). The severity factors for both Giardia
and C. parvum were taken from the literature (1.6 × 10−3 and
1.47 × 10−3 DALYs per symptomatic case for Giardia and C.
parvum, respectively).67,68 The severity factor for L. pneumophila
was estimated to follow a uniform distribution between 1.05 ×
10−3 and 4.37 × 10−2 DALYs per symptomatic case due to a lack
of direct estimate from the literature. Detailed calculations for
this estimation are provided in section 3 in the ESI.† The final
results were normalized by functional unit and expressed in
DALYs per year per log10 pathogens inactivated.

3. Results and discussion
3.1. Determination of parameters for L. pneumophila
inactivation by ozone

LCA and QMRA require the knowledge of L. pneumophila in-
activation kinetics and related disinfection parameters. For
this reason, we conducted inactivation experiments and ana-
lyzed the data based on a mass balance model that predicted
the ozone concentration as a function of disinfection time.
Details of the mass balance are presented in section 1 of the
ESI.† Based on this mass balance model, the calculated pro-
files of the dissolved ozone were subsequently used in the
Chick–Watson equation to calculate the inactivation rate con-
stant for L. pneumophila in wastewater. Following the log10

scale version of the Chick–Watson law, values (log10

of the L. pneumophila survival ratio) from all experiments

were plotted vs. , where CL is the instantaneous

dissolved ozone concentration at time t. Although a tempera-
ture dependence of L. pneumophila inactivation by ozone
would be expected,12,42,69 the complex wastewater matrix
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used for parameter calibration did not result in significantly
different inactivation rate constants at 7 and 22 °C at a confi-
dence level of 95% (p > 0.05). We therefore assumed an iden-
tical L. pneumophila inactivation rate constant using ozone,
with the fitting equation and coefficient of determination be-

ing = −0.063Ct and 0.94, respectively (Fig. 1).

Within the TOC range of 0.8 to 3.1 mg C L−1 and at both 7
and 22 °C, a good fit (R2 = 0.94) was observed for L.
pneumophila inactivation. The agreement of the Chick–Wat-
son model with the experimental data obtained over a
range of wastewater containing 0.8 to 3.1 mg C L−1 WOM
indicates the validity of the dissolved ozone concentration
predicted by the established mass balance model. The
obtained inactivation rate constant for L. pneumophila inac-
tivation, together with the modeling framework for the
ozonation decay kinetics in wastewater, were subsequently
used for L. pneumophila inactivation predictions in both the
LCA and QMRA analysis.

3.2. Life cycle human health impacts of disinfection systems

Both disinfection technologies are capable of reducing the
overall human health implications of landscape irrigation
with secondary effluent, as reflected by the net negative total
DALY values in all but one scenario (chlorination with egali-
tarian weighting; Fig. 2). Regardless of the assumed cultural
perspective (individualists, hierarchists, and egalitarians), the
DALYs incurred by the treatment are consistently lower for
microplasma ozonation than chlorination, and the DALYs
avoided because of pathogen inactivation are consistently

greater for microplasma ozonation than chlorination. As a re-
sult, microplasma ozonation resulted in fewer human health
impacts than chlorination when providing the same level of
pathogen inactivation. The averted human health impacts
were in general more substantial than the life cycle impacts
incurred by the construction and operation of the treatment
system for both technologies across cultural approaches, ex-
clusive of the egalitarian approach for chlorination (Fig. 2). The
microplasma ozonation resulted in net negative DALYs values
across all cultural perspectives, and no statistical difference
was observed between the human health impacts obtained
using the hierarchist or individualist approach (p > 0.05).

3.3. Sensitivity to scenario and technology assumptions

The microplasma ozonation process incurred fewer human health
impacts than chlorination across the majority of the impact
categories, such as climate change, human toxicity, and par-
ticulate matter emissions (Fig. 3). The impact categories of
ozone depletion (OD), photochemical oxidant formation
(PO), and ionizing radiation (IR) are much less significant
than the other impact categories, being responsible for less
than 0.5% of human health impacts for both technologies.
For climate change (CC), in particular, chlorination caused
more than double the DALYs of microplasma ozonation to
achieve the same level of disinfection. The main contributor
to the impacts of chlorination were, consistently, consum-
ables and their associated transportation (Fig. 3), accounting
for 67–89% and 10–22% of the total incurred DALYs, respec-
tively. The largest source of impacts for the microplasma
ozonation were predominantly from electricity consumption
(70–99% across all impact categories), with the required ma-
terials for the ozone generator and piping assembly being re-
sponsible for roughly 1–20% and 1–13% of the total incurred

Fig. 1 Summary of L. pneumophila inactivation at 7 and 22 °C with
various initial TOC loadings and initial ozone concentrations generated
when the ozone generator was driven at 50 V (Cgi = 1.3 g m−3) and 120
V (Cgi = 4.9 g m−3). Data plotted are average values and standard
deviations of at least three replicates.

