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Civil aviation and airports are major urban sources of Ultrafine Particles (UFPs) and Volatile Organic Compounds (VOCs)1.
UFPs are a concern because their small size (<100 nm) allows deep lung penetration and associated health risks. The
aviation emission profile from the USA’s Environmental Protection Agency includes 15 hazardous VOCs of which many
are carcinogenic Polycyclic Aromatic Hydrocarbons (PAHs)2. VOCs can act as precursors to secondary organic aerosols
and low-volatility VOCs can condense on particles, altering their properties. To characterize UFPs and VOCs emissions
from aviation, two intensive one-month measurement campaigns of gaseous and particulate matter were performed in
November 2022 and August 2024, 1 km downwind of Zürich Airport. The results indicate that high UFP number
concentrations up to 300 000 cm-3 originate solely from aircraft operations, as shown by the similar diurnal profiles between
air traffic movements and UFPs concentrations in Fig. 1a. These emissions are either advected downwind of the airport or
mixed downward during aircraft landing overpasses. Using Positive Matrix Factorisation (PMF) on the VOCUS Proton
Transfer Reaction Mass Spectrometer (PTR-MS) data, a factor containing naphthalene species and several alkanes with m/z
> 100 (Fig. 1 c) has been attributed to VOCs aviation-related emissions. This is further supported by the co-increase of its
time series with UFPs temporal evolution (Fig 1.b). However, when the site is not downwind and under the influence of
landing overpasses, only UFPs concentrations increased, rather than the VOCs aviation-related factor (Fig. 1a), highlighting
landing overpasses as a major source of UFPs but not of VOCs. This contrast likely results from lower engine thrust during
taxiing at the airport than during landing overpass, which produces more VOCs due to reduced combustion efficiency3. At
this stage, we cannot exclude a contribution of VOC emissions from engine refuelling. Future work will investigate the
formation and evolution of VOCs in aviation plumes and their potential role in UFPs formation and growth. The widespread
presence of UFPs and the co-emission of VOCs poses health concerns for communities near airports that should be
addressed.

 

 

[1] M. Masiol and R. M. Harrison, Atmos. Environ., 2014, 95, 409–455.
[2] O. US EPA, “Organic Gas Speciation Profile for Aircraft.” Accessed: Jan. 12, 2026. [Online]
[3] B. E. Anderson, G. Chen, and D. R. Blake, 2006, Atmos. Environ., 40, 3601–3612.
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Aviation is a growing source of both CO2 and non-CO2 emissions. Between 2005 and 2018, aviation fuel consumption
increased by 55 % [1], and fuel burn is expected to continue rising as the sector expands further [2]. Strategies to mitigate
the associated increase in emissions and their impacts on climate and environment include the adoption of sustainable
aviation fuels (SAF). While SAF is reported to reduce CO2 and NOx emissions [3], its effects on particulate matter (PM)
emissions are more complex as jet fuel changes can alter particle size distributions [4]. Meanwhile, the high production
costs and strict safety standards of SAF make experiments using full-scale engines expensive and time-consuming. In this
study, we utilized a low-cost micro turbojet test rig to investigate the influence of fuel choice on jet engine performance and
emissions.  

The test rig included a micro turbojet engine (JetCat P200-SX) with simultaneous performance and emission
characterization under repeatable laboratory conditions. The engine was run using two jet fuels: a conventional Jet-A and a
Fischer–Tropsch Synthetic Paraffinic Kerosene (FT-SPK) fuel. While FT-SPK does not rely solely on renewable feedstock,
it is produced via similar process pathways that could be used for a Power-to-Liquid SAF. Emissions sampling covered
gaseous (NOx, CO, CO2, TVOC) and PM emissions. PM was measured using a nano Scanning Mobility Particle Sizer
downstream of a catalytic stripper (CS) to mimic standardized regulatory aviation non-volatile PM measurement methods.
Additionally, TEM samples were collected downstream of the CS for morphological analysis, and samples on quartz filters
were collected directly downstream of the engine exhaust to evaluate the soot maturity using Raman spectroscopy. Emission
indices were calculated using a carbon balance method.  

According to the preliminary results, the mode of the raw measured particle number size distributions shifts toward smaller
size ranges by 2 nm when changing the fuel from Jet-A to FT-SPK. When introducing a 50–50 blend of the fuels, the
distribution falls systematically between the unblended cases. Thus, the micro turbojet test rig is a promising tool for cost-
effectively studying the effects of alternative jet fuels on particulate emissions. 

Lintusaari's research visit to UBC was supported by the KAUTE Foundation through the Researchers Abroad program and
the GIANT project funded by Business Finland (grant number 5582/31/2023), Helsinki Region Environmental Agency
HSY, and several Finnish municipalities and companies. We acknowledge funding by the UBC Clean Energy Research
Center (CERC) - the NSERC Discovery Grant Program - the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy – EXC 2163/1 - Sustainable and Energy Efficient Aviation and the
Impulsfonds der TU Braunschweig, Förderlinie 2: Postdoc International Mobility Grant.

[1] Quadros, F. D. A., Snellen, M., Sun, J. & Dedoussi, I. C., J. Aircr. 2022, 59, 1394–1405.
[2] Fleming, G. G. & de Lépinay, I., ICAO Environmental Report 2019. 2019, 17–23.
[3] Gawron, B. & Białecki, T., Int. J. Environ. Sci. Technol. 2018, 15, 1501–1508.
[4] Corbin, J. C. et al., Atmospheric Meas. Tech. 2022, 15, 3223–3242.
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Contrail cirrus and aviation-induced cloudiness form when ice crystals nucleate on exhaust and ambient aerosol particles
under ice supersaturation conditions. In situ studies conducted in soot-rich regimes have shown non-volatile particulate
matter (nvPM), specifically soot aggregates with diameters around 30 nm, as one of the primary nuclei sources for contrail
ice crystals [1]. Microphysical models often approximate aggregate soot as equivalent spheres characterised by an effective
diameter (dp). However, Yu et al. (2024) suggested that soot activation is governed primarily by primary particle size (dpp),
rather than by effective aggregate diameter (dp) [2]. Therefore, accurate representation of dpp and aggregate morphology is
required for accurately predicting soot activation fractions and the resulting contrail radiative forcing.

However, experimental data on the activation and ice-nucleating behaviour of surrogate aircraft nvPM are still limited [3].
In this work, we characterise a propane inverse diffusion flame burner as a surrogate source of aircraft nvPM, systematically
varying soot geometric mean mobility diameter over an aircraft-relevant range of 8-90 nm by adjusting equivalence ratio
(1.0-1.6) and sampling height above the burner (10-25 cm). At a sampling height of 20 cm, the generated soot exhibited
mass–mobility exponents (Dfm), of 2.1-2.7, measured using a tandem AAC-DMA-CPC configuration. Transmission
Electron Microscopy (TEM) was used to investigate primary particle size. These measurements establish a surrogate nvPM
source for subsequent ice activation experiments using an expansion chamber.

This work was supported by the EPSRC Centre for Doctoral Training in Aerosol Science.

[1] J. Kleine, C. Voigt, D. Sauer, H. Schlager, M. Scheibe, T. Jurkat-Witschas, et al., Geophysical Research Letters, 2018,
45, 13553-13561.
[2] F. Yu, B. Kärcher, B. E. Anderson, Environmental Science & Technology, 2024, 58, 17650-17660.
[3] J. Ponsonby, R. Teoh, B. Kärcher, M. E. J. Stettler, Atmospheric Chemistry and Physics, 2025, 25, 18617-18637.
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Contrails contribute strongly to the non-CO2 effects of aviation on climate forcing [1]. Contrails are line-shaped clouds
which form behind aircraft as water condenses and freezes onto the aerosol populations emitted by aircraft. They have a
strong warming effect by limiting outgoing long-wave radiation and thereby trapping heat. Sustainable aviation fuel (SAF)
is a major focus in the aviation industry, aiming to reduce the lifecycle CO2 emissions of aviation, with many countries
having mandated SAF targets. It is important that the use of SAF to reduce CO2 emissions does not increase contrail
formation through differences in the emitted nanoparticles.
Here we present direct measurements of the contrail ice forming ability of jet engine emissions from a variety of SAF
pathways and blending ratios. Exhaust from a Honeywell 131-9A Auxiliary Power Unit (APU) burning conventional Jet-
A1, SAF from two pathways (Fischer-Tropsch, FT, and Hydrotreated Esters and Fatty Acids, HEFA), and paraffin
surrogates was characterized for particle number and size, then sampled into the Portable Ice Nucleation Experiment (PINE)
to quantify contrail ice formation. To our knowledge, these are the first direct measurements linking SAF blend fraction,
nvPM number and contrail ice nucleation efficiency under controlled engine conditions.
We found that there was an almost tenfold difference in contrail ice forming ability between the fuels with the highest and
the lowest ice production, which was in line with the measured change in particulate number concentration. Such a
reduction in ice concentration could reduce climate forcing due to contrails by over 50% [2]. We also saw measurable
changes in ice concentration from blends with as little as 10% SAF (Figure 1). The different SAF pathways were also
measurably different, with the FT fuel producing lower ice concentrations than the HEFA fuel. Despite the small size (20-40
nm) and insolubility of the particles, they were found to activate to ice at close to water saturation for all fuels tested.
These results demonstrate that SAF can reduce aviation climate impact not only through lower lifecycle CO2 emissions, but
also by suppressing contrail ice formation via reduced nvPM emissions. Here we highlight the importance of fuel
composition in mitigating non-CO2 aviation effects.

[1] Bernd Kärcher, Nature Communications, 2018, 9, 1824
[2] Ulrike Burkhardt, Lisa Bock, Andreas Bier, NPJ Climate and Atmospheric Science, 2018, 1, 37
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Aircraft engines emit large numbers of ultrafine particles (UFPs) and carbon dioxide (CO2) across a wide range of
operating conditions, contributing significantly to air pollution. Studies have shown that exposure to UFPs can
have adverse health effects, as these particles can enter the bloodstream and act as carriers of toxic substances (1).
While there is no guideline level for UFP by WHO, an hourly Particle Number Concentration (PNC) above 20 000
particles/ccm is considered “high” (2). In this work we measured the PNC and CO2 concentration of individual
aircraft emissions on the roof of the Ursulinen school located approximately 1 km east in the extension of the
runway of Innsbruck Airport. We carried out long term measurements in 2026 from January through April using
portable high-time resolution UFP sensors (Partector2 and Partector2 Pro from Naneos) and a fast CO2detector
(LiCor Li-850). This allows for virtual real-time observations of PNC and CO2 emissions of individual aircrafts
under different meteorological conditions. We observe downmixing of aircraft emissions by the wake vortices of
the approaching aircrafts. In the morning PNC and CO2 are often anticorrelated due to the trapped CO2

concentrations in the shallow inversion layer. During the day the Boundary Layer (BL) becomes well mixed
resulting in positive correlations of PNC and CO2, which allows to calculate the PNC exposure to humans in the
landing corridor created per kg of fuel burned (see Fig. 1). This work was supported by OeAD Sparkling Science
(Project Atemluft).

 

 

Figure 1: PNC, Average Particle Diameter and CO2 Concentration affected by arriving aircrafts (red
lines). a) Anticorrelation through BL disruption. b) Positive correlations in well mixed BL.

  

(1) European Aviation Environmental Report 2025, Doi: 10.2822/1537033 and references therein. (2) WMO
(2021) WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur
dioxide and carbon monoxide.
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Traffic related air pollution (TRAP) is a dominant source of ultra fine particles (UFP) and Black Carbon (BC), especially in
densely populated urban areas. Due to the rapid introduction of low- and zero-exhaust emission vehicles around the world,
the aerosol particles in the near-road environment are evolving rapidly. The city of Bogotá, in Colombia, which still faces
serious air pollution levels, has recently adopted cleaner public policies aiming at improving air quality. Among these
efforts, the city has included over 1400 battery electric public transport buses (about 11% of the total), as well as a similar
number of CNG public transport buses that had replaced older pre-EURO diesel-power buses. In this work, we report on the
characterization of the near-road aerosol particles in a 22 km stretch of a main road where many older buses have been
replaced by EV and CNG public transport buses. The main objective is to quantify observable transformation of the near-
road exposure to UFP and BC under the recent investments in cleaner transport alternatives. The measurements were carried
out from August to November of 2023, both at static sites (on 9 bus stops along the study road) as well as by pedestrians
carrying portable monitoring devices. The instrumentation deployed at the bus-stops included devices for determining
aerosol size distribution and particle number concentrations (from 10 nm to 10 µm), as well as BC and PM2.5. Size
distributions were measured with a radial DMA (TSI model 3910) and an optical particle sizer for larger particles (TSI
model 3330). Mobile measurements of UFP were carried out with hand-held condensation particle counters (TSI model
3007) and portable aethalometers for BC (AethLabs, model AE51). Overall, we collected personal exposure measurements
for pedestrians and cyclists over hundreds of kilometers traveling along the main road. During the sampling period, we also
registered traffic counts at 10-second resolution, by analyzing video recordings collocated with real-time particle
measurements. Categories for motorcycles, light-duty vehicles, SUVs, and different types of public transport buses (either
CNG, EV, or diesel-powered) were also recorded. The geometry of the road was carefully determined to establish an “urban
canyon” index. The results of this observational study demonstrated high concentrations at bus-stops, with mean BC
concentration of 15.6 µg/m3 and UFP number concentration of 64,800 part/cm3 throughout the campaign. For individual
days, UFP reached mean values of over 106,000 part/cm3. Similarly high values were observed for pedestrians walking with
portable instruments, for whom the average personal exposure concentration was 19.8 µg/m3 of BC and 60,400 part /cm3 for
UFP. For the analysis, the concentration time-series were decomposed in a slow- and a rapid-varying component. We found
a strong association between the fast-varying aerosol field and traffic volume, while the slow-varying part was closely
associated with background concentrations and street geometry. Furthermore, our data suggests that the frequency of high
BC concentration events can be fully explained by the prevalence of high-emitting diesel vehicles of all types. These events,
however, only explain a minor fraction of the observed BC concentration, suggesting that motorcycles and light-duty
vehicles are significant sources of BC and UFP in this road. Our measurements clearly show that the efforts to modernize
the public transport fleet are still far from enough to achieve an effective reduction in UFP and BC concentrations,
particularly in the near road environment. Future studies should analyze the contribution from motorcycles to the near-road
aerosol fields, as their use has increased dramatically in the city, which can negate the potential benefits of investing in
cleaner public transport alternatives.
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Aerosol particles play a central role in atmospheric processes, influencing air quality, human health, and climate. To fully
understand these impacts, it is essential to quantify not only the physical properties such as concentration or size but also
their chemical composition. Offline chemical analysis of aerosol samples or online mass spectrometry are generally
complicated or expensive. Another efficient method is to determine the partitioning between the volatile and non-volatile
fractions. This information provides insight into the chemical composition of an air mass and allows to infer information
about aerosol sources, chemical aging, and transformation processes in the atmosphere [e.g. 1, 2, 3, 4].
A catalytic stripper (CS) is commonly used to separate the volatile and semi-volatile fraction from the solid aerosol
particles, which allows for precise measurement of the non-volatile fraction and the total aerosol load [5]. Compared to a
thermal denuder, it has the advantage that volatile substances undergo catalytic transformation and cannot recondense into
particles after treatment. The CS has successfully been used in many automotive applications such as Particle Measurement
Program (PMP) compliant studies [5, 6]. However, not many atmospheric aerosol studies apply this simple distinction
between volatile and solid particles, which plays an important factor for the investigation of air quality, human health and
climate impact of aerosols.
Here we present the application of a CS for measurements of non-volatile aerosol particles at the Aerosol Observatory of the
University of Vienna which is on track to become a National Facility for aerosol in-situ observations within the pan-
European Aerosol, Clouds, and Trace Gas Research Infrastructure ACTRIS. This study includes the characterization of the
CS with respect to particle penetration and removal efficiency of volatile and semi-volatile components. For particle
penetration silver particles were generated with the Silver Particle Generator (SPG) and treated by the Sintering Stage
S8000 to obtain thermally stable silver spheres in the size range between 2 nm and 100 nm. The characterization of the
removal efficiency of volatile and semi-volatile particles is done with tetracontane, which is a well-established method in
many regulations for the testing of volatile particle removal (VPR) systems in the automotive section (e.g. Euro-7).
The aim of this study is to present initial results from continuous measurements of the non-volatile aerosol fraction over
several weeks at the Aerosol Observatory in Vienna, demonstrating their potential for source identification and chemical
characterization, and highlighting the importance of non-volatile particle measurements.

[1] Weinzierl, B., Petzold, A., Esselborn, M., Wirth, M., Rasp, K., Kandler, K., Schütz, L., Koepke, P., Fiebig, M. (2009).
Tellus B: Chemical and Physical Meteorology, 61(1), 96–117.
[2] Wehner, B., T. Petäjä, M. Boy, C. Engler, W. Birmili, T. Tuch, A. Wiedensohler, M. Kulmala (2005), Geophys. Res.
Lett., 32, L17810.
[3] Ehn, M., Petäjä, T., Birmili, W., Junninen, H., Aalto, P., Kulmala, M. (2007), Atmos. Chem. Phys., 7.
[4] Wehner, B., Berghof, M., Cheng, Y. F., Achtert, P., Birmili, W., Nowak, A., Wiedensohler, A., Garland, R. M., Pöschl,
U., Hu, M. Zhu T. (2009), J. Geophys. Res., 114
[5] Swanson, J., Kittelson, D. (2010). J. Aerosol Sci. 41 (12):1113.
[6] Giechaskiel, B., Melas, A.D., Lähde, T., Martini, G. (2020). Vehicles 2 (2):342.
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Robust interpretation of air quality monitoring data is essential for evaluating the effectiveness of regulatory interventions
and supporting evidence-based enforcement strategies. This study applies a state-space intervention modelling framework to
quantify the impacts of three COVID-19 lockdown periods (March 2020, November 2020, January 2021) on traffic-related
air pollution across London. Daily measurements of NOx, PM10, and PM2•5 from 20 monitoring stations (2019–2022) were
analysed, covering central London, the Ultra-Low Emission Zone (ULEZ), and Greater London. The model explicitly
accounts for temporal autocorrelation, spatial dependence, seasonal variation, ambient temperature, and relative humidity,
enabling separation of intervention effects from meteorological and background variability.

Results demonstrate substantial reductions in NOx during the first lockdown (up to 49% in central London), with smaller
but significant reductions during subsequent lockdowns. In contrast, particulate matter exhibited heterogeneous responses,
including transient increases during the first lockdown, highlighting the complexity of pollutant source dynamics beyond
traffic emissions. The modelling framework enabled dynamic estimation of both immediate and progressive intervention
effects, providing regulatory-relevant insight beyond conventional before–after comparisons.

The findings offer important implications for interpreting data from regulatory monitoring networks and for evaluating the
effectiveness of traffic control measures such as Low Emission Zones and the London ULEZ. By improving attribution of
observed concentration changes to policy-driven emission reductions rather than meteorological variability, this approach
strengthens the evidentiary basis used in air quality compliance assessment and enforcement decision-making. The study
demonstrates how advanced time-series modelling can enhance regulatory evaluation and support more informed air quality
legislation and monitoring strategies.
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Internal Combustion Engines (ICEs) emit micrometric and nanometric particulate matter, which contributes to air pollution
and global warming and poses a threat to human health. Technological advances in the combustion process and the
introduction of suited particulate filters have considerably reduced, in the last couple of decades, the amount of such
particles released in the environment. These advances are certainly encouraging and reassuring. However, a deeper
comprehension of the particulate physics and chemistry, at both micrometric and nanometric scales, would greatly help
understanding its behaviour both inside the vehicles after-treatment systems (ATSs) and once released in the atmosphere.
The present work is aimed at such extensive knowledge of the ICE-emitted particulate behaviour, exploiting several
sampling techniques and analytical methodologies such as Transmission Electron Microscopy (TEM), Energy-Dispersive X-
Ray (EDX) analysis, Single-Particle Extinction and Scattering (SPES) and Raman micro-spectroscopy to investigate the
properties of particles collected at various stages of ICE and ATSs.

Samples were obtained following the guidelines outlined in the European Commission Regulation 1151 (2017) during
chassis-dyno driving tests performed under standardized type-approval conditions on various modern diesel- and gasoline-
fuelled vehicles. The particulate samples were collected from the engine out, raw and diluted tailpipe exhaust.

A TEM sampler was used to collect samples on carbon-coated copper grids dedicated to TEM and EDX analyses. A
MICRO-PSS (Portable Particulate Sampling System) and the PSS on the dilution tunnel of a Constant Volume Sampler
(CVS) system were employed for the collection of particles on Quartz-fibre and PTFE-coated glass-fibre filters, to be later
investigated by means of Raman micro-spectroscopy. Aliquots extracted from selected filter samples were analysed with
SPES. An innovative approach was also explored: single particles identified with Raman were isolated and extracted from
the filters, then deposited on TEM grids to perform a correlative TEM analysis. 