Fig. 2 The impact of cultural perspectives of egalitarians, hierarchists,
and individualists on DALYs caused or averted by chlorination and
ozonation, together with the total net DALYs.
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DALYs, respectively. In short, microplasma ozonation pro-
vided more human health protection than chlorination
across the most impactful environmental categories under
the designed conditions and simultaneously incurred fewer
human health impacts. These results also point out several
directions to reduce the disinfection technology-induced hu-
man health impacts. Specifically, the greatest reductions may
be achieved through reductions in consumables (chemicals
and energy), a finding that is consistent with centralized
drinking water treatment systems as well.70

Given the importance of electricity to the ozonation sys-
tem, the sensitivity of these results to the electricity fuel mix
was also evaluated (Fig. 4). Despite nearly an order-of-
magnitude variability in the human health impact intensity
of the non-petroleum energy consumption profiles for the
U.S. states (9.8 × 10−8 to 1.4 × 10−6 DALYs kW h−1; used as a
surrogate for fuel sources for consumed electricity in a given
state), the human health impacts incurred by ozonation were
consistently lower than chlorination across all U.S. states.
This holds true for the three states with the largest usage of
reclaimed wastewater: Florida, California, and Texas (Fig. 4,
Fig. S3, Table S3†). Additionally, both chlorination and
microplasma ozonation technologies produced negative net
DALYs values across all states, suggesting that these technol-
ogies are capable of reducing the human health impacts of
secondary wastewater effluent reuse for landscape irrigation.

For both chlorination and ozonation, the inactivation rate
constant for L. pneumophila strongly influenced the net hu-
man health impacts, underscoring the importance of
inactivating such bacteria in reclaimed water for landscape ir-
rigation (Fig. 5a and b). Although C. parvum and Giardia are

more resistant to chlorination and ozonation as compared to
L. pneumophila, the contribution of the L. pneumophila inacti-
vation rate constants to the human health impacts was consis-
tently higher than those of either C. parvum or Giardia
(Fig. 5a and b), due to the higher likelihood of infection caused
by the higher identical survival probability for L. pneumophila
(MLE estimate of 5.99 × 10−2, compared to 4.19 × 10−3 for C.
parvum, and 1.99 × 10−2 for Giardia). For the chlorination
system, the human health impacts are most sensitive to the ap-
plied sodium hypochlorite dose and the hydraulic residence
time, followed by the L. pneumophila inactivation rate con-
stant and water temperature (Fig. 5a). Future improvements
to chlorination, therefore, should focus on navigating trade-
offs between the chlorine dose and HRT. For the micro-
plasma ozonation system, the reaction of ozone with waste-
water organic matter (WOM) plays the most important role
as reflected in the sensitivity of human health impacts to
COD concentration, to the fraction of ozone demand per car-
bon of WOM, to the transferred ozone dose, and to the ozone
reaction rate constant with WOM (Fig. 5b). Although the
need for pre-treatment (e.g., WOM removal) will be locality
specific (dependent on the wastewater, preceding processes,
etc.), significant reductions in indirect health impacts from
microplasma ozonation can also be achieved by increasing
the ozone mass transfer efficiency, which increases the trans-
ferred ozone dose given a certain applied ozone dose.

3.4. Implications for disinfection technologies

To better understand how individual design decisions impact
technology performance, a sub-set of parameters that

Fig. 3 DALYs incurred by treatment stages and disinfection strategy
options (chlorine vs. ozone). White diamonds represent the total
normalized DALYs values to be read off the secondary y axis to the
right. This figure excludes averted impacts stemming from reduced
human exposure to pathogens.

Fig. 4 The relationship between the incurred human health impacts
and the life cycle human health intensity (in the unit of DALYs kW h−1)
of non-petroleum energy fuel sources for the consumed electricity
across 50 U.S. states. Three states with the heaviest reliance on
reclaimed water, California, Florida, and Texas, are marked.
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strongly influenced results (initial sodium hypochlorite con-
centration, C0|Cl2; the transferred ozone dose, C0|O3

; hydraulic
residence time, HRT) were further analyzed. For chlorination,
the life cycle human health impacts were more sensitive to
chlorine consumption than reactor sizing (Fig. 3 and Fig.
S4a†). As a result, for a fixed level of inactivation, increasing
HRT at a given C0|Cl2 (which can achieve the same log10 inac-
tivation as a combination of lower HRT and a higher C0|Cl2)
decreases the total DALYs incurred (Fig. 6a and b). To
achieve a much higher inactivation level, a higher C0|Cl2 and
HRT combination must be used, leading to an increase in
the yielded total DALYs normalized by the level of treatment.
In other words, the additional human health impacts in-
curred by the excess levels of treatment cannot be overcome
by the additional health impacts averted from more thorough
disinfection. For chlorination, therefore, the limited flexibil-
ity to reduce life cycle environmental impacts will stem from
increasing HRT in order to reduce chlorine consumption. As
an example, given the identical level of treatment perfor-
mance, the change in total net DALYs could be more than 0.2
DALYs per year of operation per log10 inactivation, between
operating at C0|Cl2 = 6 mg L−1 and HRT = 20 min, vs. C0|Cl2 = 3
mg L−1 and HRT = 40 min (Fig. 6a and b).

For microplasma ozonation, the transferred ozone dose
and HRT are critical for life cycle human health impacts.
During operation, the level of inactivation by ozone depends
on the value of the transferred ozone dose C0|O3

and HRT.

When the transferred ozone dose C0|O3
is too small, ozone is

quickly consumed, and the inactivation would appear inde-
pendent of HRT as represented by a horizontal trend in Fig.
6c at lower C0|O3

. This observation is consistent with previous
findings that the transferred ozone dose rather than HRT
could sometimes be the determining factor in controlling in-
activation.11 At this low level of transferred ozone dose, for a
given level of inactivation, the normalized DALYs values did
not increase significantly with HRT since contact tank mate-
rials were not a significant driver for life cycle environmental
impacts (as identified in Fig. S4b†).

To increase the pathogen inactivation, the transferred oz-
one dose must increase. At a higher C0|O3

, an increase in
HRT will also increase inactivation. This influence of HRT on
total pathogen inactivation is only observable at a higher
C0|O3

. This result is consistent with the results from the L.
pneumophila inactivation by microplasma ozonation (Fig. 7).
At a dissolved ozone concentration of 50 μg L−1 at 0.2 min
(Fig. 7b), the log10 inactivation of L. pneumophila was approxi-
mately 3 (Fig. 7a), which increased as the dissolved ozone
was consumed gradually as the contact time increased. In
other words, as long as the residual ozone was available, the
HRT would have an effect on overall inactivation. Therefore,
the transferred ozone dose must be greater than the
wastewater-specific thresholds to achieve residual ozone and
increase disinfection efficacy by increasing HRT. A further in-
crease in C0|O3

will enhance the inactivation, but the DALYs

Fig. 5 The top seven input parameters to which human health impacts are most sensitive, for chlorination (a) and microplasma ozonation (b),
expressed in DALYs × year−1 × log10 pathogen inactivated−1. Sensitivity analysis for the rest of the parameters can be found in Fig. S4a and b in the
ESI.†
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incurred because of additional life cycle impacts will be
larger than the DALYs averted due to reduced pathogen expo-
sure locally (Fig. 6c and d).

For the same mass of ozone produced, given the linear re-
lationship between the incurred DALY values and electric
power consumption, less dependence on electricity directly

corresponds to fewer incurred DALYs. The microchannel plasma
ozone generator requires less power (efficiency of 90 g kW h−1 if
fed with air, more than 120 g kW h−1 if fed with oxygen) than a
conventional dielectric barrier discharge reactor (e.g. 50 g kW
h−1) per mass of ozone produced. Therefore, from the point of
view of lowering the life cycle human health impacts, one

Fig. 6 The relationship between C0|Cl2, HRT, and the net DALYs for different levels of total pathogen inactivation by chlorination (a and b), and the
relationship between C0|O3

, HRT, and the net DALYs for different levels of total pathogen inactivation by microplasma ozonation (c and d). The left
panel (a and c) demonstrates the relationship between log10 pathogens inactivation vs. HRT at various levels of disinfectants; the right panel (b and
d) demonstrates the relationship between the normalized net DALYs values and HRT at various levels of disinfectants. Total pathogen inactivation
represents the summation of log10 inactivation of three pathogens. For instance, at 12.7 °C, a 27 log10 total inactivation corresponds to
approximately 5.2, 0.3, and 21.5 log10 inactivation of Giardia, C. parvum, and L. pneumophila, respectively.