The results obtained at this stage of analysis show that soot and particulate emitted at the engine-out stage essentially consist
of black carbon. However, other types of particles can be detected downstream the ATS, and at different stages of the
emission analysis system. For instance, the formation of elongated carbon structures similar to agglomerates of nanorods has
been observed by TEM at the vehicle raw tailpipe (after the particulate filter and before the CVS dilution system). CVS-
diluted samples, instead, contained, as expected, much fewer particles, essentially consisting of black carbon again. The
presented methodology highlights the advantages of combining several techniques to understand the dynamics and reactions
of the ICE exhaust in the vehicle and sampling systems. In addition, it paves the way to extensive correlative analyses to be
performed with multiple methods (e.g. TEM and Raman) on the same sample to obtain a comprehensive particulate
characterization that could be extended to the study of non-exhaust particles such as those from tyre and brake wear.
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This study investigated the particulate control efficiency in the engine exhaust of a diesel-powered excavator equipped with
a DOC+DPF filtration system under operating modes at a construction site. The excavator has an engine displacement of
5,860 cm3 with a rated power of 110 kW, which has been in service for 15 years. A DOC+DPF aftertreatment system for
engine exhaust was employed for 4 years, with both components utilizing cordierite ceramic substrates. The catalytic
coating materials include platinum and palladium. The porosity of DOC and DPF are 57% and 37 %, and the mean size of
pores is 10~12um and 5~7um, respectively. The filtration system has a cumulative operating time of 220 hours. The diesel
fuel used had a sulfur content of 1.4 mg/kg, polycyclic aromatic hydrocarbons (PAHs) at 1.4%, and a cetane number of
53.0. Particle number (PN) concentrations were measured using an optical particle counter paired with a calibration system,
which could make real-time measurements through direct exhaust sampling and a dilution device. Particle number
concentrations were measured by a TSI DustTrak 8533 monitor. Gaseous pollutants, including CO, NO, and NO2, were
detected by using an electrochemical analyzer. Mass concentration of particles was derived by filter samples, which were
collected by manual operation following an isokinetic sampling protocol and analyzed in the laboratory. All measurements
were conducted under both idling and operating modes of the excavator. The results of the idle mode test indicate that the
average PM2.5 concentration in the engine exhaust without control by DOC+DPF was 5.98 mg/m³. The average
concentration decreased to 0.68 mg/m³ with control devices. The control efficiency of PM2.5 was approximately 89%. The
average PN concentration was 1.96 × 106 #/cm³ and 2.38× 102#/cm³, with and without control by DOC+DPF, respectively.
CO concentrations were 212ppm and 94ppm. The results under excavator operating conditions indicated that the
concentration in engine exhaust without DOC+DPF treatment was 190 ppm for CO, 7.53 × 106 #/cm³ for PN, and 22.7
mg/m3 for PM. The concentration in engine exhaust with DOC+DPF treatment was 6 ppm for CO, 9.36 × 102 #/cm3 for
PN, and 0.03 mg/m3 for PM, respectively. Overall, the field measurement results demonstrate that installing a DOC+DPF
system on a diesel-powered excavator could significantly reduce emissions of particles and CO in the engine exhaust,
respectively.

【1】D. Shin, S. Moon, J. Ham, H. Kim, C. Yoo, S. Kim, S. Park, Environmental Pollution, 2025, 366, 125530. 【2】J. Hu,
J. Liao, Y. Hu, J. Lei, M. Zhang, J. Zhong, Z. Cai, Fuel, 2021,305, 121586.
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Roadside Optical Vehicle Emissions Reporter (ROVER) III Project: Evidence of exhaust tampering in Alberta,
Canada 

V. Hosseini1, N. Razzaghi1

1School of Sustainable Energy Engineering, Simon Fraser University, Vancouver, Canada 

The ROVER III project (2020–2022) used the on-road remote sensing technology to characterize real-world emissions from
light-duty gasoline vehicles (LDGVs) and heavy-duty diesel vehicles (HDDVs) across multiple urban centres in Alberta,
Canada. Motivated by evidence that a small fraction of vehicles disproportionately contributes to fleet-wide emissions,
ROVER III evaluated emission skewness, the prevalence of high emitters, and the in-use performance of modern emission
control systems. For LDGVs, vehicles less than 10 years old accounted for more than half of excess HC emissions,
suggesting premature deterioration of emission control systems and/or delayed maintenance responses. Light-duty gasoline
trucks, particularly pickup trucks, were identified as dominant contributors to HC and NO emissions, with pronounced
spatial variability across cities.
For HDDVs, emissions distributions were less skewed but showed widespread exceedances of NOx and particulate matter
benchmarks. Approximately 30% of model year 2010 and newer HDDVs exhibited persistently elevated NOx emissions,
consistent with malfunctioning or tampered selective catalytic reduction and particulate filtration systems. Among tractor
trucks, 38% of model year 2010 -2015 vehicles showed evidence of malfunction or tampering and, despite representing less
than one quarter of the fleet, accounted for nearly half of total tractor-truck NOx emissions. Projections indicate that by
2035, such vehicles could increase total NOx emissions by 145% relative to a fully compliant fleet, up to 2.75 times higher
than previously forecast. The associated public health burden is estimated at CA$5.4 billion in damages between 2024 and
2035. 

 

 

[1] O’Hare K, Meyer M, Crowe M, Benoit J, Bernard Y. R.,  ICCT Report; 2025. 
[2] Braun C, Badshah H, Hosseini V, Jin L, Miller J, Rodríguez F. ICCT Report; 2022. 
[3] Clean Air Strategic Alliance. Roadside Optical Vehicle Emissions Reporter (ROVER) III Final Report; 2024. 

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


  Session 3: Posters Session A, Poster 3D
  

Particle number emissions from a Turbulent Jet Ignition engine fueled with hydrogen and ammonia 

I. Pielecha1, J. Pielecha1, F. Szwajca1, D. Mielcarzewicz1

1Poznan University of Technology, Poznan, Poland 

Objective of the study was analysis of H2, NOx, and particle number emissions using a TJI system under passive and active
pre-chamber conditions. Static operating conditions (AVL 5804, 1-cyl; n = 1400 rpm; IMEP = 3.77 bar) were applied for
the analysis, covering both passive and active pre-chamber operation (Fig. 1a) with respect to gaseous components and
particulate emissions. Hydrogen combustion and combustion of its mixture with a small ammonia fraction result in different
concentrations of gaseous species. Combustion of pure hydrogen (Fig. 1b) produces low NO concentrations, ranging from
about 30 ppm to over 300 ppm at higher λ values, associated with lean charge combustion. In contrast, a small ammonia
share (5%) leads to more than a tenfold increase in NOx emissions, resulting from the fuel-NO formation mechanism
described by the Zeldovich model. Analysis of unburned hydrogen (Fig. 1b) indicates higher values under significantly
leaner combustion conditions. In this case, the use of hydrogen or ammonia does not result in significant differences.

 

 

Analysis of particle number distributions (Fig. 1c-f) indicates that combustion of different carbon-free fuels has a limited
effect on particle number characteristics. Under very lean combustion conditions, particle number decreases from 7E+05
1/cm³ at a diameter of 100 nm to 6E+05 1/cm³. Similar trends were observed for combustion of the hydrogen–ammonia
mixture. Each increase in pre-chamber fuel dose reduces the maximum particle number. An increase in excess air ratio
shifts particle number distribution curves toward smaller particle diameters. 

[1] T.S. Patil, A.R. Voris, S.P. Kane, W.F. Northrop, Journal of Aerosol Science, 2025, 188, 106614.
[2] C. Lhuillier, P. Brequigny, F. Contino, C. Mounaïm-Rousselle, Fuel, 2020, 269, 117448.
[3] S. Yin, Y. Ren, J. Tian, Z. Cui, X. Zhang, P. Yan, K. Nishida, Fuel, 2025, 383, 133774.
[4] C. Kurien, M. Mittal, International Journal of Hydrogen Energy, 2023, 48(74), 28803–28823. 
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Secondary Organic Aerosol Formation of Vehicle Emissions under Realistic Driving Conditions in a Road Tunnel 

Y. Wang1, Y. Chen1, D. Pavlidis2,3, C. Molina3,4, M. Bauer1, C. George5, A. Nenes3,4, I. El Haddad1, S. Pandis2,3, D. Bell1*,
A. Prevot1* 

1PSI Center for Energy and Environmental Sciences, 5232 Villigen PSI, Switzerland, 2Department of Chemical
Engineering, University of Patras, Patras, 26504, Greece, 3Institute of Chemical Engineering Sciences (FORTH/ICE-HT),
Patras, 26504, Greece, 4Laboratory of Atmospheric Processes and their Impacts (LAPI), École Polytechnique Fédérale de
Lausanne (EPFL), Lausanne, 1015, Switzerland, 5Universite Claude Bernard Lyon 1, CNRS, IRCELYON, UMR 5256,

Villeurbanne, F-69100 France. 

Abstract: Traffic emissions constitute a significant source of secondary organic aerosols (SOA) in urban environments.
However, distinguishing vehicular emissions to SOA formation under realistic driving conditions remains challenging due
to complex ambient mixtures. Molecular-level characterization of both gas-phase precursors and SOA chemical composition
is essential for better understanding traffic-related emissions and their impact on urban air pollution. In this study, three
weeks of field measurements were conducted in the Fréjus Tunnel to characterize vehicular emissions under real-world
conditions. An oxidation flow reactor (OFR) was deployed to simulate atmospheric aging of emissions across a wide range
of OH exposures. By integrating VOCUS proton-transfer reaction time-of-flight mass spectrometry (VOCUS PTR-MS) and
extractive electrospray ionization time-of-flight mass spectrometry (EESI-TOF), we determined the gas-phase precursors
and particle-phase chemical composition of SOA from a diverse traffic fleet. Our results highlight the significant
contribution of long-chain alkanes from vehicular emissions to SOA formation and reveal a higher abundance of moderately
to highly oxygenated molecules formed through photochemical oxidation.

Key Words: Secondary Organic Aerosols, Vehicle Emissions, Oxidation Flow Reactor

 

 

Figure 1. Comparison of the carbon number distribution of (a) primary organic aerosol and (b) secondary organic aerosols
through photochemical oxidation, colored by oxygen atom number.
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How Urea Dosing in SCR Systems Drives Secondary Particle Formation 

G. Trendafilov1, S. Sterlepper1, S. Pischinger1* 

1Chair of Thermodynamics of Mobile Energy Conversion Systems, RWTH Aachen University, 52074 Aachen, Germany 

Urea injection in SCR systems can generate ultrafine, non-volatile particles (<23 nm) [1], which may become a dominant
emission source in low-soot engines such as hydrogen combustion systems [2]. This study investigates the formation
mechanisms of these urea-induced particles under controlled conditions. A heavy-duty exhaust aftertreatment system is used
with three exhaust gas sources (diesel engine, hydrogen engine, hot gas burner). Urea dosing is varied under steady-state
conditions, while PN10 and PN23 emissions are quantified at the tailpipe using an AVL APC 489. A clear linear correlation
between urea dosing rate and PN emissions is observed. The exhaust gas composition and the catalysts variations show
negligible impact, while exhaust gas temperature strongly influences particle formation, with a maximum around 400 °C.
Experiments with particle-free exhaust (hydrogen engine, hot gas burner) confirm urea as the primary particle source, while
results with diesel exhaust require correction due to background soot and ash. Consistent trends across all configurations
indicate that particle formation is driven mainly by urea decomposition by-products rather than exhaust gas constituents.
The use of a static mixer increases PN emissions, suggesting that enhanced atomization and accelerated urea decomposition
promote particle formation. Further detailed analysis with a TiO2-based hydrolysis catalyst show that improved conversion
of urea to ammonia reduces intermediate species and significantly lowers PN10 emissions while maintaining NOₓ
conversion efficiency. The results indicate that intermediate species—particularly isocyanic acid (HNCO)—play a key role
in forming solid ultrafine particles, whereas ammonia itself does not contribute to increased particle numbers. Particle
formation in SCR systems is governed by urea dosing and the completeness of urea decomposition. Incomplete conversion
leads to reactive intermediates that drive secondary particle formation, likely via gas-phase polymerization processes. Future
work should focus on identifying the chemical composition of urea-induced particles. This study is funded by the Research
Association for Combustion Engines (FVV1464).

 

 

[1] B. Giechaskiel, et. al., Transportation Engineering, 2022, 8, 100137.
[2] G. Trendafilov, S. Sterlepper, M. Werner, P. Weinmann, S: Pischinger, Fuel, 2026, 418, 138698.
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Cost-benefit: Electrostatic precipitators for residential stoves 

K. Press-Kristensen1, P. Huth2

1Green Global Future, 2Air Quality, Environmental Action Germany 

Background: Residential heating with wood (and coal) in small stoves is a significant pollution source in many countries.
The smoke contains same toxic particles and carcinogenic PAHs as tobacco smoke and increases the risk of cancer, blood
clots, cardiovascular diseases, serious lung diseases, etc. Thereby contributing significantly to mortality and morbidity, i.e.
imposing a very expensive health burden on society. However, the expensive health burden could make requirements for
electrostatic precipitators for new residential stoves a positive investment for society. Purpose: The purpose of this study
was to perform a cost-benefit screening of the following scenario: the ongoing revision of the EU Ecodesign regulation for
stoves leads to an outcome where electrostatic precipitators (or similar technology) will be a mandatory requirement for new
wood stoves. Furthermore, externalities due to air pollution (health costs only) and climate pollution have been calculated
per Gigajoule (GJ) of house heating for new wood stoves (with/without precipitators) in comparison to heat pumps.
Methods: Calculations were conducted for densely populated urban areas, smaller towns, and rural areas, as the latter
typically have more intense use of biomass than the former, in Denmark and Slovakia, two EU countries that have same size
but quite different per-capita average income to illustrate the consequences in both wealthier and less wealthy countries in
the EU. Costs of precipitators in case of mass production were estimated to be 1,000 euro. Specific fuel use and health
externalities for densely populated urban areas, smaller towns, and rural areas in Denmark and Slovakia were used. General
air pollution health externalities in Denmark and global warming per GJ of heating for existing Ecodesign wood stoves
(with/without precipitators) and heat pumps were calculated including four air pollutants: PM2.5, NOx, NH3, and SO2, and
four climate pollutants: CO2, CH4, N2O, and BC. Results: Annual cost of electrostatic precipitators represents only 0.2-0.5%
of the incomes in Denmark and Slovakia. As a result, making electrostatic precipitators mandatory for new wood stoves
would not pose a general financial burden but some families might need financial support to install precipitators. The
benefits to cost ratio of requiring electrostatic precipitators for residential stoves is 2.7-19.4 making it a beneficial
investment for society if the revised Ecodesign regulation mandates the use of electrostatic precipitators for stoves. Even
though the externalities are highest per kg PM2.5 in densely populated urban areas, the benefits to cost ratios are highest in
rural areas because of significantly higher fuel use per stove and because PM2.5 spread far from the source causing exposure
on a regional level. The general health costs of air pollution from a new wood stove meeting current Ecodesign regulations
in Denmark are approximately 180 times higher per GJ of household heating than those from even a coal-powered electric
heat pump. If electrostatic precipitators are made mandatory in the Ecodesign regulation, new wood stoves would still result
in about 70 times higher health costs per GJ of heating compared to a coal-powered heat pump. Climate pollution from a
wood stove complying with current Ecodesign regulations causes significantly more global warming per GJ of household
heating than a heat pump powered by coal-based electricity. This remains true even when assuming that CO₂ emissions
from wood stoves are entirely carbon neutral. Electrostatic precipitators reduce the BC emission from wood stoves, thereby
substantially lowering their climate impact. Acknowledgement: This study was funded by the Clean Air Fund and the
European Climate Foundation.
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Field investigations of particle pollution from residential heating in Slovakia 

K. Press-Kristensen1, M. Ceverka2

1Green Global Future, 2Centre for Sustainable Alternatives 

Background: Residential heating with wood and coal in small stoves and boilers is the dominating source of particle and
PAH emissions in Slovakia and contributes significantly to the local pollution in small villages and towns. This increases
the risk of cancer, blood clots, cardiovascular diseases, lung diseases, etc. Thus, contributing significantly to mortality and
morbidity, placing a heavy and expensive health burden on society. Burning wood and coal in stoves can also pollute indoor
air due to emissions inside the home causing high particle pollution during the cold seasons when people spend most of their
time indoors and ventilation is limited. The health damage associated with indoor air pollution is usually not included when
calculating the health burden of air pollution. Purpose: The purpose was to conduct field investigations in Slovakia,
measuring particle number concentrations in Slovak nature with no local pollution sources, in village areas (e.g. parks) with
no smell of wood/coal smoke, and while walking in residential areas heating with wood and coal. Methods: Particle number
was measured with calibrated P-Traks from TSI in 31 Slovak villages in the winter 2020, 2023, 2024, and 2025. No other
significant local pollution sources were active during measurements (pollution from passing diesel cars was noted and
removed from result). Results: Background pollution in Slovak nature typically ranged from 500-1,000 particles per cm3

depending on weather conditions, i.e. people in Slovakia would inhale what the WHO considers as a low pollution level if
national pollution sources were eliminated. In village areas (e.g. parks) with no smell of wood/coal smoke were typically
2,000-6,000 particles per cm3. However, during inversion periods in valleys, the concentration exceeds 10,000 particles per
cm3 in village areas with no smell. While walking on streets in residential village areas, particle concentrations (minute
averages) could locally exceed 40,000 particles per cm3 which WHO considers to be a high pollution level. Supplementary
indoor measurements in a few homes (without other active pollution sources) revealed concentrations above 50,000 particles
per cm3. Conclusion: This field study confirms that local heating with wood and coal in villages in Slovakia generally
contributes significantly to local pollution with increased particle number and that stoves can contribute to high indoor air
pollution. Acknowledgement: This work is funded by the EU LIFE program: Project LIFE-IP SK AQ Improvement.
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Chemical composition of tarballs and “charballs” formed by pyrolysis of wildfire-like organics 

J. C. Corbin1, M. Al-Jabiri2, A. Lee3, J. P. Abbatt2, L. Azzarello4, A. Moallemi5, R. Mehri5, T. A. Sipkens5

1Aerosol and Gas Metrology, National Research Council Canada, Ottawa, Canada , 2Chemistry Department, University of
Toronto, Toronto ON, Canada, 3Air Quality Research Division, Environment and Climate Change Canada, Toronto ON,

Canada, 4Department of Chemistry, York University, Toronto ON, Canad, 5Metrology Research Centre, National Research
Council Canada, Ottawa ON, Canada 

Biomass burning (BB) in wildfires and residential settings involves the pyrolytic depolymerization of cellulose and lignin to
form primary BB organic-aerosol particles (BBOA) via bubbling or condensation. BBOA typically contains brown carbon
(BrC), a complex mixture that absorbs light more strongly at shorter wavelengths. While low-volatility BBOA is known to
be darker and possess a higher mass-specific light absorption (MAC) than bulk BBOA, previous studies typically
determined volatility–MAC relationships by heating BBOA to achieve partial evaporation. For highly thermolabile BBOA,
this process also induces carbonization.

Here, we investigate this carbonization process systematically by rapidly pyrolyzing laboratory-generated BBOA (~1 s) at
temperatures representative of wildfire plumes and residential stoves: 150–450 °C. We show that this BBOA, initially
comprising ≈1–3 kDa molecules, carbonizes into macromolecular, insoluble “tarballs” at moderate temperatures (100–300
°C) and into “charballs” (black-coloured nano-char spheres) at temperatures >350 °C. Although insoluble, this intermediate
dark-BrC material was detectable by an aerosol mass spectrometer (HR-AMS). The HR-AMS exhibited a four-fold
reduction in sensitivity after 250 °C treatment, despite a sample OC/TC of 0.8. Thus, the tarballs represent an intermediate
material between organic and black carbon.

Above 350 °C, HR-AMS signals were negligible; charball quantification required the SP-AMS 1064-nm laser. The SP-
AMS mass spectrum indicated that no refractory organics remained. It comprised only oxygenated ions (CO+, CO2

+, H2O
+),

metals (Ca+, K+), and refractory black carbon (rBC) ions Cx
+. The rBC fragmentation pattern was indistinguishable from

that of mature soot at all heat-treatment temperatures. The O/C ratio inferred from the SP-AMS mass spectrum showed
excellent agreement with energy dispersive X-ray spectroscopy (EDS) measurements. Overall, these results provide
mechanistic insights into the composition of nano-char aerosols, while identifying a measurement gap where moderately
carbonized tarballs are significantly under-measured by both HR-AMS and SP-AMS. Failure to account for this gap may
result in a substantial underestimation of the particulate mass and radiative forcing of BBOA smoke.
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Reducing the uncertainty of condensation particle counter calibrations at low particle number concentrations by
reducing electrical noise in the Faraday cup aerosol electrometer 

J. T. Tompkins1, E. C. Braysher1, S. P. Giblin1, A. S. Brown1, B. A. Longhurst1

1National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW 

The latest version of the European Ambient Air Quality Directive [1] mandates the measurement of the number
concentration and size distribution of ultrafine particles. The European standard EN 16976:2024 [2] sets out a method for
the measurement of the particle number concentration of ambient air using condensation particle counters (CPCs). CPCs
measure particles in the size range from 10 nm to a few micrometers. Measurements of particle number concentration are
also required by vehicle legislation such as Periodic Technical Inspection legislation [3] and aerospace engines emissions
legislation [4].

In 2026 NPL increased its ISO 17025 scope of CPC calibrations against a reference Faraday Cup Aerosol Electrometer
(FCAE) in accordance with ISO 27891[5], reducing the lower end of the concentration range from 1000 cm-3 (1.5 fC cm-3)
to 100 cm-3 (0.15 fC cm-3). At these ultra-low currents, the zero noise and zero offset of the reference Faraday cup
electrometer start to become significant contributors to the overall uncertainty in the CPC calibration. Coupled with the
difficulty to calibrate the reference FCAE at charge concentrations below 1.5 fC cm-3 this forms an important measurement
challenge.

This work examines the process of driving down the measurement uncertainties at ultra-low currents. This was achieved by
modifying the calibration procedures of both the CPC and primary FCAE. The primary FCAE calibration was modified to
increase the measurement duration at the lowest currents to minimise the contribution of the electrical noise. The
improvements in CPC calibrations, included physical adaptions such as vibration dampening, using fixed brick installations
rather than standard laboratory benchtops and additional ambient background charge insulation external to the body of the
FCAE. The sampling periods during the calibrations were adjusted to minimise the contribution of the fluctuations in the
FCAE instrument noise with a focus on the crucial zero current measurments and a new approach was taken to dealing
effectively with the FCAE zero offset, to minimise its contribution to the overall measurement uncertainty.