Fig. 7 At 22 °C (a) the effect of HRT on L. pneumophila inactivation, at two initial ozone concentrations and a WOM loading of 3.1 mg C L−1 in a
semi-batch reactor; (b) the profile of two initial dissolved ozone concentrations as a function of HRT. The data plotted in (a) are average values
and standard deviations of three replicates. The dashed and solid curves in (b) are the results of calculations.
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aspect that future ozone technology development could focus
on is reducing the energy consumption per mass of ozone
produced.

3.5. Limitations of the study

Before applying the model framework presented in this work
to predict dissolved ozone concentration, parameters in the
developed model, including the ozone self-decay rate con-
stant k, the volumetric mass transfer coefficient kLa, and the
reaction rate constant between WOM and ozone k2 must be
fitted to wastewater from specific sources to account for the
variations in wastewater characteristics. Additionally, since
the actual reactions involved between ozone and various com-
ponents in the wastewater are likely to be very complex and
numerous, models incorporating more details in specific re-
actions (e.g., additional ozone consuming reactions, such as
between ozone and nitrite ions) will likely improve the
modeling results. To factor in the effect of temperature,
Arrhenius law was employed for all reaction rate constants, ex-
cept for ozone inactivation of L. pneumophila, since the waste-
water matrix led to an insignificant difference in inactivation
rate constants at 7 and 22 °C (p > 0.05). Therefore, we as-
sumed an identical L. pneumophila inactivation rate constant
using ozone throughout the simulation. Future efforts should
validate such observations in wastewater matrices that are
equally complex as, if not more complex than, the secondary
effluent used in this study.

Additionally, more robust modeling of direct human
health implications (both from pathogens and chemicals in
reclaimed water) would also improve model accuracy. For ex-
ample, DBPs generated during disinfection may pose risks to
human health, but they were not addressed in this study due
to the lack of characterization factors. Although more data re-
lated to pathogens of concern would also improve modeling
accuracy and enable real-time optimization of disinfection
systems, a more routinely monitored microbial parameter to
evaluate wastewater disinfection is the total coliform concen-
tration (which is regulated based on different permissible
levels depending on the downstream purposes of the waste-
water1). As reflected by the sensitivity of the results to patho-
gen selection (Fig. 5a and b), if future management strategies
incorporate more pathogens for routine monitoring, the in-
clusion of ones that are prevalent in wastewater, such as vi-
ruses, may further enhance the comprehensiveness of the
current results. Although uncertainties of various sources
were taken into account throughout the study, the lack of in-
formation on numerous occasions, such as the influent con-
centration of pathogens, may have caused unwanted uncer-
tainties in the results.

Moreover, other operational practices that could impact
disinfection efficacies, such as pH adjustment during chlori-
nation, were not considered in this study. As discussed, the
influent COD has a significant impact on the human health
performance of the microplasma ozonation system (Fig. 5b),
and, therefore, pre-treatments that effectively remove organic

matter could potentially improve the human health protec-
tion. As a result, further effort could incorporate more opera-
tional conditions to offer insights into the relative contribu-
tion of each.

To approximate the comparison between conventional
ozonation and chlorination, if we assume a hierarchist ap-
proach, a typical ozone production efficiency of 40 g kW h−1 at
low input voltage (120 V), the human health impacts incurred
by ozonation operation would be 0.08 ± 0.09 DALYs × year−1 ×
log10 pathogen inactivated−1, which is not statistically signifi-
cantly different from that caused by chlorination (0.13 ± 0.07
DALYs × year−1 × log10 pathogen inactivated−1, p > 0.05).

4. Conclusions

The inactivation parameters for ozone inactivation of L.
pneumophila in secondary wastewater and two alternative
technologies – chlorination followed by dechlorination, and
microplasma ozonation – for wastewater reuse disinfection
based on the human health impacts were determined and
compared. LCA results revealed that the operation of the
microplasma ozonation system has lower impact on human
health than the chlorination system in five out of six impact
categories. These results were robust and were consistent
across electricity/fuel mixes in 50 U.S. states, as well as the
three cultural perspectives used in impact assessment – in all
cases, the overall human health impacts caused by the micro-
plasma ozonation was consistently lower than that of the
chlorination approach.

For the chlorination system, life cycle DALYs were most
sensitive to chlorine consumption, enabling minor reduc-
tions in impacts by increasing HRT and reducing chemical
dosing to achieve the same level of disinfection. For the
microplasma ozonation system, depending on the desired
level of pathogen inactivation, design criteria such as using a
higher transferred ozone dose (just enough to produce resid-
ual ozone throughout the ideal part of HRT) combined with a
longer HRT should be considered to optimize the system's
human health impact performance for a given inactivation
goal. Nevertheless, other important factors such as costs also
need to be considered to produce a feasible design plan.
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