[1] European Parliament, European Ambient Air Quality Directive, 2024
[2] European Committee for Standardization, European standard EN 16976:2024 Ambient air - Determination of the particle
number concentration of atmospheric aerosol, 2024
[3] European Commission, Periodic Technical Inspection legislation, 2023
[4] International Civil Aviation Organization, Annex 16, Environmental Protection, Volume II, 2017
[5] International Organization for Standardization, International standard ISO 27891:2015 Aerosol particle number
concentration, 2015
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Lowcost ambient UFP monitoring with diffusion chargers 

M. Fierz1, F. Stahl2, J. Bussmann1, M. Hügi1, P. Küry1, D. Meier1, L. Zuber1

1Naneos particle solutions, Windisch, Switzerland, 2Zurich University of Applied Sciences (ZHAW), Winterthur,
Switzerland 

Over the past years, there has been increased interest in measuring ultrafine particles (UFP) in ambient air to complement
existing particle mass metrics (PM10, PM2.5). The renewed interest stems from the new WHO recommendations to
measure UFP, and the new EU air quality directive which mandates UFP measurements. 
Due to the complexity and cost of traditional UFP measurements (with condensation particle counters (CPC) for particle
number, and the mobility particle size spectrometer (MPSS) for particle size distributions), there will always be insufficient
coverage of UFP metrics, in particular as it is well known that UFP concentrations vary more spatially than the traditional
PM2.5/PM10 measurements. 
To address the issue of low spatial coverage, we have developed a low-cost diffusion-charging based device that can be
deployed anywhere, i.e. outside of traditional measurement stations with complex inlet systems and climate-controlled
interiors, as long as power (~4 Watt) is provided. The sensor measures the charge transfer to the aerosol, which is roughly
proportional to the lung-deposited surface area (LDSA), a metric which has the potential to be interesting for health effects.
The full instrument consists of the LDSA sensor (OLS) coupled with a data transmission/control unit enclosed in a weather-
proof box. Measurement data and instrument status information is transmitted to a cloud backend, from where the data can
always be visualized online in any browser.
The new instruments have been deployed on a larger scale in early 2025 within the EU project “net4cities” (33 devices in 11
partner cities in Europe), as well as another 9 instruments measuring in and around Zürich. These ~40 instruments have
been running nearly one year in 24/7 operation with no onsite intervention necessary so far, only minor over-the-air-updates
of the software were performed until now. The data availability is roughly 99%. Some of the instruments are co-located with
traditional devices; and in two locations, multiple instruments have been deployed to the same location, which allows to
assess how well the instruments agree over longer times. 
The measured LDSA values correlate reasonably well with CPC number concentration measurements, e.g. for the location
Zürich-Kaserne, we observe an R2 of 0.68 for hourly values of the fourth quarter of 2025 (see figure below). This shows the
similarity of LDSA and particle number measurements, and means LDSA could well serve as UFP complement to existing
PM measurements. 
In conclusion, the observed high reliability, high data quality, low maintenance combined with ease of deployment and
operation and low cost of this new instrument appear to allow UFP measurements on far larger scale than was possible with
traditional instruments.
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Uncertainty of the dilution factor of diluters with internal mixing gas preparation 

L. Hillemann1, A. Mütze1, D. Göhler1, S. Gabsch1, S. Große1

1Topas GmbH, Gasanstaltstraße 47, 01237 Dresden 

Dilution systems are widely used to adjust the concentration of aerosols, either during the generation or quantification of
aerosols. Dilution systems with internal mixing gas preparation are often used for this purpose [1, 2]. They are based on the
passive passage of a defined total flow rate of the aerosol to be diluted. This flow is divided into two partial flows. A small
partial volume flow flows through a capillary, whereby its particle concentration remains constant, if losses within the
capillary can be neglected. The majority of the total flow passes through a bypass consisting of a valve and an absolute filter
for particle separation and then mixes again with the capillary flow. The valve adjusts the ratio of the two volume flows and
thus the dilution ratio of the system. 
The dilution rate is not a measurand as defined by GUM [3], because it is not measured during the application. Nevertheless,
the concept of quantifying its uncertainty can be applied. To quantify the uncertainty of the dilution rate, the dilution rate of
a diluter (DIL 554, Topas GmbH) was measured independently from the calibration process, according to type A evaluation
of standard uncertainty of GUM.
The dilution rate was measured by two CPCs upstream and downstream the diluter employing a DMA-classified DEHS test
aerosol. With a sample duration of 115 s the standard deviation of the downstream sample is 3.9 %, which is dominated by
the counting process of the CPC. The standard deviation of the mean is estimated according to GUM to 0.36 %, which is
confirmed by the measurement of the repeatability (repeated measurement of dilution factor without any user intervention)
in figure 1. This indicates that only random errors dominate the measurement uncertainty. The measurement of the dilution
rate was repeated 30 times with the same device and 90 times with 10 randomly selected devices to quantify the
reproducibility (figure 1).

 

 

The contribution discusses the applied method to quantify the uncertainty of the dilution rate and aims on developing a
common method to evaluate the uncertainty of dilution systems to enable the comparison of results.

[1] Fuchs, N.A., Sutugin, A.G. (1965) Journal of Colloid Science, Volume 20, Issue 6, 492-500,
doi.org/10.1016/0095-8522(65)90031-0.
[2] Göhler D., Hillemann L., Große S., Peters C., Stintz M. and Rudolph A. 25th European Aerosol Conference (EAC
2020), Aachen, Germany (virtual conference). dx.doi.org/10.13140/RG.2.2.14092.33923
[3] JCGM 100 (2008) Evaluation of measurement data – Guide to the expression of uncertainty in measurement (GUM)
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Testing and Calibration of bcMeter, an Open-Source, Low-Cost Black Carbon Monitor 

S. G. Loggia1, S. Vijay1, J. Tkaczuk1, E. Tilley1* 

1Global Health Engineering, Department of Mechanical and Process Engineering, ETH Zürich, Zürich 8092, Switzerland 

Black carbon (BC) is a major short-lived climate forcer and air pollutant, yet significant gaps remain in global data
collection, partly due to the high cost of reference-grade instruments. The open-source bcMeter offers a low-cost alternative
for monitoring BC; however its performance has not been sufficiently evaluated.

This paper investigates the bcMeter’s accuracy in measuring BC, the factors influencing its performance, and its suitability
for deployment in resource-limited environments. A six-test co-location campaign involving three bcMeter units (BCM
A–C) and an AE33 reference aethalometer was conducted at two Swiss sites (Dübendorf and Zürich) over a total duration of
30 days. The study assessed performance at a ten-minute temporal resolution, higher than previously reported, and
examined the effects of filter loading, tube material, and temperature fluctuations. Data were pretreated, and two post-
processing approaches were applied: centered moving average (CMA) smoothing and multiple linear regression (MLR)
prediction incorporating environmental predictors.

Results show that, despite inherent noise, the bcMeter reliably captures temporal BC trends under suitable conditions or
with appropriate data treatment. When comparing the collocation data of AE33 and bcMeter, R² values were 0.59–0.74 for
pretreated data, improving to 0.65–0.78 with MLR and 0.74–0.85 with CMA calibration. Filter loading caused a reduction
in R² of more than 30 percent and led to systematic underestimation, while instrument temperature fluctuations were
identified as the main driver of large residual spikes. Polyurethane tubing outperformed conductive PVC in short-term
stability. CMA reduced noise at the expense of fine temporal detail, whereas MLR preserved more detail but was more
sensitive to large deviations from AE33 readings.

With a hardware cost below 300 CHF, the bcMeter demonstrates strong potential for low-cost BC monitoring. However,
careful evaluation of the intended application and available infrastructure is essential to ensure proper calibration and
reliable operation, especially in resource-constrained settings. Future efforts should focus on automated filter tape
advancement and methods to compensate for environmental effects, thereby supporting robust, scalable field deployment
and enhancing performance.
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Performance characterisation of a continuously variable aerosol diluter 

F. Kulas1, C. Nickolaus1, S. Payne1

1Cambustion Ltd, Cambridge CB1 8DH, UK 

Dilution is a ubiquitous requirement in aerosol research and instrument testing, yet many diluters offer a very limited range,
fixed steps or couple dilution to fixed flow conditions. The Cambustion AD60 (2025) is a variable standalone rotating disc
aerosol diluter. The AD60 was developed to address various requirements; to provide stable, repeatable and reproducible
dilution factors from approximately 2 to 900, while offering users independent control of inlet and outlet flows (1-3 slpm
and 1-15 slpm, respectively). Aerosol is diluted by transferring a precisely metered volume of particle-laden gas from disc
pockets into a bulk flow of HEPA filtered particle-free gas. This approach enables a wide range of dilution factors in a
compact device and minimises aerosol losses and changes to particle properties.

 

 

Particle loss performance was characterised using a sodium chloride challenge aerosol generated by a Collison nebuliser.
Upstream and downstream concentrations were measured by automated switching between bypass and diluted sampling
paths. Both flow paths were matched in length and flow to measure the true penetration of the AD60; differences between
the bypass and diluted paths are primarily attributable to the device under test. An automated test procedure stepped through
the available dilution range, with bypass reference points to establish and correct for any challenge aerosol concentration
drift. Penetration was calculated as the ratio of measured concentration to the expected concentration (bypass concentration
divided by the nominal dilution factor). Particle generation (“background” concentration) was assessed by sampling the
outlet with a HEPA fitted to the inlet.

The AD60 delivered stable dilution with good reproducibility and predictable penetration behaviour across operating
conditions. Background particle generation remained below 1 cm-3 over the full disc-speed range. The penetration curves
shown above, exhibit a maximum near the logarithmic midpoint of the dilution range, approaching 100%, and decreasing
towards the edges of the operating map to around 80%. Thus, for any selected dilution factor there is an optimal outlet flow
setting which can maximise particle penetration. Changing outlet flow (and therefore the achievable dilution range)
preserved the characteristic shape of the penetration curves, providing a practical tuning parameter for a given experimental
requirement.

Uncertainty propagation indicated an accuracy uncertainty of 5.31%, dominated by disc-pocket dimensional tolerance
(5.17%), while within-unit repeatability was 1.25%, consistent with the measured repeatability, shown in the figure. For
reproducibility between units, disc dimensional variation manifests primarily as a vertical offset between penetration curves,
suggesting that additional unit calibration and adjustment can improve absolute accuracy if required. Overall, these results
support the AD60’s suitability for high-concentration measurements, instrument linearity testing, and filter penetration
studies where reliable, repeatable and adjustable dilution is required.
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Towards Stand-Alone Monitoring of Carbonaceous Aerosol: FATCAT Measurements and Thermogram-Based
Source Interpretation 

A. Keller1, T. Hammer2, K. Ciupek3, D. Walker3, J. Saturno4, E. Weingartner1*, K. Vasilatou2* 

1University of Applied Sciences and Arts Northwestern Switzerland (FHNW), Windisch, Switzerland, 2Federal Institute of
Metrology METAS, Berne-Wabern, Switzerland, 3National Physical Laboratory, Teddington, UK, 4Physikalisch-

Technische Bundesanstalt, Braunschweig, Germany 

Carbonaceous aerosol is a dominant component of particulate matter with significant implications for climate and human
health, yet its routine measurement at the compositional detail required for source apportionment remains elusive.
Conventional metrics (equivalent black carbon (eBC) from optical measurements, or organic carbon (OC) and elemental
carbon (EC) from thermal-optical analysis) rely on operationally defined fractions that do not map cleanly onto chemical
properties, limiting their utility for distinguishing source contributions and ageing processes in ambient air.

The Fast Thermal Carbon Totalizator (FATCAT) addresses this gap by combining autonomous TC quantification with a
novel measurement feature: fast thermograms [1]. In FATCAT, aerosol particles are collected on a robust sintered metallic
filter, which is then flash-heated to ~800 °C in less than one minute. This generates reproducible CO2 release profiles
(thermograms) that reflect the volatility and refractoriness of the carbonaceous sample without imposing an artificial defined
split.

Laboratory experiments with well-defined aerosol types, performed within the EURAMET 22NRM02 STANBC project [2],
demonstrate the interpretive power of thermograms. Fresh soot from a propane flame generates a late, refractory-dominated
signal, while secondary organic aerosol (SOA) coatings produce an additional early feature proportional to coating
thickness, leaving the soot core signature intact. Wood-burning emissions from test-bench experiments yield intermediate
features consistent with mixed OC/EC composition. Crucially, thermogram shape is reproducible and load-independent,
enabling direct comparison across samples and measurement sites.

At the Jungfraujoch Global GAW station (3580 m a.s.l.), FATCAT operated autonomously over multi-month campaigns as
part of the GAW-CH Plus research projects (2018–2021). The resulting time series of TC thermograms allows episodic
pollution events to be characterised beyond bulk concentration: local fossil-fuel influence is fingerprinted by a refractory-
dominated thermogram consistent with fresh soot, while aged biomass-burning plumes (including cases attributed to long-
range transport from North American wildfires) exhibit an enhanced early volatile fraction consistent with secondary
organic matter. Interpretation is supported by comparison with the synthetic aerosol from the STANBC project.

These results demonstrate that FATCAT thermograms provide a new autonomous technique to monitor carbonaceous
aerosol, its composition, source attribution, and atmospheric ageing using a single device.

The 22NRM02 STANBC Metrology Partnership project has received funding from the European Partnership on
Metrology, co-financed by the European Union Horizon Europe Research and Innovation Programme and from the
Participating States.

[1] A. Keller, P. Specht, P. Steigmeier, and E. Weingartner, Aerosol Research 1(1), pp. 65–79, 2023.

 

[2] T. Hammer, L. Drinovec, G. Mocnik, et al., Aerosol Sci. & Tech., under review.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


  Session 3: Posters Session A, Poster 5G
  

A portable optoacoustic BC sensor for source emission monitoring 

N. Kousias1,2, I. Raptis1, L. Ntziachristos1*, V. Ntziachristos3* 

1Aristotle University of Thessaloniki, Mechanical Engineering, Thessaloniki 54636, Greece, 2Maurus Oy, Ratakatu 14,
75700 Valtimo, Finland, 3Technical University of Munich, Chair of Biological Imaging, 80333 Munich, Germany 

Black Carbon (BC) is a byproduct of combustion of carbon-containing fuels, that is defined partly by its strong light
absorption properties [1]. It contributes significantly to climate change especially in snow-covered areas such as the Arctic
where it leads to accelerated snow melting [2]. BC also has adverse effects on human health as it correlates with
cardiovascular mortality and morbidity [3]. Absorption based techniques that can quantify BC are currently used for
accurate source emission monitoring. Optoacoustics (aka Photoacoustics), is one such technique.

 

 

We have previously developed a low-cost optoacoustic sensor [4]. A portable, version of this sensor was developed, able
to perform source emission monitoring. Extensive experiments are performed with BC particles generated under
controlled laboratory conditions with an aerosol particle generator (AVL APG), to evaluate the sensor. The results show
that our portable sensor has equivalent performance to a commercial lab-grade instrument, with an R2 equal to 0.99 and a
limit of detection equal to 5 ug/m3 for 1s averaging. In terms of exposure, the sensor was operated for tenths of hours in
high concentrations in the range 2-15 mg/m3, without the need for cleaning. Such sensitivity and durability, coupled with
its small size and low-cost, make it a promising solution for BC source monitoring, even for harsh exhaust applications.

 

 

[1]         A. Petzold et al., Atmos. Chem. Phys., vol. 13, no. 16, pp. 8365–8379, 2013.

[2]         T. C. Bond et al., J. Geophys. Res. Atmos., vol. 118, no. 11, pp. 5380–5552, 2013.

[3]         M. Janssen, N. A., et al., “Health Effects of Black Carbon,” pp. 1–86, 2012.

[4]         A. Stylogiannis, et al., Sensors (Switzerland), vol. 21, no. 4, pp. 1–14, 2021.
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Ultra-Simple, Cost-Effective, Single-Precursor Production of Co3O4 Nanoparticles via Thermal Decomposition:
Characterization and Scalability-Oriented Techno-Economic Analysis 

M. Ashraf1, S. uddin2

1King fahad university of petroleum and minerals,Saudi Arabia, 2King fahad university of petroleum and minerals,saudi
arabia 

Cobalt oxide (Co3O4) nanoparticles are widely used in catalysis, sensing, energy storage, and environmental applications,
but many reported synthesis routes remain multistep, solvent-intensive, and less suitable for scale-up. In this study, an ultra-
simple one-step thermal decomposition method was developed to synthesize Co3O4 nanoparticles directly from cobalt(II)
nitrate hexahydrate at 420°C without solvents, surfactants, or additional wet-chemical processing.The synthesized product
was characterized by X-ray diffraction, FESEM, and TEM. XRD confirmed the formation of crystalline cubic spinel Co3O4,
while FESEM and TEM revealed a predominantly nanorod-like morphology with average dimensions of approximately 16
nm in diameter and 36 nm in length, confirming successful formation of phase-pure nanostructured material through this
simplified route. A preliminary techno-economic analysis further demonstrated promising batch-scale feasibility for the
proposed process, including integration of NO2 scrubbing during scale-up. Sensitivity analysis showed that project
profitability is more strongly influenced by sales performance than by moderate raw material price fluctuations. Overall, this
study presents a simple, reproducible, and potentially scalable strategy for Co3O4 nanoparticle production with encouraging
industrial relevance.
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Thermally stable and spherical silver particles as transfer standard for the calibration of particle number counters 

A. Nowak1, A. Makelko1, J. Roshal1, M. Dollner2, V. Berger2, P. S. Bauer2, H. Schulz2

1Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, 38116, Germany, 2Catalytic Instruments GmbH & Co.KG,
83026 Rosenheim, Germany 

Particle number concentration is one of the key physical parameters targeted by several vehicular emissions regulations [3,
4, 5, 6], and ambient air quality guidelines [1, 2]. Different calibration aerosols, such as solid soot, emery oil, and silver
particles, are used to calibrate particle number counters in terms of counting efficiency and linearity. However, this leads to
a lack of comparability of the results. For calibration facilities it is crucial to have a stable and well-characterized aerosol
source that produces solid, inert, insoluble, and thermally stable spherical particles. Silver particles generally satisfy all of
these requirements. PTB and Catalytic Instruments are working closely together to optimize the Silver Particle Generator
(SPG) to fulfil a broad spectrum of calibration protocols, e.g., for ambient and automotive specifications. The goal is to
establish a calibration aerosol that could serve as transfer standard across different communities.
Since October 2025, several tests have been performed at PTB to investigate the long-term stability and day-to-day
variability of the SPG. At one operating point the Geometric Mean Diameter (GMD) (at 6 nm) exhibits an apparent long-
term stability of approximately 0.5 nm over two months. During this time, fluctuations in particle size were observed to
correlate with variations in ambient pressure. In addition, the SPG settings will be optimized to fulfil the CEN-CPC
calibration protocol for linearity and counting efficiency testing. An initial CPC calibration test was performed by varying
the SPG temperature, demonstrating good stability, a straightforward setup, and minimal time effort. The smooth operation
of the SPG is the ability for controlling the heater temperature in precise 1°C steps that allows a stable production of narrow
size distributions of spherical silver particles but also enables the ability to shift these distributions.
With this project we will demonstrate the feasibility of producing spherical silver particles beyond 100 nm in diameter. This
provides the basis to establish a harmonized calibration standard across different communities. Next to the improvements of
the SPG performance, a PTB-developed dilution unit and a coagulation chamber will be optimized to guarantee spherical
silver particles at high concentrations even beyond 100 nm.
The project has received funding from PTB's TransMet (Transfer of Metrological Technology) programme, with the
objective of fostering the research capabilities and competitive edge of small and medium-sized enterprises (SMEs) in
Germany.

[1] Directive (EU) 2024/2881 of the European Parliament and of the Council of 23 October 2024 on ambient air quality and
cleaner air for Europe, [2] EN 16976 (2024) Ambient air - Determination of the particle number concentration of
atmospheric aerosol; German version, [3] UN Regulation No 168 (2024/211) – Uniform provisions concerning the approval
of light duty passenger and commercial vehicles with regards to real driving emissions (RDE), [4] Directive (EU)
2024/2881 of the European Parliament and of the Council of 23 October 2024 on ambient air quality and cleaner air for
Europe, [5] Nr. 133 Richtlinie zur Kalibrierung von Abgasmessgeräten, die für die Untersuchung der Abgase von
Kraftfahrzeugen nach Nummer 6.8.2 der Anlage VIIIa StVZO eingesetzt werden („AU Geräte Kalibrierrichtlinie“), Absatz
3.2.5. Fassung vom Mai 2021,
[6] PTB-Anforderungen 12.16 „Partikelzähler“ (05/2021). Physikalisch-Technische Bundesanstalt, Braunschweig und
Berlin. DOI: https://doi.org/10.7795/510.20210623
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Traceable Calibration of MPSS in Fast-Scan Mode: Recommendations for Particle Number Size Measurement at
Urban Traffic Hot Spots 

A. Malik1, J. Rosahl1, S. Platzler1, A. Nowak1* 

1Airborne Nanoparticles (WG: 3.43), Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, 38116, Germany 

Ultra fine particles (UFPs), owing to their documented health impacts and the Euro 7 revision (lowered particle-size
threshold from 23 nm to 10 nm), have emerged as pollutants of primary concern. Consequently, to better represent real-
world emissions there is a growing emphasis on measuring solid and total (solid + volatile) UFPs by establishing the
monitoring networks strategically located near transport-related emission hotspots. Currently, the UFPs are monitored in
Europe as part of particle number and size distribution (PNSD) measurements over the range 10-800 nm by using a mobility
particle size spectrometer (MPSS). The associated quality assurance procedures are standardized by CEN/TS 17434:2020,
which prescribes validation of a calibrated MPSS (to be deployed for the field measurements) against a reference MPSS
(measuring PNSD) and CPC (measuring Particle Number i.e., PNCPC) over this full scan range using ambient aerosol.
However, this wide scan range is not ideal for measurements at urban traffic sites where the PNSDs typically peaks around
50-70 nm with negligible number above 300 nm. Specifically, the long scan time required for full-range measurements leads
to degraded temporal resolution limiting detection of transient events such as passing of high-emitter vehicles. Moreover,
the calibration using ambient aerosol may not represent traffic-related emission characteristics adequately.

To address these gaps, this study put forward an evolved calibration and validation procedure specifically designed for the
PNSDs measurements at urban traffic sites. For validation and compliance with the existing norms, the performance of a
candidate MPSS (the reference MPSS at PTB) is evaluated as per this modified procedure. The MPSS is evaluated under
fast-scan mode (1 minute scan time and scan range 10-300 nm) using the lab generated solid/total soot PNSDs with varying
operating points (Geometric Mean Diameters ~ 30-90 nm and PNCPC: 10,000 – 90,000 cm-3). Moreover, a comparatively
traceable and flexible uncertainty budget scheme (incorporating uncertainty dependency on the parameters of test aerosol) is
proposed based on existing literature and the experimental observations.

The repeated long-term DMA calibrations results confirmed that the mobility diameters measurements by reference MPSS
are reproducible to be within ±3 % of the certified PSL diameters. Moreover, the cumulative PN measured by the reference
MPSS (PNMPSS) remained within ±5% of the PNCPC measured by a parallelly running reference CPC. The uncertainty limits
of the reference MPSS for particle number (PN) per size bin at a nominal PNSD (PNCPC ≈ 30,000 and DP, MEAN ≈ 60 nm,
approx. representative of traffic site conditions) were also within the CEN (≤50% below 20 nm, ≤10% in the range 20-200
nm, and ≤20% above 200 nm) criteria. Above findings implies that the reference MPSS fulfils all the existing CEN criteria
for a reference MPSS confirming its usability for the subsequent validation of the test MPSS under fast-scan mode and lab
generated soot particles. Consequently, a modified MPSS calibration procedure has been implemented at PTB, featuring a
1-minute scan time, a scan range of 10–300 nm, and soot particles as the test aerosol. Furthermore, the investigations in
current study highlights that the uncertainties in PNSD measurements by a MPSS can be higher that the CEN criteria under
specific conditions such as DMA operating with high-voltage negative polarity or when PNCPC are low. Consequently, a
modified criteria in the form of well-established En-score metric is proposed for validation of test MPSS calibrated at PTB.
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Continuous Monitoring of UFP Across 11 European Cities: First Results from the Net4Cities Project 

S. Schmitz1, S. Drossaart van Dusseldorp2, A. Pajunoja3, R. Balbaaki4, G. Jibuti5, S. Oftedal Barrault6, F. Silva Domingues7,
E. van der Gaag8, M. van Poppel9, E. von Schneidemesser1* 

1Research Institute for Sustainability (RIFS) at GFZ, Potsdam, Germany, 2Zurich University of Applied Sciences (ZHAW),
Winterthur, Switzerland, 3Airmodus Ltd., Helsinki, Finland, 4Climate and Atmosphere Research Center (CARE-C), Nicosia,

Cyprus, 5Ivane Javakhishvili Tbilisi State University (TSU), Tbilisi, Georgia, 6Norwegian Institute for Air Research
(NILU), Kjeller, Norway, 7Universitat Autònoma de Barcelona (UAB), Barcelona, Spain, 8DCMR Environmental
Protection Agency, Rotterdam, Netherlands, 9Flemish Institute for Technological Research (VITO), Mol, Belgium 

Ultrafine particles (UFPs; <100 nm) represent a significant environmental health challenge, particularly within the transport
sector. Traditional mass-based metrics used to monitor particulate matter emissions (PM10, PM2.5) poorly capture the
impact of UFPs, which contribute only negligibly to mass but dominate in number and need to be addressed. Recent updates
to the EU air quality directive (Directive (EU) 2024/2881) have placed an emphasis on ultrafine particle (UFP)
measurements, particularly within the newly defined supersites. These supersites are mandated to perform total UFP particle
number concentration (PNC) measurements using condensation particle counters (CPC). While PNC has long been the
primary metric for quantifying UFP exposure, Lung Deposited Surface Area (LDSA) has emerged as a valuable
complementary for a more nuanced health risk assessment. LDSA specifically quantifies the total active surface area of
particles that deposit in the alveolar regions of the lung1. In the Horizon Europe Net4Cities project, a major aim is to
enhance air and noise pollution monitoring infrastructure across 11 European cities to support Zero Pollution Action Plans
and the EU Green Deal objectives, including through the measurement of UFPs. To address this new legislative requirement
for the monitoring of UFPs, the Net4Cities project has adopted a dual-approach through the measurement of PNC using
Airmodus CPCs and the measurement of LDSA using naneos diffusion-charging LDSA monitors. In the 11 partner cities,
new UFP monitoring networks have been established at traffic, airport, and port monitoring sites, leading to the installation
of 24 CPCs and 33 LDSA monitors. In this work we present preliminary results of these extensive measurements of PNC
and LDSA across Europe. We also perform initial comparisons of the two metrics and identify linkages with local
meteorology and transport emissions sources. Our preliminary results confirm a high degree of spatiotemporal heterogeneity
in concentrations, a characteristic previously identified in smaller-scale studies, and demonstrate that these fluctuations are
strongly coupled with local human activity across all site types.

 

 

Figure 1: Box-and-whisker plots of hourly mean LDSA concentrations at three selected sites (one airport, two traffic
hubs) in a representative partner city, measured from March 28th to November 20th, 2025. 

1Yuan, J.; Zhang, W.; Hu, J.; Rupakheti, M.; Rupakheti, D. Studies on Lung-Deposited Surface Area (LDSA) of Particulate
Matter during 2005–2024. Air Qual. Atmosphere Health 2025, 18, 2431–2446.
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Experimental evaluation of nucleation phenomena in an oxidation flow reactor (DOFR™) 

P. Juuti1, M. Nikka1, J. Haapanen1, A. Arffman1

1Dekati Ltd., Kangasala, 36240, Finland 

Oxidation flow reactors (OFR), such as Dekati® Oxidation Flow Reactor (DOFR™) are aerosol conditioning units designed
to simulate atmospheric aging and especially used in studying secondary aerosol formation. DOFR design is similar to
previously published OFR TSAR (Tampere University Secondary Aerosol Reactor, Simonen et al. [1]). Utilizing high
concentrations of OH-radicals and UVC (254 nm) radiation, days-long oxidation processes can be achieved within minutes.
The oxidation of volatile vapors, present in the measured aerosol, can make them condensable within the OFR chamber,
leading to growth of existing particles or to nucleation of new particles. Whether nucleation takes place depends on the
overall process parameters, but more interestingly here, on the ratio between condensable vapor and seed particles of the
measured aerosol. So, at the output of the OFR, the condensed particulate mass can end up in its own distribution mode
and/or growing the existing seed particle mode. Similar phenomena in which background aerosol influences new particle
formation may also happen in real ambient conditions affecting, e.g., pollution formation processes.
In our experiments we varied the ratio between condensable vapor and seed particles around the point where nucleation
takes place. Soot seed particles were generated using a Miniature Inverted Soot Generator (MISG). An eDiluter™ Pro along
with a catalytic stripper were used to condition and to adjust the concentration of the soot seed particles. As a condensable
vapor precursor, toluene, α-pinene, and mixture of their vapor was introduced from a temperature-controlled flow saturator
continuously and in pulses with a syringe. The prepared aerosol was then atmospherically aged with a DOFR™ using stable
humidity and ozone concentration. The aged aerosol from the DOFR™ was measured with an ELPI®+ and an SMPS. The
oxidation age was estimated by using a CO gas tracer, and the aging controlled by varying the UVC radiation intensity in
the oxidation chamber.
The point where nucleation occurs was found for both stable and pulsed vapor cases. Results for the pulsed vapor case with
four different injection intervals are shown in Figure 1. Measurements were performed to cover cases where practically only
nucleation or coated soot particles were present, as well as the case where both modes are present. Clear differences were
observed between ELPI®+ and SMPS distributions as the soot seed particles started to grow from the condensing vapor,
indicating the change in effective density of the measured particles. Additionally, the DOFR™ response time for a pulsed
vapor source was determined by comparing an input of a near point source of vapor to an output of a broadened particle size
distribution.

 

 

Figure 1: Vapor injection series with varying injection interval

[1] P. Simonen, E. Saukko, P. Karjalainen, H. Timonen, M. Bloss, P. Aakko-Saksa, T. Rönkkö, J. Keskinen, M. Dal Maso,
Atmos. Meas. Tech., 2017, 10, 1519–1537.
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$Q ((36 ���� PDVV VSHFWURPHWHU ZDV XVHG WR PHDVXUH WKH SDUWLFOH VL]H GLVWULEXWLRQ DQG PDVV RI SDUWLFXODWH PDWWHU
JHQHUDWHG DV D UHVXOW RI IULFWLRQ EHWZHHQ WKH EUDNH SDG DQG WKH EUDNH GLVF RI WKH UDLO YHKLFOH� $IWHU HDFK EUDNLQJ F\FOH� WKH
EUDNH�SDGV�ZHUH�UHPRYHG�IURP�WKH�WHVW�VWDQG��ZHLJKHG��DQG�UHLQVWDOOHG�LQ�WKHLU�RULJLQDO�SRVLWLRQV�

)LJXUH � SUHVHQWV WKH QXPEHU FRQFHQWUDWLRQ RI SDUWLFXODWH PDWWHU HPLWWHG LQ WKH LPPHGLDWH YLFLQLW\ RI WKH EUDNH SDGV IRU
EUDNLQJ VSHHGV RI ��� NP�K DQG ��� NP�K� 7KH PD[LPXP LQVWDQWDQHRXV SDUWLFOH QXPEHU FRQFHQWUDWLRQV UHDFKHG ���� î ���

��FP� DQG ���� î ��� ��FP�� UHVSHFWLYHO\� ,Q DGGLWLRQ� SDUWLFOH VL]H GLVWULEXWLRQV ZHUH GHWHUPLQHG� )RU WKH ORZHU EUDNLQJ
VSHHG� WKH KLJKHVW SDUWLFOH FRQFHQWUDWLRQV ZHUH REVHUYHG LQ WKH GLDPHWHU UDQJHV RI ����±���� QP� )RU WKH EUDNLQJ VSHHG RI
����NP�K��WKH�KLJKHVW�FRQFHQWUDWLRQV�RFFXUUHG�LQ�WKH�SDUWLFOH�GLDPHWHU�UDQJH�RI�����±�����QP�

�

�

8VLQJ�WKH�VSHFWURPHWHU�GDWD��WKH�PDVV�ORVV�RI�WKH�DQDO\]HG�VDPSOHV�ZDV�GHWHUPLQHG��)RU�WKH�EUDNLQJ�VSHHG�RI�����NP�K�
WKH�PDVV�ORVV�DPRXQWHG�WR��������J��ZKLOH�IRU�����NP�K�LW�UHDFKHG��������J��0HDVXUHPHQWV�RI�WKH�WRWDO�PDVV�RI�WKH�EUDNH
SDGV�XVLQJ�D�SUHFLVLRQ�EDODQFH�VKRZHG�WKDW�WKH�RYHUDOO�SDG�ZHDU�GXULQJ�WKH�WHVWV�FRUUHVSRQGHG�WR���J�DQG����J�IRU�WKH
UHVSHFWLYH�EUDNLQJ�VSHHGV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �&
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2Q�URDG�WLUH�ZHDU�SDUWLFOH�HPLVVLRQV�IURP�D�OLJKW�GXW\�YHKLFOH�

(��'H)UDQFH���=��7RXPDVDWRV���*��.DUDYDODNLV�
�

�8QLYHUVLW\�RI�&DOLIRUQLD��%RXUQV�&ROOHJH�RI�(QJLQHHULQJ��&HQWHU�IRU�(QYLURQPHQWDO�5HVHDUFK�DQG�7HFKQRORJ\��&(�&(57��
�����&ROXPELD�$YHQXH��5LYHUVLGH��&$��������86$�

7KH WRSLF RI QRQ�H[KDXVW HPLVVLRQV KDV UHFHLYHG LQFUHDVHG DWWHQWLRQ RYHU UHFHQW \HDUV GXH WR WKH FRQWLQXRXV UHGXFWLRQ RI
FRPEXVWLRQ�JHQHUDWHG �WDLOSLSH� HPLVVLRQV IURP PRELOH VRXUFHV DQG WKHLU UHOHYDQFH WR DLU TXDOLW\ DQG KHDOWK� &XUUHQW
HPLVVLRQ UHJXODWRU\ HIIRUWV DUH IRFXVLQJ RQ UHGXFLQJ SDUWLFXODWH QRQ�H[KDXVW HPLVVLRQV WKDW RULJLQDWH IURP WKH ZHDU RI
EUDNHV DQG WLUHV� 7LUH�ZHDU SDUWLFOHV DUH VPDOO SDUWLFOHV DEUDGHG IURP WLUHV GXULQJ GULYLQJ GXH WR IULFWLRQ ZLWK WKH URDG
VXUIDFH DQG FDQ FRQWULEXWH WR DPELHQW XOWUDILQH SDUWLFOH HPLVVLRQV� DV ZHOO DV WR 30��� DQG 30�� HPLVVLRQV� 7KLV VWXG\ XVHG
D QRYHO VDPSOLQJ V\VWHP WR DVVHVV WLUH�ZHDU UHDO�WLPH SDUWLFOH QXPEHU� SDUWLFOH VL]H GLVWULEXWLRQV� DQG JUDYLPHWULF 30��� DQG
30�� PDVV IURP D OLJKW�GXW\ WUXFN GXULQJ RQ�URDG GULYLQJ� � 7LUH�ZHDU WHVWLQJ ZDV SHUIRUPHG RQ VL[ GLIIHUHQW WLUHV IURP ILYH
GLIIHUHQW PDQXIDFWXUHUV RYHU PXOWLSOH URXWHV UHSUHVHQWLQJ XUEDQ DQG KLJKZD\ GULYLQJ� DQG FRQFUHWH DQG DVSKDOW URDG
SDYHPHQW� 7KH WHPSHUDWXUH RI WKH WLUHV ZDV PRQLWRUHG ZLWK DQ ,5 FDPHUD� ,Q DGGLWLRQ WR WKH UHDO�WLPH SDUWLFOH
PHDVXUHPHQWV� SDUWLFOH PRUSKRORJ\ IRU 30��� DQG 30�� ZDV SHUIRUPHG E\ HPSOR\LQJ D VFDQQLQJ HOHFWURQ PLFURVFRS\
�6(0� ZLWK (QHUJ\ 'LVSHUVLYH ;�UD\ �(';�� 7UDFH HOHPHQWV DQG PHWDOV ZHUH DQDO\]HG ZLWK DQ ;�UD\ IOXRUHVFHQFH �;5)�
PHWKRG� DFFRUGLQJ WR 86 (3$ ,2����� 30 HPLVVLRQ VDPSOHV ZHUH DOVR FKHPLFDOO\ FKDUDFWHUL]HG IRU RUJDQLF UXEEHU
FRPSRXQGV� LQFOXGLQJ 1������GLPHWK\OEXW\O��1
�SKHQ\O�S�SKHQ\OHQHGLDPLQH ��33'�� �33'�TXLQRQH�
GLSKHQ\OTXDQLGLQH�����GLSKHQ\OXUHD���+�EHQ]RWULD]ROH����PLQREHQ]RWKLD]ROH��DQG�PDQ\�PRUH�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �'
��

%UDNH�ZHDU�SDUWLFOH�HPLVVLRQV�PHDVXUHPHQW�DQG�FKDUDFWHUL]DWLRQ�GXULQJ�RQ�URDG�YHKLFOH�WHVWLQJ�

(��'H)UDQFH���=��7RXPDVDWRV���*��.DUDYDODNLV�
�

�8QLYHUVLW\�RI�&DOLIRUQLD��%RXUQV�&ROOHJH�RI�(QJLQHHULQJ��&HQWHU�IRU�(QYLURQPHQWDO�5HVHDUFK�DQG�7HFKQRORJ\��&(�&(57��
�����&ROXPELD�$YHQXH��5LYHUVLGH��&$��������86$�

%UDNH�ZHDU SDUWLFXODWH HPLVVLRQV ZHUH DVVHVVHG GXULQJ RQ�URDG GULYLQJ ZLWK D OLJKW�GXW\ YHKLFOH RYHU GLIIHUHQW URXWHV LQ WKH
6RXWK &RDVW $LU %DVLQ RI &DOLIRUQLD� 7KH WHVW URXWHV LQFOXGHG D PL[ RI GULYLQJ FRQGLWLRQV� VXFK DV KLJKZD\ DQG XUEDQ
GULYLQJ� IUHTXHQW VWRS�DQG�JR HYHQWV� DQG GHFHOHUDWLRQ HYHQWV� $ QRYHO VDPSOLQJ V\VWHP ZDV GHVLJQHG WR IXOO\ HQFORVHG WKH
EUDNH URWRU DQG FDOLSHU� 7KH PHDVXUHPHQW SULQFLSOH ZDV EDVHG RQ WKH &96 WHFKQLTXH LQ ZKLFK WKH DLUIORZ UDWH WKURXJK WKH
V\VWHP LV KHOG FRQVWDQW� )LOWHUHG DLU ZDV GLUHFWHG LQWR WKH HQFORVXUH DQG DQ RXWOHW IRU WKH VXVSHQGHG SDUWLFOHV ZDV GUDZQ LQWR
WKH RQERDUG VDPSOLQJ WXQQHO� (PLVVLRQ PHDVXUHPHQWV IURP PXOWLSOH EUDNH SDGV LQFOXGHG JUDYLPHWULF PDVV IRU 30��� DQG
30��� 30��� DQG 30�� ILOWHUV ZHUH DQDO\]HG IRU PHWDOV DQG WUDFH HOHPHQWV XVLQJ WKH ;�UD\ IOXRUHVFHQFH �;5)� PHWKRG�
DFFRUGLQJ WR (3$ ,2����� 5HDO�WLPH 30��� HPLVVLRQV ZHUH PHDVXUHG ZLWK D 76, 'XVW7UDN '5; $HURVRO 0RQLWRU �����
7RWDO SDUWLFOH QXPEHU DQG SDUWLFOH VL]H GLVWULEXWLRQ ZHUH PDGH ZLWK D 'HNDWL KLJK�UHVROXWLRQ (/3,�� ,Q DGGLWLRQ WR WKH
HPLVVLRQ PHDVXUHPHQWV� VHYHUDO WKHUPRFRXSOHV ZHUH XVHG WR PRQLWRU WHPSHUDWXUH FKDQJHV DFURVV WKH EUDNH GLVF� 7KH UHVXOWV
RI�WKLV�VWXG\�ZLOO�EH�GLVFXVVHG�DV�D�IXQFWLRQ�RI�EUDNH�GLVF�WHPSHUDWXUH��GULYLQJ�RSHUDWLQJ�FRQGLWLRQV��DQG�EUDNH�HQHUJ\�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �(
��

0LWLJDWLQJ�7KH�(QYLURQPHQWDO�5HOHDVH�RI�0HWDO�:HDU�3DUWLFOHV�WKURXJK�6XVWDLQDEOH�/XEULFDQW�

1��)��0RKG�<XVRI�����6��$KPDG�����&��;��:DL�����=��<��)RR�����1��$��$ZDQJ���

�6FKRRO�RI�0HFKDQLFDO�(QJLQHHULQJ���8QLYHUVLWL�6DLQV�0DOD\VLD��������1LERQJ�7HEDO��3HQDQJ�0DOD\VLD���6FKRRO�RI�&LYLO
(QJLQHHULQJ�

0HWDO ZHDU SDUWLFOHV DUH SURGXFHG DV D UHVXOW RI ZHDU SURFHVVHV DQG PD\ DFFXPXODWH LQ JUHDVH�OXEULFDWHG UDLOZD\
FRPSRQHQWV� LQFOXGLQJ D[OH EHDULQJV DQG ZKHHO±UDLO LQWHUIDFH OXEULFDWLRQ V\VWHPV >�@� 7KHVH SDUWLFOHV PD\ EH UHOHDVHG LQWR
WKH HQYLURQPHQW GXULQJ OHDNDJH DQG GLVSRVDO� FRQWULEXWLQJ WR VRLO DQG ZDWHU FRQWDPLQDWLRQ� 3DUWLFOHV LQ JUHDVH KDYH EHHQ
VKRZQ WR SURPRWH VXUIDFH GDPDJH DQG ZHDU SURJUHVVLRQ LQ OXEULFDWHG FRQWDFWV >�@� DQG ZKHHO±UDLO LQWHUDFWLRQV DOVR SURGXFH
DLUERUQH�ZHDU�SDUWLFOHV�WKDW�FDQ�FRQWULEXWH�WR�HQYLURQPHQWDO�FRQWDPLQDWLRQ�>�@��

7KLV VWXG\ SUHVHQWV D VXVWDLQDEOH OXEULFDQW VWUDWHJ\ DLPHG DW PLWLJDWLQJ WKH HQYLURQPHQWDO UHOHDVH RI PHWDO ZHDU
SDUWLFOHV WKURXJK VRXUFH UHGXFWLRQ YLD OXEULFDQW IRUPXODWLRQ� $ ELR�EDVHG JUHDVH IRUPXODWHG XVLQJ SDOP RLO ZDV GHYHORSHG
DQG HYDOXDWHG DJDLQVW D FRQYHQWLRQDO PLQHUDO�EDVHG JUHDVH� 7ULERORJLFDO SHUIRUPDQFH ZDV DVVHVVHG XQGHU ERXQGDU\
FRQWDFW FRQGLWLRQV XVLQJ D WULERPHWHU� IRFXVLQJ RQ IULFWLRQ EHKDYLRU� ZHDU UHVSRQVH� DQG ZHDU SDUWLFOH JHQHUDWLRQ� 7KH
VXVWDLQDEOH JUHDVH H[KLELWHG VLJQLILFDQWO\ ORZHU IULFWLRQ FRHIILFLHQWV DQG UHGXFHG ZHDU FRPSDUHG WR WKH FRQYHQWLRQDO
PLQHUDO�JUHDVH��LQGLFDWLQJ�LPSURYHG�OXEULFDWLQJ�HIILFLHQF\�DQG�VXUIDFH�SURWHFWLRQ�

:HDU SDUWLFOH DQDO\VLV UHYHDOHG D VXEVWDQWLDOO\ ORZHU FRQFHQWUDWLRQ RI PHWDO ZHDU SDUWLFOHV LQ WKH IRUPXODWHG
JUHDVH� GHPRQVWUDWLQJ HIIHFWLYH VXSSUHVVLRQ RI SDUWLFOH JHQHUDWLRQ DW WKH WULERORJLFDO LQWHUIDFH� %LRGHJUDGDELOLW\ ZDV
HYDOXDWHG XVLQJ )RXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\ �)7,5� DQG JDV FKURPDWRJUDSK\ �*&�� ZKLFK VKRZHG DFFHOHUDWHG
FKHPLFDO GHJUDGDWLRQ RI WKH SDOP RLO±EDVHG JUHDVH UHODWLYH WR WKH PLQHUDO FRXQWHUSDUW� 7KH FRPELQDWLRQ RI UHGXFHG PHWDO
ZHDU SDUWLFOH IRUPDWLRQ DQG HQKDQFHG ELRGHJUDGDELOLW\ KLJKOLJKWV WKH SRWHQWLDO RI WKH SURSRVHG VXVWDLQDEOH OXEULFDQW WR
PLQLPL]H WKH HQYLURQPHQWDO LPSDFW DVVRFLDWHG ZLWK JUHDVH ZDVWH� 7KLV ZRUN GHPRQVWUDWHV WKDW VXVWDLQDEOH OXEULFDQW
IRUPXODWLRQ RIIHUV D YLDEOH SDWKZD\ IRU FRQWUROOLQJ PHWDO ZHDU SDUWLFOHV ZKLOH LPSURYLQJ HQYLURQPHQWDO FRPSDWLELOLW\ LQ
KHDY\�GXW\�PDFKLQHU\�DSSOLFDWLRQV�

�

5HIHUHQFHV

>�@ &KLK�/LQJ /LQ� 3DXO $� 0HHKDQ� 0RUSKRORJLFDO DQG HOHPHQWDO DQDO\VLV RI ZHDU GHEULV QDWXUDOO\ IRUPHG LQ JUHDVH
OXEULFDWHG�UDLOZD\�D[OH�EHDULQJV��:HDU��������9ROXPHV����±����

>�@ 7KL�1D 7D� -HQJ�+DXU +RUQJ� 0LQJ�:HL +XDQJ� (OHQD 9� 7RUVND\D� &KXQ�:HL .XR� 7ULERORJLFDO FKDUDFWHULVWLFV DQG
YLEUDWLRQ UHVSRQVH RI JUHDVH OXEULFDWHG FRQWDFWV XQGHU HQYLURQPHQWDO SDUWLFOHV DQG ZDWHU LPSDFW� :HDU� ����� 9ROXPHV
���±����

>�@ +\XQ:RRN /HH� 7KH HIIHFW RI ZDWHU OXEULFDQW RQ UHGXFLQJ WKH JHQHUDWLRQ RI DLUERUQH ZHDU SDUWLFOHV IURP ZKHHO±UDLO
FRQWDFWV�XQGHU�YDULRXV�WUDLQ�YHORFLWLHV��7ULERORJ\�,QWHUQDWLRQDO��������9ROXPH�����
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �)
��

0HDVXUHPHQW�RI�HPLVVLRQ�IDFWRUV�IRU�EUDNH�DQG�WLUH�ZHDU�SDUWLFOHV�IURP�DFWXDO�YHKLFOHV�GULYLQJ�RQ�UHDO�URDGV�

6��:RR���:��.LP���*��/HH���6��/HH�
�

�.RUHD�,QVWLWXWH�RI�0DFKLQHU\�DQG�0DWHULDOV�

5RDG WUDIILF HPLVVLRQV KDYH ORQJ EHHQ FRQVLGHUHG D PDMRU FDXVH RI DLU SROOXWLRQ� DQG DFFRUGLQJO\� WKH\ KDYH EHHQ VWULFWO\
PDQDJHG WKURXJK HPLVVLRQ UHJXODWLRQV� $V D UHVXOW� H[KDXVW JDV HPLVVLRQ KDV GHFUHDVHG VLJQLILFDQWO\� +RZHYHU� GXH WR WKH
LQFUHDVH LQ WKH QXPEHU DQG ZHLJKW RI YHKLFOHV� QRQ�H[KDXVW HPLVVLRQV �1((� JHQHUDWHG E\ IULFWLRQ EHWZHHQ WLUHV DQG URDG
VXUIDFHV RU EHWZHHQ EUDNH SDGV DQG GLVFV DUH FRQWLQXRXVO\ ULVLQJ� 6LQFH %UDNH :HDU 3DUWLFOHV �%:3� DQG 7LUH :HDU
3DUWLFOHV �7:3� DUH PDMRU VRXUFHV RI QRQ�H[KDXVW HPLVVLRQV� WKH\ DUH VFKHGXOHG WR EH VXEMHFW WR UHJXODWLRQ XQGHU (XUR �
VWDQGDUGV VWDUWLQJ LQ ����� 5HJHQHUDWLYH EUDNLQJ LV DQ HIIHFWLYH VWUDWHJ\ IRU UHVSRQGLQJ WR WKHVH UHJXODWLRQV RQ EUDNH ZHDU
SDUWLFOH HPLVVLRQV� $OWKRXJK 81 *75 1R� ��� WKH (XUR � %:3 HPLVVLRQ PHDVXUHPHQW SURWRFRO� VSHFLILHV WKH PHWKRG IRU
PHDVXULQJ %:3 HPLVVLRQV IURP YHKLFOHV HTXLSSHG ZLWK UHJHQHUDWLYH EUDNLQJ� LQ SUDFWLFH� %:3 HPLVVLRQV IURP UHJHQHUDWLYH
EUDNLQJ YHKLFOHV DUH QRW PHDVXUHG GLUHFWO\ EXW DUH HVWLPDWHG LQGLUHFWO\ WKURXJK WKH IULFWLRQ EUDNLQJ UDWLR� )XUWKHUPRUH� ZKLOH
WKHUH DUH QXPHURXV UHVHDUFK SDSHUV RQ WLUH ZHDU XVHG LQ HOHFWULF YHKLFOHV� WKHUH DUH QR VWDQGDUG VWXGLHV UHJDUGLQJ SDUWLFXODWH
PDWWHU HPLVVLRQV EDVHG RQ 30�� VWDQGDUGV� ,Q WKLV VWXG\� D PHWKRG ZDV GHYHORSHG WR PHDVXUH %:3 DQG 75:3 �WLUH URDG
ZHDU SDUWLFOH� HPLVVLRQV ZKHQ DFWXDO YHKLFOHV DUH GULYHQ RQ UHDO URDGV� 8WLOL]LQJ WKLV PHWKRG� %:3 DQG 75:3 HPLVVLRQV
ZHUH PHDVXUHG IRU LQWHUQDO FRPEXVWLRQ HQJLQH YHKLFOHV �,&(9V�� K\EULG YHKLFOHV �+(9V�� DQG SXUH HOHFWULF YHKLFOHV �3(9V�
LQ UHDO URDG HQYLURQPHQWV �XUEDQ� VXEXUEDQ� DQG KLJKZD\�� 6LPXOWDQHRXVO\� IULFWLRQ EUDNLQJ HQHUJ\ ZDV PHDVXUHG WR DQDO\]H
WKH SURSRUWLRQDO UHODWLRQVKLS EHWZHHQ WKH UHJHQHUDWLYH EUDNLQJ UDWLR DQG %:3 HPLVVLRQV� 7R PHDVXUH WKH QRQ�H[KDXVW
HPLVVLRQV RI WKH YHKLFOHV� GLOXWLRQ IORZ UDWHV DURXQG WKH EUDNHV DQG WLUHV ZHUH FDOFXODWHG XVLQJ WUDFHU JDV �12� H[SHULPHQWV�
DQG GDWD SRVW�SURFHVVLQJ ZDV SHUIRUPHG XVLQJ D VSHFLDO DOJRULWKP WR HOLPLQDWH WKH LQIOXHQFH RI H[WHUQDO SDUWLFOHV� $V D
UHVXOW� LW ZDV FRQILUPHG WKDW %:3 HPLVVLRQV GHFUHDVHG SURSRUWLRQDOO\ DV WKH UHJHQHUDWLYH EUDNLQJ UDWLR LQFUHDVHG�
)XUWKHUPRUH� %:3 HPLVVLRQV ZHUH KLJKHVW LQ WKH RUGHU RI XUEDQ� VXEXUEDQ� DQG KLJKZD\� DQG WKH UHJHQHUDWLYH EUDNLQJ UDWLRV
IROORZHG WKH VDPH RUGHU� 75:3 HPLVVLRQV ZHUH KLJKHVW LQ HOHFWULF YHKLFOHV� DQG WKH HPLVVLRQ IDFWRU LWVHOI ZDV IRXQG WR EH
ORZHU�WKDQ�WKDW�RI�%:3�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �$
��
,1'2$,572;��3URMHFW�2YHUYLHZ�DQG�([SHULPHQWDO�'HVLJQ�IRU�,QGRRU�8OWUDILQH�3DUWLFOHV²6RXUFHV��'\QDPLFV��DQG

7R[LFLW\�

.��<HK���5��=KX���.��6KDUDI�'LQ���,��(O�+DGGDG���5��+H���%��5RWKHQ�5XWLVKDXVHU���1��:DQJ���-��:LOOLDPV���'��/LFLQD�
�

�+XPDQ�2ULHQWHG�%XLOW�(QYLURQPHQW�/DERUDWRU\��ÊFROH�3RO\WHFKQLTXH�)pGpUDOH�GH�/DXVDQQH�������)ULERXUJ��6ZLW]HUODQG���

3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG���$GROSKH�0HUFNOH�,QVWLWXWH��8QLYHUVLWp�GH�)ULERXUJ�������)ULERXUJ�
6ZLW]HUODQG���0D[�3ODQFN�,QVWLWXWH�IRU�&KHPLVWU\��������0DLQ]��*HUPDQ\�

,QKDODWLRQ H[SRVXUH WR SDUWLFXODWH PDWWHU �30� LV NQRZQ WR FDXVH DGYHUVH LPSDFWV RQ KXPDQ KHDOWK� 0XFK RI WKLV H[SRVXUH LV
LQFXUUHG LQGRRUV� ZKHUH SHRSOH VSHQG WKH PDMRULW\ RI WKHLU WLPH� ([LVWLQJ UHVHDUFK RQ DLU TXDOLW\ DQG KHDOWK LPSDFWV RI 30
W\SLFDOO\ IRFXV RQ DWPRVSKHULF ILQH DQG FRDUVH SDUWLFOHV �30��� DQG 30��� UHVSHFWLYHO\�� 0RUH UHFHQW VWXGLHV KDYH VKLIWHG
WKHLU IRFXV WR XOWUDILQH SDUWLFOHV �8)3V�� ZLWK GLDPHWHUV OHVV WKDQ ��� QP�� 5HODWLYH WR ODUJHU SDUWLFOHV� 8)3V SRVH FRQFHUQV
IRU KXPDQ KHDOWK GXH WR WKHLU VPDOO VL]H DQG KLJK VXUIDFH DUHD�WR�PDVV UDWLR�� 7KLV IDFLOLWDWHV WKH WUDQVSRUW RI SDUWLFOH�ERXQG
FKHPLFDOV GHHS LQWR WKH UHVSLUDWRU\ V\VWHP� 'HVSLWH WKH SRWHQWLDO IRU LQFUHDVHG DGYHUVH KHDOWK HIIHFWV IURP H[SRVXUH WR 8)3V
UHODWLYH�WR�ODUJHU�SDUWLFOHV��VWXGLHV�RI�8)3V�RI�LQGRRU�RULJLQ�UHPDLQ�VSDUVH�

,QGRRU 8)3 VRXUFHV W\SLFDOO\ IDOO LQWR WKUHH FDWHJRULHV� FRPEXVWLRQ� YRODWLOL]DWLRQ�QXFOHDWLRQ�FRQGHQVDWLRQ �91&�� DQG
R[LGDWLRQ� 9DULRXV VWXGLHV KDYH FKDUDFWHUL]HG WKH QXPEHU FRQFHQWUDWLRQ RI LQGRRU 8)3V HPLWWHG E\ GLIIHUHQW LQGRRU
DFWLYLWLHV VXFK DV FRRNLQJ� KHDWLQJ� DQG KXPDQ RFFXSDQF\���� +RZHYHU� WKH FRPSRVLWLRQ RI 8)3V� WKHLU G\QDPLFV� DQG WKH
KHDOWK LPSDFWV UHVXOWLQJ IURP H[SRVXUH WR 8)3 IURP GLIIHUHQW VRXUFHV UHPDLQV XQFOHDU� ,Q WKLV ZRUN� LQGRRU 8)3 VRXUFHV�
G\QDPLFV� DQG WR[LFLW\ ZLOO EH V\VWHPDWLFDOO\ LQYHVWLJDWHG XVLQJ D PXOWLGLVFLSOLQDU\ DSSURDFK� $ VWDWH�RI�WKH�VFLHQFH
HQYLURQPHQWDO FKDPEHU IRU FRQWUROOHG 8)3 JHQHUDWLRQ DQG WUDQVIRUPDWLRQ H[SHULPHQWV ZLOO EH XVHG� LQ FRPELQDWLRQ ZLWK
DGYDQFHG FKHPLFDO FKDUDFWHUL]DWLRQ WHFKQLTXHV �375�7R)�06� ((6,�06�� DQG D OXQJ�WLVVXH H[SRVXUH FKDPEHU� 7KLV
SUHVHQWDWLRQ�IRFXVHV�RQ�WKH�SURMHFW�RYHUYLHZ�DQG�KLJKOLJKWV�RI�WKH�H[SHULPHQWDO�GHVLJQ�

,QGRRU 8)3 VRXUFHV RI LQWHUHVW LQFOXGH FRRNLQJ �IRU GLIIHUHQW GLHWV� DQG E\ GLIIHUHQW PHWKRGV�� KHDWLQJ� DQG R]RQH
LQWHUDFWLRQV ZLWK HPLVVLRQV IURP FOHDQLQJ� KXPDQ RFFXSDQWV� DQG SHUVRQDO FDUH SURGXFWV� ,W LV K\SRWKHVL]HG WKDW GLIIHUHQW
VRXUFHV ZLOO JHQHUDWH FKHPLFDOO\ GLVWLQFW SDUWLFOH SRSXODWLRQV� SURGXFLQJ YDU\LQJ WR[LFRORJLFDO HIIHFWV� 7KH LPSDFWV RI
YDULRXV HQYLURQPHQWDO FRQGLWLRQV DQG EXLOGLQJ RSHUDWLRQDO VHWWLQJV RQ 8)3 IRUPDWLRQ� G\QDPLFV� DQG OLIHWLPH ZLOO DOVR EH
LQYHVWLJDWHG� 7KLV XQLTXH DSSURDFK ZLOO HQDEOH D PHFKDQLVWLF XQGHUVWDQGLQJ RI 8)3 EHKDYLRU DQG WR[LFLW\� )LQGLQJV IURP
WKLV SURMHFW ZLOO LPSURYH RXU XQGHUVWDQGLQJ RI 8)3 FRPSRVLWLRQ� KRZ 8)3V IURP YDULRXV LQGRRU VRXUFHV LQWHUDFW ZLWK
KXPDQ OXQJ WLVVXHV� DQG LQIRUP WKH GHVLJQ DQG RSWLPL]DWLRQ RI EXLOGLQJ YHQWLODWLRQ DQG DLU SXULILFDWLRQ V\VWHPV WR PLQLPL]H
LQGRRU�8)3�H[SRVXUH�

7KLV�VWXG\�LV�VXSSRUWHG�E\�WKH�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ��&5�������������

>�@�:LOOLDP�:��1D]DURII��%XLOGLQJ�DQG�(QYLURQPHQW��������������������
>�@�'HDQ�(��6FKUDXIQDJHO��([SHULPHQWDO�	�0ROHFXODU�0HGLFLQH��������������������
>�@ 4XQIDQJ =KDQJ� 5RMD +� *DQJXSRPX� 'DYLG 5DPLUH]� <LIDQJ =KX� ,QWHUQDWLRQDO -RXUQDO RI (QYLURQPHQWDO 5HVHDUFK
DQG�3XEOLF�+HDOWK���������������������
>�@�$OLUH]D�$VKIDUL��8YH�0DWVRQ��/DUV�(NEHUJ��,QGRRU�$LU�������������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �%
��

3DUWLFOH�SROOXWLRQ�IURP�RYHQV�LQ�'DQLVK�NLWFKHQV�

5��%RJHER���.��3UHVV�.ULVWHQVHQ���7��6LJVJDDUG���.��5��/DXUVHQ���.��%��-RKDQQVHQ���$��1¡UJDDUG�

�+HDOWK\�,QGRRU�(QYLURQPHQW���,QVWLWXWH�RI�3XEOLF�+HDOWK��8QLYHUVLW\�RI�$DUKXV���+HDOWK�DQG�6XVWDLQDELOLW\��$UWHOLD�$�6�

%DFNJURXQG� ,Q GHYHORSHG FRXQWULHV� SHRSOH VSHQG D ODUJH SURSRUWLRQ RI WKHLU OLYHV DW KRPH� ZKHUH VPRNH IURP RYHQV
FRQWULEXWHV VLJQLILFDQWO\ WR LQGRRU SDUWLFOH SROOXWLRQ� WKHUHE\ LQFUHDVLQJ WKH ULVN RI FDUGLRYDVFXODU GLVHDVHV� EORRG FORWV� OXQJ
GLVHDVHV� FDQFHU� HWF� *RRG NLWFKHQ KDELWV DQG WKH FRUUHFW XVH RI HIILFLHQW FRRNHU KRRGV RU YHQWLODWLRQ UHGXFH SROOXWLRQ DQG
WKH FRQQHFWHG ULVN RI PRUELGLW\� +RZHYHU� D <RX*RY VXUYH\ FRQGXFWHG IRU %ROLXV LQ 'HFHPEHU ���� VKRZHG WKDW MXVW ��
SHUFHQW RI 'DQHV VZLWFK RQ WKH FRRNHU KRRG ZKHQ XVLQJ WKHLU RYHQ� $W WKH VDPH WLPH� WKHUH LV D IDVW ULVH LQ WKH VDOH RI RYHQV
EXLOW LQWR NLWFKHQ FDELQHWV RXWVLGH WKH UDQJH RI WKH FRRNHU KRRG� 3XUSRVH� 7KH SXUSRVH RI WKLV VWXG\ ZDV WR SHUIRUP GHWDLOHG
LQYHVWLJDWLRQV RI SDUWLFOH SROOXWLRQ IURP FRRNLQJ IRRG LQ VL[ WUDGLWLRQDO RYHQV XQGHU FRRNHU KRRGV DQG VL[ RYHQV EXLOW LQWR
NLWFKHQ FDELQHWV �QRW XQGHU KRRGV� LQ 'DQLVK NLWFKHQV�0HWKRGV� 3DUWLFOHV �31 DQG 30���� ZHUH PHDVXUHG ZLWK FDOLEUDWHG 3�
7UDNV DQG 'XVW7UDNV IURP 76, LQ �� 'DQLVK NLWFKHQV� %HIRUH PHDVXUHPHQWV� RYHQV ZHUH FOHDQHG DQG WKH HIILFLHQF\ RI WKH
FRRNHU KRRGV ZHUH WHVWHG� 1R RWKHU SROOXWLRQ VRXUFHV ZHUH DFWLYH GXULQJ WKH PHDVXUHPHQWV� $ UHSURGXFLEOH VWDQGDUG IU\LQJ
VHWXS SUHSDULQJ WZR SLHFHV RI EDFRQ LQ WKH RYHQ ZDV XVHG XQGHU WKH IROORZLQJ WKUHH WHVW FRQGLWLRQV� D� QRW XVLQJ WKH KRRG� E�
XVLQJ WKH KRRG DW WKH KLJKHVW OHYHO� F� XVLQJ YHQWLODWLRQ �WKURXJK GUDXJKW YHUVXV RSHQ NLWFKHQ ZLQGRZ�� 5HVXOWV� )RU RYHQV
SODFHG XQGHU FRRNHU KRRGV� HIILFLHQW KRRGV DQG YHQWLODWLRQ ZLWK WKURXJK GUDXJKW DUH URXJKO\ HTXDOO\ HIIHFWLYH DW UHPRYLQJ
31 SROOXWLRQ� ZKLOH WKH KRRGV DUH PRUH HIIHFWLYH WKDQ YHQWLODWLRQ ZLWK MXVW WKH NLWFKHQ ZLQGRZ RSHQ� (IILFLHQW KRRGV DUH
EHWWHU WKDQ YHQWLODWLRQ DW UHPRYLQJ 30���� )RU RYHQV QRW SODFHG XQGHU NLWFKHQ KRRGV �RYHQV EXLOW LQWR NLWFKHQ FDELQHWV��
YHQWLODWLRQ FDQ EH WKH PRVW HIILFLHQW PHWKRG IRU UHPRYLQJ ERWK 31 DQG 30���� )U\LQJ WZR SLHFHV RI EDFRQ XQGHU VWDQGDUG
FRQGLWLRQV LQ DQ RYHQ ZLWKRXW WKH XVH RI D FRRNHU KRRG RU YHQWLODWLRQ FDQ FRQWULEXWH PRUH WKDQ �� WLPHV DV PXFK WR WKH
SROOXWLRQ ZLWK 31 DQG 30��� LQ WKH NLWFKHQ DV WKH ORFDO WUDIILF FRQWULEXWHV WR WKH SROOXWLRQ RQ WKH PRVW SROOXWHG VWUHHW LQ
&RSHQKDJHQ GXULQJ UXVK KRXUV� 7KLV LV EHFDXVH PRVW GLHVHO FDUV KDYH SDUWLFXODWH ILOWHUV DQG SROOXWLRQ IURP WUDIILF LV GLOXWHG
LQ D ODUJH YROXPH RI DLU� ZKLOH WKH VPRNH IURP WKH RYHQ LV FRQFHQWUDWHG LQ WKH NLWFKHQ LI QR KRRG RU YHQWLODWLRQ LV LQ XVH�
6LJQLILFDQWO\ KLJKHU SROOXWLRQ OHYHOV ZRXOG EH H[SHFWHG ZKHQ WKH RYHQ� EDNLQJ WUD\V HWF� DUH QRW FOHDQHG SURSHUO\� DQG PRUH
WKDQ WZR SLHFHV RI EDFRQ DUH FRRNHG� 7KH SROOXWLRQ VSUHDGV WR WKH UHVW RI WKH KRPH LI WKH NLWFKHQ GRRU LV OHIW RSHQ�
&RQFOXVLRQ� 7KLV VWXG\ FRQILUPV WKDW SROOXWLRQ IURP XVLQJ RYHQV ZLWKRXW XVLQJ FRRNHU KRRGV RU YHQWLODWLRQ ZLOO H[SRVH
'DQHV WR KLJK OHYHOV RI 31 DQG 30��� SROOXWLRQ� ([SRVXUH FDQ EH UHGXFHG VLJQLILFDQWO\ LI XVLQJ DQ HIILFLHQW FRRNHU KRRG
�HVSHFLDOO\ IRU RYHQV SODFHG XQGHU D FRRNHU KRRG� RU YHQWLODWLQJ GXULQJ FRRNLQJ� 7KURXJK GUDXJKW LV JHQHUDOO\ PRUH HIILFLHQW
LQ UHPRYLQJ SDUWLFOH SROOXWLRQ WKDQ MXVW DQ RSHQ NLWFKHQ ZLQGRZ� 3HUVSHFWLYHV� 7KHUH LV DQ XUJHQW QHHG IRU PXFK PRUH
LQIRUPDWLRQ RQ WKH LPSRUWDQFH RI XVLQJ DQ HIILFLHQW FRRNHU KRRG� RU DW OHDVW YHQWLODWLRQ� ZKHQ FRRNLQJ LQ RYHQV� LQ RUGHU WR
SUHYHQW KHDOWK GDPDJLQJ SROOXWLRQ LQ 'DQLVK KRPHV� 7KH 'DQLVK %XLOGLQJ &RGH VKRXOG LQFOXGH VSHFLILF UHTXLUHPHQWV WR
LPSURYH SXEOLF KHDOWK E\ UHGXFLQJ SDUWLFOH SROOXWLRQ IURP FRRNLQJ� )LQDOO\� UHTXLUHPHQWV DUH QHHGHG WR HQVXUH WKDW NH\
SROOXWLRQ VRXUFHV� VXFK DV RYHQV� DUH SODFHG XQGHU HIIHFWLYH KRRGV ZKHQ LQVWDOOLQJ QHZ NLWFKHQV DQG ZKHQ FKDQJLQJ
RZQHUVKLS�RI�KRPHV��$FNQRZOHGJHPHQW��7KLV�VWXG\�LV�IXQGHG�E\�WKH�SKLODQWKURSLF�RUJDQLVDWLRQ�5HDOGDQLD�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �&
��
'LVWLQJXLVKLQJ�7RWDO�DQG�6ROLG�3DUWLFOH�(PLVVLRQV�IURP�+RXVHKROG�DQG�2IILFH�'HYLFHV�XVLQJ�D�&DWDO\WLF�6WULSSHU�

3��6��%DXHU���$��7RSX]���9��%HUJHU���0��'ROOQHU���+��6FKXO]���$��%RLHV���
��-��6ZDQVRQ���
�

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R�.*��������5RVHQKHLP��*HUPDQ\���6WDQIRUG�8QLYHUVLW\��'HSDUWPHQW�RI�(QJLQHHULQJ�
6WDQIRUG��&$��������8QLWHG�6WDWHV���0LQQHVRWD�6WDWH�8QLYHUVLW\��0DQNDWR��01��������8QLWHG�6WDWHV�

3HRSOH VSHQG PRVW RI WKHLU WLPH LQGRRUV� ZKHUH WKH\ DUH H[SRVHG WR D YHU\ FRPSOH[ PL[WXUH RI DHURVRO� 7KHLU VL]H DQG
FKHPLFDO FRPSRVLWLRQ GHSHQGV RQ YDULRXV IDFWRUV� H�J� WKH URRP� IXUQLWXUH� DQG DFWLYLW\ RI WKH SHRSOH DQG FDQ UDQJH IURP
XOWUD�ILQH SDUWLFOHV �8)3V� WR FRDUVH PRGH DHURVRO� (VSHFLDOO\ KRXVHKROG DSSOLDQFHV ZKLFK SURGXFH KHDW� VXFK DV WRDVWHUV�
KDLU GULHUV >�@� DQG DOVR SULQWHUV >�@� DUH SURQH WR JHQHUDWH D ODUJH QXPEHU RI SDUWLFOHV� 0RVW RI WKH 8)3V SURGXFHG DUH VHPL�
YRODWLOH RUJDQLF FRPSRXQGV �692&V� >�@� EXW� H�J�� D WRDVWHU FDQ EH VHHQ DV D KRW ZLUH JHQHUDWRU� ZKLFK DOVR SURGXFHV VROLG
�PHWDO��SDUWLFOHV�

$ FDWDO\WLF VWULSSHU �&6� LV FRPPRQO\ XVHG WR VHSDUDWH WKH YRODWLOH DQG VHPL�YRODWLOH IUDFWLRQ RI WKH DHURVRO IURP WKH VROLG
DHURVRO SDUW >�@� ,W KDV WKH DGYDQWDJH RYHU D QRUPDO WKHUPDO GHQXGHU WKDW WKH YRODWLOH VXEVWDQFHV JHW FDWDO\WLFDOO\ WUDQVIRUPHG
DQG FDQQRW FRQGHQVH DJDLQ LQWR SDUWLFOHV DIWHU WKH WUHDWPHQW� 7KH &6 KDV VXFFHVVIXOO\ EHHQ XVHG LQ PDQ\ 3DUWLFOH
0HDVXUHPHQW 3URJUDPPH �303� FRPSOLDQW VWXGLHV >�� �� �@� KRZHYHU QRW LQ PDQ\ LQGRRU DHURVRO VWXGLHV� ZKHUH WKLV VLPSOH
GLVWLQFWLRQ�EHWZHHQ�YRODWLOH�DQG�VROLG�SDUWLFOHV�PLJKW�DOVR�EH�DQ�LPSRUWDQW�IDFWRU�IRU�KHDOWK�DQG�PLWLJDWLRQ�VWUDWHJLHV�

+HUH ZH SUHVHQW YDULRXV VWXGLHV RQ KRXVHKROG DQG RIILFH GHYLFHV� ZKHUH ZH XVHG D &6 WR GHWHUPLQH WKH DPRXQW DQG VL]H RI
VROLG DQG VHPL�YRODWLOH SDUWLFOHV� 2QH H[DPSOH LV WKH SULQWHU� ZKLFK KDV LPSRUWDQW LPSOLFDWLRQV IRU KRPH DQG ZRUN SODFH DLU
TXDOLW\� )RU H[DPSOH� D ODVHU SULQWHU ZDV SODFHG LQ D ER[ ZLWK SDUWLFOH�IUHH DLU VXSSO\� 7KH VROLG DQG WRWDO SDUWLFOH QXPEHU
FRQFHQWUDWLRQ ZDV PRQLWRUHG ZLWK WZR FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&V� ZLWK RU ZLWKRXW D &6� UHVSHFWLYHO\� 7KH SULQWHU
SURGXFHG DOUHDG\ SDUWLFOHV EHIRUH WKH DFWXDO SULQWLQJ SURFHVV VWDUWHG ZLWK FRQFHQWUDWLRQV JRLQJ EH\RQG ����FPñ� $ERXW ���
RI�WKH�SDUWLFOHV�DUH�IURP�692&V��$QRWKHU�H[DPSOH�LV�WKH�WRDVWHU��ZKHUH�DERXW�����RI�WKH�SDUWLFOHV�ZHUH�VROLG�

7KHVH H[DPSOHV GHPRQVWUDWHV WKH VLPSOLFLW\ RI GLVWLQJXLVKLQJ EHWZHHQ VROLG DQG YRODWLOH SDUWLFOHV XVLQJ WKH &6� ZKLFK LV
DOVR SRVVLEOH IRU RWKHU LQGRRU DHURVRO VRXUFHV� 7KLV LQIRUPDWLRQ FRXOG KHOS WR GHYHORS QHZ PLWLJDWLRQ VWUDWHJLHV DQG IRVWHU
IXWXUH�SDUWLFOH�HPLVVLRQ�UHJXODWLRQV�IRU�KRXVHKROG�DQG�RIILFH�GHYLFHV�

>�@ $PDQDWLGLV� 6�� 1W]LDFKULVWRV� /�� .DUMDODLQHQ� 3�� 6DXNNR� (�� 6LPRQHQ� 3�� .XLWWLQHQ� 1�� $DNNR�6DNVD� 3�� 7LPRQHQ� +��
5|QNN|��7���DQG�.HVNLQHQ��-����������$HURVRO�6FL��7HFKQRO�������������
>�@�*LHFKDVNLHO��%���0HODV��$�'���/lKGH��7���DQG�0DUWLQL��*����������9HKLFOHV�����������
>�@�+H��&���0RUDZVND��/���DQG�7DSOLQ��/����������(QYLURQ��6FL��7HFKQRO���������������
>�@�6FKULSS��7���.LUVFK��,���DQG�6DOWKDPPHU��7����������6FL��7RWDO�(QYLURQ����������������
>�@�6ZDQVRQ��-��DQG�.LWWHOVRQ��'����������-��$HURVRO�6FL���������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �'
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&RPSDUDWLYH�DQDO\VLV�RI�SDUWLFXODWH�PDWWHU�HPLVVLRQV�IURP��'�SULQWLQJ�DQG�WKH�LQWHUQDO�FRPEXVWLRQ�HQJLQH�

1��6]\POHW���/��5\PDQLDN�

�3R]QDQ�8QLYHUVLW\�RI�7HFKQRORJ\��)DFXOW\�RI�&LYLO�DQG�7UDQVSRUW�(QJLQHHULQJ�

7KH DLP RI WKH VWXG\ ZDV WR FRPSDUH SDUWLFXODWH PDWWHU HPLVVLRQV LQ WHUPV RI ERWK FRQFHQWUDWLRQ DQG QXPEHU GXULQJ WKH
RSHUDWLRQ RI D �' SULQWHU DQG D PRWRU YHKLFOH� 7KH UHVHDUFK REMHFWV LQFOXGHG D GHVNWRS �' SULQWHU ZLWK D FORVHG FKDPEHU DQG
QR ILOWUDWLRQ V\VWHP� DV ZHOO DV D SDVVHQJHU FDU HTXLSSHG ZLWK D VSDUN�LJQLWLRQ HQJLQH� )RU FRPSDULVRQ SXUSRVHV� WKH SULQWLQJ
SURFHVV RI D FDUDELQHU XVLQJ EODFN $%6 ILODPHQW ZDV DQDO\]HG� ZKLOH WKH YHKLFOH ZDV GULYHQ XQGHU UHDO RSHUDWLQJ FRQGLWLRQV
RQ XUEDQ DQG VXEXUEDQ URDGV� 7KH KLJKHVW LQWHQVLW\ RI SDUWLFXODWH PDWWHU HPLVVLRQV GXULQJ WKH �' SULQWLQJ SURFHVV RFFXUUHG
DW WKH UDIW SULQWLQJ VWDJH DQG DW WKH LQLWLDO SKDVH RI WKH DFWXDO SULQWLQJ� ,Q WKH FDVH RI SDVVHQJHU FDU RSHUDWLRQ� SDUWLFXODWH
HPLVVLRQV ZHUH VWURQJO\ GHSHQGHQW RQ GULYLQJ FRQGLWLRQV� ZLWK WKH KLJKHVW YDOXHV UHFRUGHG GXULQJ UDSLG YHKLFOH DFFHOHUDWLRQ�
:KHQ FRPSDULQJ ERWK UHVHDUFK REMHFWV� LW FDQ EH DVVXPHG WKDW� LQ TXDQWLWDWLYH WHUPV� WKH QXPEHU�EDVHG SDUWLFXODWH PDWWHU
HPLVVLRQV JHQHUDWHG GXULQJ D � NP GULYH LQ D PRGHUQ SDVVHQJHU FDU DUH HTXLYDOHQW WR WKRVH SURGXFHG E\ IRXU �' SULQWHUV
RSHUDWLQJ�FRQWLQXRXVO\�IRU�RQH�KRXU�

�

�

$�WHQGHQF\�WRZDUG�LQFUHDVHG�FRQFHQWUDWLRQV�RI�SDUWLFXODWH�PDWWHU�LQ�SRRUO\�YHQWLODWHG�LQGRRU�HQYLURQPHQWV�ZLWKRXW
DGGLWLRQDO�DLU�ILOWUDWLRQ�SRVHV�D�VLJQLILFDQW�KHDOWK�ULVN��*LYHQ�WKH�JURZLQJ�SRSXODULW\�RI�GHVNWRS��'�SULQWHUV�DPRQJ�KRPH
XVHUV��IXUWKHU�UHVHDUFK�LV�UHFRPPHQGHG��)XWXUH�VWXGLHV�VKRXOG�LQFOXGH�D�ZLGHU�UDQJH�RI�PDWHULDOV�XVHG�LQ�DGGLWLYH
PDQXIDFWXULQJ�DQG�DVVHVV�WKH�LQIOXHQFH�RI�HQYLURQPHQWDO�FRQGLWLRQV²VXFK�DV�DLU�KXPLGLW\�DQG�ILODPHQW�SURSHUWLHV²RQ
WKH�KHDOWK�ULVNV�DVVRFLDWHG�ZLWK�LQGLYLGXDO�XVH�RI��'�SULQWHUV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �(
��
3DUWLFOH�1XPEHU�&RQFHQWUDWLRQ�DQG�6L]H�'LVWULEXWLRQ�LQ�WKH�&DELQ�RI�D�/LJKW�$LUFUDIW�GXULQJ�5HDO�:RUOG�)OLJKW

2SHUDWLRQV�

5��-DVLĔVNL�

�3R]QDQ�8QLYHUVLW\�RI�7HFKQRORJ\��,QVWLWXWH�RI�3RZHUWUDLQV�DQG�$YLDWLRQ�

3HRSOH VSHQG D VLJQLILFDQW SRUWLRQ RI WKHLU WLPH LQ HQFORVHG HQYLURQPHQWV� LQFOXGLQJ YHKLFOH FDELQV� ZKHUH H[SRVXUH WR
DLUERUQH SDUWLFXODWH PDWWHU PD\ SRVH KHDOWK ULVNV� :KLOH LQGRRU SDUWLFOH FRQFHQWUDWLRQV KDYH EHHQ H[WHQVLYHO\ VWXGLHG LQ
EXLOGLQJV DQG JURXQG YHKLFOHV� GDWD IRU VPDOO DLUFUDIW FDELQV UHPDLQ VFDUFH� 7KLV VWXG\ LQYHVWLJDWHV SDUWLFOH QXPEHU
FRQFHQWUDWLRQ�DQG�VL]H�GLVWULEXWLRQ�LQVLGH�WKH�FDELQ�RI�D�OLJKW�DLUFUDIW��&HVVQD��XQGHU�UHDO�RSHUDWLRQDO�FRQGLWLRQV�
0HDVXUHPHQWV ZHUH FRQGXFWHG GXULQJ VHYHUDO GR]HQ IOLJKW KRXUV XVLQJ D SRUWDEOH DHURVRO VSHFWURPHWHU� FRYHULQJ D ZLGH
UDQJH RI IOLJKW SKDVHV DQG PDQHXYHUV� LQFOXGLQJ WD[LLQJ� WDNH�RII� FOLPE� FUXLVH� GHVFHQW� DQG ODQGLQJ� DV ZHOO DV VHOHFWHG
G\QDPLF PDQHXYHUV� 3DUWLFOH QXPEHU FRQFHQWUDWLRQV DQG VL]H GLVWULEXWLRQV LQ WKH VXEPLFURQ DQG XOWUDILQH SDUWLFOH UDQJHV
ZHUH FRQWLQXRXVO\ UHFRUGHG DQG DQDO\]HG LQ UHODWLRQ WR IOLJKW SKDVH� HQJLQH RSHUDWLQJ FRQGLWLRQV� FDELQ YHQWLODWLRQ VHWWLQJV�
DQG�DLUFUDIW�G\QDPLFV�

7KH�UHVXOWV�UHYHDO�SURQRXQFHG�YDULDELOLW\�LQ�SDUWLFOH�FRQFHQWUDWLRQV�GHSHQGLQJ�RQ�IOLJKW�SKDVH��ZLWK�HOHYDWHG�OHYHOV
REVHUYHG�GXULQJ�JURXQG�RSHUDWLRQV�DQG�VSHFLILF�LQ�IOLJKW�PDQHXYHUV��&KDQJHV�LQ�SDUWLFOH�VL]H�GLVWULEXWLRQV�VXJJHVW
GLIIHULQJ�VRXUFH�FRQWULEXWLRQV��LQFOXGLQJ�LQILOWUDWLRQ�RI�RXWGRRU�DLU��HQJLQH�UHODWHG�HPLVVLRQV��DQG�UHVXVSHQVLRQ�SURFHVVHV
LQGXFHG�E\�DLUFUDIW�PRWLRQ�DQG�DLUIORZ�SDWWHUQV�ZLWKLQ�WKH�FDELQ��7KH�ILQGLQJV�KLJKOLJKW�WKH�LQIOXHQFH�RI�YHQWLODWLRQ
HIIHFWLYHQHVV�DQG�RSHUDWLRQDO�SDUDPHWHUV�RQ�SDVVHQJHU�DQG�SLORW�H[SRVXUH�
7KLV�VWXG\�SURYLGHV�RQH�RI�WKH�IHZ�FRPSUHKHQVLYH�GDWDVHWV�RQ�SDUWLFXODWH�PDWWHU�LQ�VPDOO�DLUFUDIW�FDELQV�DQG�FRQWULEXWHV�WR
D�EHWWHU�XQGHUVWDQGLQJ�RI�LQGRRU�DLU�TXDOLW\�LQ�DYLDWLRQ�HQYLURQPHQWV��7KH�UHVXOWV�PD\�VXSSRUW�WKH�GHYHORSPHQW�RI�WDUJHWHG
PLWLJDWLRQ�VWUDWHJLHV��LQFOXGLQJ�LPSURYHG�YHQWLODWLRQ�DQG�ILOWUDWLRQ�VROXWLRQV��WR�UHGXFH�SDUWLFOH�H[SRVXUH�LQ�JHQHUDO
DYLDWLRQ�

�

�

>�@�1��<X��<��=KDQJ��0��=KDQJ��+��/L��6XVWDLQDELOLW\��6ZLW]HUODQG�����������������

>�@�<��-LD��=��:HL��-��*XDQ��3URFHHGLQJV�RI�WKH���WK�&RQIHUHQFH�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�RI�,QGRRU�$LU�4XDOLW\�DQG
&OLPDWH��,1'225�$,5������������

>�@�0��&��/DSRUWH��-��8��0XOORW��5��+ODO��0��.OHUOHLQ��,��0RPDV��HW�DO���(QYLURQPHQW�,QWHUQDWLRQDO�������������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �)
��

,QGXVWULDO�:DVWH�'HULYHG�)LOWUDWLRQ�6\VWHPV�IRU�0LWLJDWLQJ�,QGRRU�792&�([SRVXUH�IURP�+RXVHKROG�&RRNLQJ�

$��/DZUHQFH�

�'HSDUWPHQW�RI�&KHPLVWU\��,VDEHOOD�7KREXUQ�&ROOHJH��/XFNQRZ��,QGLD�

,QGRRU DLU SROOXWLRQ IURP ELRPDVV EDVHG FRRNLQJ UHPDLQV D PDMRU SXEOLF KHDOWK FRQFHUQ LQ UXUDO KRXVHKROGV� ZKHUH ZRPHQ
H[SHULHQFH GLVSURSRUWLRQDWHO\ KLJK H[SRVXUH WR WRWDO YRODWLOH RUJDQLF FRPSRXQGV �792&V�� 7KLV VWXG\ LQYHVWLJDWHV WKH
SHUIRUPDQFH RI D FDVFDGHG LQGXVWULDO ZDVWH GHULYHG ILOWUDWLRQ V\VWHP GHVLJQHG WR VHTXHQWLDOO\ UHPRYH 792&V HPLWWHG GXULQJ
W\SLFDO KRXVHKROG FRRNLQJ� 7KH V\VWHP LQWHJUDWHV WKUHH ORZ�FRVW� VXVWDLQDEOH OD\HUV L�H� D FRFRQXW KXVN PDW �PDFUR�SRURXV��
IO\ DVK EDVHG SRURXV SHOOHWV �PHVR�SRURXV�� DQG HOHFWURVSXQ QDQRILEHU PDWV �QDQR�SRURXV�� /DERUDWRU\ H[SHULPHQWV ZHUH
FRQGXFWHG XVLQJ D JODVV H[SRVXUH FKDPEHU OLQNHG WR D WUDGLWLRQDO PXG FKXOKD� DQG SDUDOOHO RQVLWH WULDOV ZHUH SHUIRUPHG LQ
UXUDO KRXVHKROGV� 792& FRQFHQWUDWLRQV EHIRUH DQG DIWHU ILOWUDWLRQ ZHUH PHDVXUHG XVLQJ D %5�60$57 92& DQDO\]HU WR
GHWHUPLQH UHPRYDO HIILFLHQF\� DGVRUSWLRQ FDSDFLW\� NLQHWLF FRQVWDQW �N�� DQG WHPSRUDO GHFD\ EHKDYLRXU� )LYH FRPSRVLWLRQ
FRFRQXW KXVN� IO\ DVK SHOOHWV� QDQRILEHU PDW� IO\ DVK � QDQRILEHU� DQG WKH IXOO WUL�OD\HU V\VWHP ZHUH HYDOXDWHG� /DERUDWRU\
UHPRYDO HIILFLHQFLHV UDQNHG DV IROORZV� WUL�OD\HU ��������� IO\ DVK � QDQRILEHU ��������� QDQRILEHU �������� IO\ DVK SHOOHWV
��������� DQG FRFRQXW KXVN ��������� 2QVLWH PHDVXUHPHQWV VKRZHG VLPLODU VWUDWLILFDWLRQ ZLWK VOLJKWO\ ORZHU YDOXHV
�������� ������� ������ ������ DQG ������ UHVSHFWLYHO\�� UHIOHFWLQJ HQYLURQPHQWDO YDULDELOLW\� 5HVSRQVH 6XUIDFH
0HWKRGRORJ\ �560�� FRQWRXU SORWV� DQG ZLUHIUDPH GHFD\ FXUYHV GHPRQVWUDWHG WKDW DGVRUEHQW PDVV� LQLWLDO FRQFHQWUDWLRQ�
SRUH VWUXFWXUH� DQG DGVRUEHG PDVV VWURQJO\ LQIOXHQFH UHPRYDO G\QDPLFV� 3HDUVRQ FRUUHODWLRQ DQDO\VLV LGHQWLILHG WKH NLQHWLF
FRQVWDQW N DV WKH GRPLQDQW GULYHU RI 792& UHGXFWLRQ XQGHU ERWK ODERUDWRU\ DQG ILHOG FRQGLWLRQV �U § ������ ZKHUHDV
DGVRUSWLRQ FDSDFLW\ H[KLELWHG ZHDN FRUUHODWLRQ GXH WR VKRUW H[SRVXUH GXUDWLRQ� 7KH FDVFDGHG PXOWLOD\HU GHVLJQ H[KLELWHG
V\QHUJLVWLF EHKDYLRXU E\ FRXSOLQJ PDFUR�� PHVR�� DQG QDQR�VFDOH DGVRUSWLRQ PHFKDQLVPV� HQKDQFLQJ PDVV WUDQVIHU� VXUIDFH
LQWHUDFWLRQV� DQG EUHDNWKURXJK UHVLVWDQFH�7KH ILQGLQJV FRQILUP WKDW FRPELQLQJ QDWXUDO ELRPDVV PDWHULDOV ZLWK LQGXVWULDO
ZDVWH GHULYHG DGVRUEHQWV DQG HQJLQHHUHG QDQRILEHUV SURYLGHV DQ HIIHFWLYH� DGDSWDEOH� DQG HFRQRPLFDOO\ YLDEOH VROXWLRQ IRU
UHGXFLQJ�ZRPHQ¶V�LQGRRU�H[SRVXUH�WR�KD]DUGRXV�92&V�LQ�ELRPDVV�GHSHQGHQW�UXUDO�FRPPXQLWLHV�
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+HDOWK\�,QGRRU�$LU���1DQRSDUWLFOHV�IURP�/DVHU�3ULQWHUV�

+��.U�JHU���6��+DXVPDQQ�

�1DQR�&RQWURO��,QWHUQDWLRQDO�)RXQGDWLRQ��=XP�+lJHUGRUQ�����'�������+R\D�

7RQHU DUH PL[WXUHV RI SRO\PHUV� PDJQHWLVHG PHWDO R[LGHV� DQG FKHPLFDO DGGLWLYHV� 3ULQWHU HPLWWHG SDUWLFOHV �3(3V� DUH
UHOHDVHG LQ WKH LQGRRU DLU� %LOOLRQV RI XWUDILQH SDUWLFOHV E\ SULQWLQJ RQO\ RQH SDJH� DFFXPXODWLQJ LQ URRPV� HYHQ LQ ORZ GRVHV
EXW RYHU SURORQJHG SHULRGV� 7KH\ SHQHWUDWH ELRORJLFDO EDUULHUV DQG UHDFK PXOWLSOH RUJDQV� LQFOXGLQJ WKH EUDLQ� 6L]HV RI WRQHU
SDUWLFOHV��������P��DUH�FRPSDUDEOH�ZLWK�GLHVHO�VRRW�����P���
'DWD IURP LQGHSHQGHQW DQG RIILFLDO PHDVXUHPHQWV XQGHUVFRUH WKH PDJQLWXGH RI H[SRVXUH ZLWK XOWUDILQH SDUWLFOHV�
DFFXPXODWLQJ�LQ�WKH�LQGRRU�DLU�
Â *HUPDQ (QYLURQPHQW $JHQF\� a��� ELOOLRQ SDUWLFOHV LQ �� PLQXWHV �%OXH $QJHO (FR /DEHO ����� ā 7h9 WHVWLQJ �������
DSSUR[� ��� ELOOLRQ SDUWLFOHV LQ �� PLQXWHV RI SULQWLQJ ā +DUYDUG V\VWHP ������� ��� PLOOLRQ SDUWLFOHV�FPñ ² ZKLOH
LQIODPPDWLRQ�FDQ�EHJLQ�DW�������±�������SDUWLFOHV�FPñ
,QGRRU DLU TXDOLW\ UHPDLQV DQ XQGHUUHJXODWHG DQG XQGHUHVWLPDWHG KHDOWK FRQFHUQ� :KLOH SXEOLF DWWHQWLRQ RIWHQ IRFXVHV RQ
RXWGRRU SROOXWLRQ� LQGRRU HQYLURQPHQWV PD\ H[SRVH LQGLYLGXDOV WR FRPSDUDEOH RU HYHQ KLJKHU OHYHOV RI XOWUDILQH SDUWLFOHV
�8)3V�� 7KH ,QWHUQDWLRQDO YROXQWDU\ IRXQGDWLRQ QDQR�&RQWURO� IRXQGHG ���� E\ DIIHFWHG LQGLYLGXDOV� ZDV HVWDEOLVKHG WR
DGGUHVV WKLV JDS� 7KH PLVVLRQ RI QDQR�&RQWURO ² KHDOWK\ LQGRRU DLU ZH FDQ UHO\ RQ ² HPHUJHG GLUHFWO\ IURP OLYHG
H[SHULHQFHV RI SHRSOH RIWHQ VXIIHULQJ VHULRXV KHDOWK LPSDFWV IURP ORQJ�WHUP H[SRVXUH WR HPLVVLRQV IURP WRQHU�EDVHG ODVHU
SULQWHUV DQG FRSLHUV� :H VXSSRUW VFLHQFH� FROOHFW DYDLODEOH LQIRUPDWLRQ DQG VXSSRUW DIIHFWHG SHRSOH E\ SURYLGLQJ UHOHYDQW
LQIRUPDWLRQ�
7KH SUHVHQWHG SRVWHU ZLOO LQIRUP DERXW SK\VLFV RI WKH ODVHU SULQWHUV QDQRDHURVROV� DERXW WKH PHWKRGV WR PHDVXUH LW� VRPH
UHVHDUFK H[SHULHQFHV� SRVVLELOLWLHV RI SUHYHQWLRQ DQG HIIRUWV WR DGGUHVV WKH SUREOHP DW WKH OHJDO�DGPLQLVWUDWLYH OHYHO� QDQR�
&RQWURO��,QWHUQDWLRQDO�)RXQGDWLRQ�LV�DGYRFDWLQJ�IRU�VWULFWHU�UHJXODWLRQV�WR�SURWHFW�SXEOLF�KHDOWK�LQGRRUV�

>�@ 2MR $ELPEROD� %HOOR 'KLPLWHU HW DO ³6HOI�UHSRUWHG 6\PSWRPV $VVRFLDWHG :LWK WKH 8VH RI 3ULQWHU DQG 3KRWRFRSLHU
0DFKLQHV´��5HVXOWV�1DQR�&RQWURO��,QWHUQ��)RXQGDWLRQ�6XUYH\��-�2FFXS�(QYLURQ�0HG��1RY��������������������������
>�@ 3LUHOD 6DQGUD� 0DUWLQ -RKQ� %HOOR 'KLPLWHU� 'HPRNULWRX 3KLOLS � �1DQRSDUWLFOH H[SRVXUHV IURP QDQR�HQDEOHG WRQHU�
EDVHG SULQWLQJ HTXLSPHQW DQG KXPDQ KHDOWK� VWDWH RI VFLHQFH�IXWXUH UHVHDUFK QHHGV�� &ULWLFDO UHYLHZV LQ WR[LFRORJ\ ��� QR�
������������������
>�@ %HOOR 'KLPLWHU HW DO� �3K\VLFRFKHPLFDO DQG PRUSKRORJLFDO FKDUDFWHULVDWLRQ RI QDQRSDUWLFOHV IURP SKRWRFRSLHUV�
LPSOLFDWLRQV�IRU�HQYLURQPHQWDO�KHDOWK��1DQRWR[LFRORJ\����QR���������������������
>�@ 0�,�6HW\DZDWL HW DO� �2FFXSDWLRQDO LQKDODWLRQ H[SRVXUHV WR QDQRSDUWLFOHV DW VL[ 6LQJDSRUH SULQWLQJ FHQWHUV��
(QYLURQPHQWDO�VFLHQFH�	�WHFKQRORJ\�����QR����������������������
>�@ /\X� /L]KL HW DO�� �+HDOWK HIIHFWV RI RFFXSDWLRQDO H[SRVXUH WR SULQWHU HPLVVLRQV RQ ZRUNHUV LQ &KLQD� &DUGLRSXOPRQDU\
IXQFWLRQ�FKDQJH���1DQR,PSDFW�������������������
>�@ 7DQJ 7DR� +XUUD� -� *PLQVNL 5� 0HUVFK�6XQGHUPDQQ 9� �)LQH DQG XOWUDILQH SDUWLFOHV HPLWWHG IURP ODVHU SULQWHUV DV
LQGRRU�DLU�FRQWDPLQDQWV�LQ�*HUPDQ�RIILFHV��(QYLURQ�6FL�3ROOXW�5HV�,QW��������1RY���������������
>�@ (ODQJR� 1LWK\D� HW DO� �&KURQLF H[SRVXUH WR HPLVVLRQV IURP SKRWRFRSLHUV LQ FRS\ VKRSV FDXVHV R[LGDWLYH VWUHVV DQG
V\VWHPDWLF�LQIODPPDWLRQ�DPRQJ�SKRWRFRSLHU�RSHUDWRUV�LQ�,QGLD����(QYLURQ�+HDOWK�������6HS��������������
>�@ %RRN� 1HZ 3HUVSHFWLYHV LQ ,QGRRU $LU 4XDOLW\� (OVHYLHU� 3DSHUEDFN ,6%1� �������������� H%RRN ,6%1�
����������������VW�(GLWLRQ���1RY����������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU �+
��
1RQZRYHQ�SRO\HVWHU�IDEULF�K\EULG�ZLWK�FRQGXFWLQJ�QDQRZLUH�DQG�SKRWRFDWDO\WLF�QDQRSDUWLFOH�IRU�GXDO�IXQFWLRQDO

LQGRRU�DLU�ILOWUDWLRQ�

*��+6,(+�

�,QVWLWXWH�RI�/LJKWLQJ�DQG�(QHUJ\�3KRWRQLFV��&ROOHJH�RI�3KRWRQLFV��1DWLRQDO�<DQJ�0LQJ�&KLDR�7XQJ�8QLYHUVLW\�

,Q OLJKW RI WKH VXEVWDQWLDO WKUHDW WR SXEOLF KHDOWK DQG TXDOLW\ RI OLIH� DLU SROOXWLRQ KDV EHHQ UDQNHG DV WKH �QG OHDGLQJ JOREDO
ULVN IDFWRU IRU GHDWK DQG GLVDELOLW\� DFFRUGLQJ WR WKH :RUOG +HDOWK 2UJDQL]DWLRQ DQG WKH 6WDWH RI *OREDO $LU UHSRUW >���@� 7KLV
FUXHO UHDOLW\ KDV SURPSWHG DXWKRULWLHV� UHVHDUFKHUV� DQG LQGLYLGXDOV ZLWK VWURQJ DPELWLRQ WR WDFNOH WKLV JOREDO LVVXH� $PRQJ
WKHVH� SDUWLFXODWH PDWWHU �30V� FDQ SHQHWUDWH GHHS LQWR WKH OXQJV DQG HQWHU WKH EORRGVWUHDP� DQG LW DOVR VHULRXVO\ DIIHFWV
(DUWK¶V FOLPDWH� ,QGRRU YRODWLOH RUJDQLF FRPSRXQGV �92&V�� VXFK DV IRUPDOGHK\GH� FDQ EH HPLWWHG IURP IXUQLVKLQJV DQG
GHFRUDWLQJ PDWHULDOV� $QG� PLFURRUJDQLVPV� LQFOXGLQJ &29,'���� FDQ HDVLO\ DGKHUH WR 30V LQ WKH DLU� +HQFH� LW LV KLJK WLPH
WR FRQVLGHU KRZ ZH FDQ SURWHFW KXPDQ KHDOWK DQG DGGUHVV 30V DQG 92&V PRUH HIILFLHQWO\ DQG HFRQRPLFDOO\� :KLOH D
YDULHW\ RI SRURXV DQG ILEURXV ILOWHUV EDVHG RQ PHFKDQLFDO ILOWUDWLRQ PHFKDQLVPV KDYH EHHQ UHSRUWHG IRU LQGRRU DLU TXDOLW\
FRQWURO� GHHSHU FDSWXUH RI 30V E\ WKHVH ILOWHUV FDQ FDXVH H[FHVVLYH SUHVVXUH GURS DQG DQ XQIDYRUDEOH FORJJLQJ HIIHFW�
OHDGLQJ WR D ORZ GXVW�KROGLQJ FDSDFLW\� D VKRUW VHUYLFH OLIH� DQG KHDY\ HQHUJ\ FRQVXPSWLRQ >�@� 7KHUHIRUH� GHHS LQVLJKW LQWR
WKH DXJPHQWDWLYH PDWHULDOV DQG IHDVLEOH IDEULFDWLRQ V\VWHPV ZRXOG EH YHU\ KHOSIXO LQ WKH TXHVW IRU KLJKO\ HIILFLHQW�
VXVWDLQDEOH��DQG�DIIRUGDEOH�DLU�SROOXWLRQ�FRQWURO�

+HUH� ZH UHSRUW D GXDO�IXQFWLRQDO HOHFWURVWDWLF DLU ILOWHU RQ WKH EDVLV RI KRXVHKROG QRQZRYHQ SRO\HVWHU IDEULF K\EULG ZLWK
FRQGXFWLQJ QDQRZLUH DQG SKRWRFDWDO\WLF QDQRSDUWLFOH IRU LQGRRU DLU TXDOLW\ LPSURYHPHQW² VKRZFDVLQJ D UHPDUNDEOH 30
UHPRYDO HIILFLHQF\ RI XS WR ����� DQG D KLJK TXDOLW\ IDFWRU RI ���� 3Dí� ZLWKRXW VDFULILFLQJ LWV DLU SHUPHDELOLW\ XQGHU D
KD]DUGRXV VPRNH HQYLURQPHQW� 7KH 'XVW +ROGLQJ &DSDFLW\ WHVW UHYHDOV WKDW RXU ILOWHUV FRXOG RSHUDWH IRU D ORQJHU VHUYLFH OLIH
���í�� WLPHV KLJKHU WKDQ WKRVH RI FRPPHUFLDO +(3$ ILOWHUV�� 7KH ZDVKDEOH� UHXVDEOH ILOWHU DOVR PDLQWDLQV JRRG UHPRYDO
HIILFLHQF\ DIWHU ILYH FOHDQLQJ F\FOHV� )XUWKHU� ZLWK WKH DLG RI WKH VXUIDFH�GHFRUDWHG WLWDQLXP GLR[LGH QDQRSDUWLFOHV� WKH VDPH
IDEULF QHWZRUN FDQ HIIHFWLYHO\ GHJUDGH JDVHRXV IRUPDOGHK\GH XQGHU 89 LUUDGLDWLRQ� 7R VXP XS� ZH DQWLFLSDWH WKDW WKLV
VWUDWHJ\�PD\�SDYH�WKH�ZD\�WRZDUG�WKH�GHYHORSPHQW�RI�LQGRRU�DLU�FRQWURO�DQG�SXEOLF�KHDOWKFDUH��

>�@ :+2 *OREDO $LU 4XDOLW\ *XLGHOLQHV� 3DUWLFXODWH PDWWHUV �30��� DQG 30���� R]RQH� QLWURJHQ GLR[LGH� VXOIXU GLR[LGH DQG
FDUERQ�PRQR[LGH��:RUOG�+HDOWK�2UJDQL]DWLRQ��*HQHYD��������/LFHQVH��&&�%<�1&�6$�����,*2�

>�@�6WDWH�RI�JOREDO�DLU������VSHFLDO�UHSRUW��+HDOWK�(IIHFWV�,QVWLWXWH��%RVWRQ�������

>�@�+��/LX��&��&DR��-��+XDQJ��=��&KHQ��*��&KHQ�DQG�<��/DL��3URJUHVV�RQ�SDUWLFXODWH�PDWWHU�ILOWUDWLRQ�WHFKQRORJ\��EDVLF
FRQFHSWV��DGYDQFHG�PDWHULDOV��DQG�SHUIRUPDQFHV��1DQRVFDOH�������������±��
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��

8QH[SHFWHG�8OWUDILQH�3DUWLFOH�(PLVVLRQV�IURP�'LVHQJDJHPHQW�RI�+RRN�DQG�/RRS�)DVWHQHUV�

-��:HKUOH���(��:HLQJDUWQHU�
�

�,QVWLWXWH�IRU�6HQVRUV�DQG�(OHFWURQLFV��8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�DQG�$UWV�1RUWKZHVWHUQ�6ZLW]HUODQG��)+1:��

5HFHQW REVHUYDWLRQV KDYH UHYHDOHG WKDW WKH PHFKDQLFDO GLVHQJDJHPHQW RI V\QWKHWLF KRRN�DQG�ORRS �9HOFUR� IDVWHQHUV FDQ
OHDG WR WKH HPLVVLRQ RI VXEVWDQWLDO QXPEHUV RI XOWUDILQH DHURVRO SDUWLFOHV ZLWK GLDPHWHUV ZHOO EHORZ ��� QP� 6XFK SDUWLFOH
VL]HV DUH W\SLFDOO\ DVVRFLDWHG ZLWK KLJK�WHPSHUDWXUH FRPEXVWLRQ� JDV�SKDVH QXFOHDWLRQ� RU FRQGHQVDWLRQ SURFHVVHV UDWKHU
WKDQ PDFURVFRSLF PHFKDQLFDO DFWLRQV� PDNLQJ WKLV SKHQRPHQRQ ERWK XQH[SHFWHG DQG VFLHQWLILFDOO\ LQWULJXLQJ� ,Q WKLV ZRUN�
ZH SUHVHQW D V\VWHPDWLF H[SHULPHQWDO LQYHVWLJDWLRQ RI QDQRSDUWLFOH IRUPDWLRQ GXULQJ F\FOLF RSHQLQJ RI FRPPHUFLDO
SRO\DPLGH�EDVHG KRRN�DQG�ORRS IDVWHQHUV� $ GHGLFDWHG DXWRPDWHG WHVW DSSDUDWXV �³9HOFURWH[ ��´� ZDV GHYHORSHG WR HQVXUH
UHSURGXFLEOH DQG ZHOO�GHILQHG RSHUDWLQJ FRQGLWLRQV� 7KH GHYLFH HQDEOHV FRQWLQXRXV GLVHQJDJHPHQW DW FRQWUROOHG YHORFLWLHV�
DGMXVWDEOH QRUPDO IRUFHV� UHJXODWHG JDV DWPRVSKHUHV� DQG WKH RSWLRQDO LQWURGXFWLRQ RI OLTXLG RUJDQLF DGGLWLYHV� 7KH SDUWLFOH
JHQHUDWLRQ FKDPEHU ZDV GHVLJQHG WR EH FRPSDFW� HOHFWULFDOO\ FRQGXFWLYH� DQG ODUJHO\ IUHH RI SDUDVLWLF SDUWLFOH VRXUFHV�
$HURVRO QXPEHU VL]H GLVWULEXWLRQV ZHUH PHDVXUHG XVLQJ WZR 6FDQQLQJ 0RELOLW\ 3DUWLFOH 6L]HUV �6036�� FRPSOHPHQWHG E\
RSWLFDO�DEVRUSWLRQ�PHDVXUHPHQWV�ZLWK�DQ�$HWKDORPHWHU�WR�DVVHVV�WKH�SUHVHQFH�RI�OLJKW�DEVRUELQJ�FDUERQDFHRXV�PDWHULDO�

�

�

7KH H[SHULPHQWV FRQILUP WKDW SXUHO\ PHFKDQLFDO RSHUDWLRQ RI KRRN�DQG�ORRS IDVWHQHUV FDQ UHSURGXFLEO\ JHQHUDWH KLJK
FRQFHQWUDWLRQV RI XOWUDILQH SDUWLFOHV ZLWK PRGDO GLDPHWHUV W\SLFDOO\ DURXQG ���� QP� 3DUWLFOH HPLVVLRQ UDWHV GHSHQG VWURQJO\
RQ RSHUDWLQJ SDUDPHWHUV VXFK DV SHHOLQJ YHORFLW\ DQG DFFXPXODWHG ZHDU RI WKH IDVWHQHU� /RQJ�GXUDWLRQ H[SHULPHQWV UHYHDO D
SURQRXQFHG GHFUHDVH LQ SDUWLFOH RXWSXW ZLWK LQFUHDVLQJ PHFKDQLFDO GHJUDGDWLRQ� ZKLOH WKH FKDUDFWHULVWLF VL]H GLVWULEXWLRQ
UHPDLQV FRPSDUDWLYHO\ VWDEOH� ,QWURGXFLQJ UHDFWLYH RUJDQLF OLTXLGV RU QRQSRODU DGGLWLYHV VLJQLILFDQWO\ DOWHUV ERWK SDUWLFOH
QXPEHU FRQFHQWUDWLRQ DQG VL]H GLVWULEXWLRQ� 3RODU VROYHQWV WHQG WR VXSSUHVV QDQRSDUWLFOH IRUPDWLRQ� OLNHO\ GXH WR
SODVWLFL]DWLRQ RU LQFUHDVHG HOHFWULFDO FRQGXFWLYLW\ RI WKH SRO\PHU VXUIDFHV� ZKHUHDV QRQSRODU DGGLWLYHV FDQ VKLIW WKH
GLVWULEXWLRQ WRZDUG ODUJHU SDUWLFOH VL]HV� 0HDVXUHPHQWV FRQGXFWHG XQGHU R[\JHQ�GHSOHWHG FRQGLWLRQV LQGLFDWH WKDW FODVVLFDO
FRPEXVWLRQ SURFHVVHV DUH XQOLNHO\ WR EH UHVSRQVLEOH IRU SDUWLFOH IRUPDWLRQ� ,QVWHDG� WKH UHVXOWV SRLQW WRZDUG D FRPELQDWLRQ
RI PHFKDQRFKHPLFDO SRO\PHU IUDJPHQWDWLRQ� UHOHDVH RI YRODWLOH DQG VHPL�YRODWLOH RUJDQLF FRPSRXQGV� DQG VXEVHTXHQW
QXFOHDWLRQ�RU�FRQGHQVDWLRQ�DV�SODXVLEOH�IRUPDWLRQ�SDWKZD\V�

7KHVH ILQGLQJV GHPRQVWUDWH WKDW FRPPRQ IDVWHQLQJ PDWHULDOV FDQ DFW DV HIILFLHQW DQG FRQWUROODEOH VRXUFHV RI XOWUDILQH
SDUWLFOHV XQGHU PHFKDQLFDO VWUHVV� %H\RQG UDLVLQJ TXHVWLRQV UHJDUGLQJ LQGRRU DLU TXDOLW\ DQG RFFXSDWLRQDO H[SRVXUH� WKLV
SKHQRPHQRQ PD\ RIIHU QHZ RSSRUWXQLWLHV IRU ORZ�FRVW QDQRSDUWLFOH JHQHUDWLRQ DQG FDOLEUDWLRQ VRXUFHV LQ WKH VXE��� QP VL]H
UDQJH� )XWXUH ZRUN ZLOO IRFXV RQ FKHPLFDO DQG PRUSKRORJLFDO FKDUDFWHUL]DWLRQ RI WKH HPLWWHG SDUWLFOHV DQG RQ GLVWLQJXLVKLQJ
EHWZHHQ�VROLG�DEUDVLRQ�SDUWLFOHV�DQG�FRQGHQVHG�RUJDQLF�DHURVROV�

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��$
��

$�QHZ�LQVWUXPHQW�WR�H[DPLQH�WKH�R[LGL]LQJ�SURSHUWLHV�RI�SROOXWHG�DLU�LQ�ERWK�WKH�JDV�DQG�SDUWLFOH�SKDVHV��*3�
223$$,��

(��&KDPRW���0��+DUGHU���.��<��&KHXQJ���%��8WLQJHU���0��.DOEHUHU�
�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVHO��%DVHO��������6ZLW]HUODQG�

7KH FRPSOH[LW\ RI WKH DLU¶V FRPSRVLWLRQ PDNHV LW GLIILFXOW WR LGHQWLI\ ZKLFK FRPSRXQGV DUH PRVW KDUPIXO� 7R DVVHVV WKH
LQIOXHQFH RI DWPRVSKHULF FRPSRVLWLRQ RQ KXPDQ KHDOWK� WKH R[LGDWLYH SRWHQWLDO �23� UHSUHVHQWV D NH\ PHWULF� DV LW UHIOHFWV
WKH FDSDFLW\ RI SDUWLFXODWH PDWWHU WR JHQHUDWH UHDFWLYH R[\JHQ VSHFLHV �526�� ZKLFK SOD\ D FHQWUDO UROH LQ R[LGDWLYH VWUHVV
DQG UHODWHG ELRORJLFDO UHVSRQVHV LQ WKH KXPDQ ERG\� $Q LPEDODQFH EHWZHHQ 526 RU RWKHU H[RJHQRXV R[LGDQWV DQG
DQWLR[LGDQWV OHDGV WR R[LGDWLYH VWUHVV� ZKLFK FRQWULEXWHV WR WKH GHYHORSPHQW RI YDULRXV GLVHDVHV� 23 KDV UHFHQWO\ EHHQ
SURSRVHG DV D QHZ SDUDPHWHU WR EH PHDVXUHG DW DLU PRQLWRULQJ VWDWLRQV DFURVV (XURSH LQ WKH QHZ (XURSHDQ $LU 4XDOLW\
'LUHFWLYH� 1XPHURXV VWXGLHV KDYH IRFXVHG RQ 23 JHQHUDWHG E\ SDUWLFXODWH PDWWHU �30�� ZKLFK KDV EHHQ SURYHQ WR KDYH
VLJQLILFDQW LPSDFWV RQ KXPDQ KHDOWK >�@� +RZHYHU� JDVHRXV SROOXWDQWV LQ WKH DLU ² VXFK DV 12�� 62�� 2�� DQG UHDFWLYH
RUJDQLF JDVHRXV FRPSRXQGV ² DOVR FRQWULEXWH VXEVWDQWLDOO\ WR WKH SURGXFWLRQ RI 526 >�@�7R EHWWHU XQGHUVWDQG WKH
FRPELQHG R[LGDWLYH LPSDFW RI ERWK SKDVHV� LW LV QHFHVVDU\ WR GHYHORS DQDO\WLFDO LQVWUXPHQWV FDSDEOH RI PHDVXULQJ WKH
R[LGDWLYH SRWHQWLDO RI JDVHV DQG SDUWLFOHV VLPXOWDQHRXVO\ DQG ZLWK KLJK WLPH UHVROXWLRQ WR FDSWXUH WKH KLJKO\ G\QDPLF
FKDQJHV LQ DWPRVSKHULF FRPSRVLWLRQ� 2YHU WKH SDVW WZR GHFDGHV� VHYHUDO DQWLR[LGDQWV KDYH EHHQ XVHG IRU 23 PHDVXUHPHQWV�
WKH PRVW FRPPRQ EHLQJ '&)+� '77� DQG $$ �DVFRUELF DFLG�� $PRQJ WKHVH� $$ LV RIWHQ SUHIHUUHG EHFDXVH LW LV D QDWXUDOO\
RFFXUULQJ DQWLR[LGDQW LQ WKH KXPDQ OXQJ� PDNLQJ LW SDUWLFXODUO\ UHOHYDQW IRU UHSUHVHQWLQJ UHDO ELRORJLFDO R[LGDWLRQ SURFHVVHV�
5HFHQW GHYHORSPHQWV KDYH HQDEOHG RQOLQH PHDVXUHPHQWV RI WKH R[LGDWLYH SRWHQWLDO RI WKH SDUWLFXODWH SKDVH DV FKDUDFWHUL]HG
ZLWK�$$�LQ�DPELHQW�DLU�ZLWK�D�WLPH�UHVROXWLRQ�RI�D�IHZ�PLQXWHV�>�@�

�,Q�WKLV�VWXG\��D�QHZ�LQVWUXPHQW�LV�EHLQJ�GHYHORSHG�WR�PHDVXUH�RQOLQH�WKH�R[LGDWLYH�SRWHQWLDO�RI�ERWK�WKH�JDV�DQG�SDUWLFOH
SKDVHV�RI�DPELHQW�DLU��XVLQJ�D�0HWURKP�$H5RVRO�6DPSOHU��0$56��DQG�DVFRUELF�DFLG��$$���7KH�REMHFWLYH�LV�WR�GHYHORS
DQ�DQDO\WLFDO�PHWKRG�FDSDEOH�RI�HVWLPDWLQJ�WKH�R[LGL]LQJ�SURSHUWLHV�RI�SROOXWHG�DLU�LQ�ERWK�SKDVHV��$LU�LV�VDPSOHG�XVLQJ
WKH�0$56�V\VWHP��ZKHUH�DQ�DVFRUELF�DFLG��$$��DTXHRXV�VROXWLRQ�LV�FRQVWDQWO\�SXPSHG�WKURXJK�D�ZHWWHG�ZDOO�DQQXODU
GHQXGHU��7KLV�VHWXS�HQDEOHV�WKH�WUDQVIHU�RI�UHDFWLYH�JDVHRXV�PROHFXOHV�LQWR�WKH�OLTXLG�SKDVH��ZKHUH�WKH\�UHDFW�ZLWK�$$�WR
IRUP�GHK\GURDVFRUELF�DFLG��'+$���3DUWLFOHV�DUH�QRW�UHWDLQHG�LQ�WKH�GHQXGHU�EXW�DUH�FROOHFWHG�VHSDUDWHO\�LQ�D�3,/6�XQLW
EHKLQG�WKH�GHQXGHU�LQ�DQ�$$�VROXWLRQ��7KH�FRQFHQWUDWLRQ�RI�'+$��LQGLFDWLQJ�WKH�DPRXQW�RI�$$�R[LGL]HG�E\�JDVHV�DQG
SDUWLFOHV��DUH�WKHQ�VHSDUDWHO\�PL[HG�ZLWK�R�SKHQ\OHQHGLDPLQH��23'$���'+$�UHDFWV�ZLWK�23'$�WR�IRUP
����GLK\GUR[\IOXRUHQH��')4���D�IOXRUHVFHQW�FRPSRXQG��)LQDOO\��E\�PHDVXULQJ�WKH�IOXRUHVFHQFH�LQWHQVLW\�RI�')4��WKH
R[LGDWLYH�SRWHQWLDO�RI�WKH�DLU�VDPSOH�FDQ�EH�TXDQWLILHG�LQ�WKH�JDV�DQG�SDUWLFOH�SKDVH��)ORZ�FKDUDFWHULVWLFV�RI�WKH�$$
VROXWLRQ�LQ�WKH�GHQXGHU�DQG�WKH�UHDFWLRQ�HIILFLHQF\�RI�WKH�$$�WRZDUGV�12���2���DQG�JDVHRXV�SHUR[LGHV�DUH�EHLQJ
GHWHUPLQHG�WR�FKDUDFWHUL]H�WKH�UHVSRQVH�RI�R[LGL]LQJ�JDVHV�LQ�UHODWLRQ�WR�WKH�RYHUDOO�23�RI�D�SROOXWHG�DWPRVSKHUH�

>�@�0XGZD\��,�6��.HOO\��)�-��DQG�+ROJDWH��6�7��������)UHH�5DGLFDO�%LRORJ\�DQG�0HGLFLQH�������SS���

>�@�8WLQJHU��%���&DPSEHOO��6�-���%XNRZLHFNL��1���%DUWK��$���*IHOOHU��%���)UHVKZDWHU��5���5�HJJ��+��5��DQG�.DOEHUHU��0�
�������$WPRVSKHULF�0HDVXUHPHQW�7HFKQLTXHV����������SS������±����

>�@�=KDQJ��=��+���+DUWQHU��(���8WLQJHU��%���*IHOOHU��%���3DXO��$���6NORU]��0���&]HFK��+���<DQJ��%�;���6X��;�<���-DNREL��*��
2UDVFKH��-���6FKQHOOH�.UHLV��-���-HRQJ��6���*U|JHU��7���3DUGR��0���+RKDXV��7���$GDP��7���.LHQGOHU�6FKDUU��$���5XGLFK��<��
=LPPHUPDQQ��5��DQG�.DOEHUHU��0���������$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV���������SS������±����
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��%
��
&RPSDULQJ�HIIHFWV�RI�IUHVKO\�JHQHUDWHG�EUDNH�ZHDU�SDUWLFOHV�ZLWK�SDUWLFOHV�FROOHFWHG�RQ�7HIORQ�ILOWHUV�LQ�DQ�DGYDQFHG

LQ�YLWUR�OXQJ�PRGHO�

/��3DWK���*��*XQDVLJDP���1��-XQJ���-��%HFNHU���&��1HXNLUFKHQ���7��$GDP���6��'L�%XFFKLDQLFR���$��3HWUL�)LQN�
��%��5RWKHQ�
5XWLVKDXVHU�
�

�$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\�RI�)ULERXUJ��)ULERXUJ��6ZLW]HUODQG���,QVWLWXWH�RI�&KHPLVWU\��'HSDUWPHQW�/LIH��/LJKW
	0DWWHU��8QLYHUVLW\�RI�5RVWRFN��5RVWRFN��*HUPDQ\���8QLYHUVLW\�RI�WKH�%XQGHVZHKU�0XQLFK��)DFXOW\�IRU�0HFKDQLFDO

(QJLQHHULQJ��,QVWLWXWH�RI�&KHPLVWU\�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��1HXELEHUJ��*HUPDQ\�

1RQ�H[KDXVW HPLVVLRQV KDYH JDLQHG LQFUHDVLQJ DWWHQWLRQ LQ OLJKW RI WKH XSFRPLQJ (XUR � UHJXODWLRQ IRU YHKLFOHV� ZKLFK
GHILQHV PD[LPXP SDUWLFXODWH PDWWHU �30� HPLVVLRQ IDFWRUV IRU WLUH DQG EUDNH ZHDU� 30 � ��� �P �30���� LV RI VSHFLDO
LQWHUHVW VLQFH LW FDQ HQWHU� GHSRVLW DQG DFFXPXODWH GHHS LQ WKH OXQJV ZKHUH LW FDQ OHDG WR LQIODPPDWRU\ UHDFWLRQV� 7R DQDO\]H
EUDNH GXVW PRUH LQ GHSWK� D FXVWRP�EXLOW EUDNH G\QR ZDV XVHG WR JHQHUDWH EUDNH ZHDU HPLVVLRQV >�@� &KHPLFDO DQDO\VLV RI
WKH EUDNH GXVW UHYHDOHG KLJKO\ PHWDOOLF FRQWHQW ZLWK ! �� � RI 30��� HPLWWHG DV LURQ DQG RWKHU KHDY\ PHWDOV LQ YDU\LQJ
FRQFHQWUDWLRQV GHSHQGLQJ RQ WKH EUDNH SDG XVHG� 3DUWLFOHV IURP ORZ�PHWDOOLF EUDNH SDGV ZHUH SURGXFHG XQGHU UHDO�ZRUOG
FRQGLWLRQV DQG GLUHFWO\ H[SRVHG WR OXQJ FHOOV� DV ZHOO DV FROOHFWHG LQ SDUDOOHO RQ 7HIORQ ILOWHUV� 'LUHFW H[SRVXUH WR D �' OXQJ
FHOO PRGHO FRPSRVHG RI EURQFKLDO HSLWKHOLDO FHOOV �&DOX���� HQGRWKHOLDO FHOOV �($�K\����� DQG PDFURSKDJHV �7+3��� UHVXOWHG
LQ D GRVH�GHSHQGHQW LQFUHDVH RI F\WRWR[LFLW\� DQG RWKHU HQGSRLQWV DUH FXUUHQWO\ EHLQJ DQDO\]HG� ,Q WKLV VWXG\� ZH H[WUDFWHG
WKH SDUWLFOHV FROOHFWHG RQ 7HIORQ ILOWHUV WR FRPSDUH WKH HIIHFWV RI GLUHFW SDUWLFOH H[SRVXUH� 7RWDO SDUWLFOH PDVV WKDW ZDV
H[WUDFWHG IURP WKH ILOWHUV ZDV GHWHUPLQHG E\ PHDQV RI D 4XDUW] &KULVWDO 0LFUREDODQFH� 6FDQQLQJ (OHFWURQ 0LFURVFRS\ ZDV
XVHG WR FRPSDUH WKH PRUSKRORJ\ RI ILOWHU�H[WUDFWHG SDUWLFOHV ZLWK WKH IUHVKO\ JHQHUDWHG SDUWLFOHV DQG WKH PRUSKRORJ\ RI WKH
SDUWLFOHV ZDV VLPLODU� 3UHOLPLQDU\ ���KRXU H[SRVXUH H[SHULPHQWV XQGHU TXDVL�$/, FRQGLWLRQV WR H[WUDFWHG EUDNH ZHDU
SDUWLFOHV LQGLFDWH GRVH�GHSHQGHQW F\WRWR[LF HIIHFWV �/'+ UHOHDVH�� 3DUWLFOHV PD\ SRWHQWLDOO\ FDXVH GLVWXUEHG PHPEUDQH
LQWHJULW\��7((5���DV�ZHOO�DV�UHOHDVH�RI�LQIODPPDWRU\�F\WRNLQHV��,/�����

7KH HIIHFWV RI GLUHFW EUDNH ZHDU SDUWLFOH H[SRVXUHV ZLWK SDUWLFOHV FROOHFWHG RQ 7HIORQ ILOWHUV ZLOO EH FRPSDUHG� LQFOXGLQJ D
SDUWLFOH�GHSRVLWLRQ�FDOFXODWLRQ��

$FNQRZOHGJHPHQWV�

/RZ�&�IURP�WKH�(XURSHDQ�8QLRQ¶V�+RUL]RQ������UHVHDUFK�DQG�LQQRYDWLYH�SURJUDP�XQGHU�JUDQW�DJUHHPHQW�1R
���������
8/75+$V�IURP�WKH�(XURSHDQ�8QLRQ¶V�+RUL]RQ������UHVHDUFK�DQG�LQQRYDWLYH�SURJUDP�XQGHU�JUDQW�DJUHHPHQW�1R
������
$GROSKH�0HUNOH�)RXQGDWLRQ

>�@ 1HXNLUFKHQ &� 6DUDML�%R]RUJ]DG 05� 0lGHU 0� HW DO� &RPSUHKHQVLYH HOHPHQWDO DQG SK\VLFDO FKDUDFWHUL]DWLRQ RI YHKLFOH
EUDNH ZHDU HPLVVLRQV IURP WZR GLIIHUHQW EUDNH SDGV IROORZLQJ WKH *OREDO 7HFKQLFDO 5HJXODWLRQ PHWKRGRORJ\� - +D]DUG
0DWHU�������������������GRL���������M�MKD]PDW������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��&
��

$VVHVVPHQW�RI�DLUFUDIW�HQJLQH�H[KDXVW�WR[LFLW\�XVLQJ�DQ�RQ�VLWH�DLU±OLTXLG�LQWHUIDFH�FHOO�H[SRVXUH�V\VWHP�

5��+H���7��6FKULSS����0��6WlKHOLQ����0��$OLJ����-��*��%HOO����-��(GHEHOL����$��3HWUL�)LQN���%��5RWKHQ�5XWLVKDXVHU�

�$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GHV�9HUGLHUV���������)ULERXUJ��6ZLW]HUODQG���&HQWHU�IRU
$YLDWLRQ��=�ULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��=+$:��������:LQWHUWKXU��6ZLW]HUODQG�

+LJK OHYHOV RI SDUWLFXODWH PDWWHU DQG JDVHRXV DLU SROOXWDQWV RULJLQDWLQJ IURP DLUFUDIW HQJLQH HPLVVLRQV DUH RIWHQ GHWHFWHG LQ
DQG DURXQG EXV\ DLUSRUWV� UDLVLQJ FRQFHUQV DERXW SRWHQWLDO KHDOWK LPSDFWV RQ DLUSRUW SHUVRQQHO DQG VXUURXQGLQJ
FRPPXQLWLHV� 7KH DLP RI WKLV VWXG\ LV WR VWXG\ WKH SRWHQWLDO KHDOWK LPSDFWV RI LQKDODWLRQ H[SRVXUH WR DLUFUDIW HQJLQH H[KDXVW
RQ WKH OXQJ FHOO FXOWXUHV� 7KH 9,752&(//� $LU7R[ 0RQLWRU ZDV XVHG� DOORZLQJ FRQWLQXRXV H[SRVXUH RI OXQJ FHOOV XQGHU
WKH DLU�OLTXLG LQWHUIDFH �$/,� FRQGLWLRQV WR ZKROH DLUFUDIW HQJLQH H[KDXVW� :H ILUVW RSWLPL]HG WKH H[SRVXUH SURFHGXUH XVLQJ
KXPDQ OXQJ HSLWKHOLDO $��� FHOOV JURZQ IRU � GD\V RQ SHUPHDEOH LQVHUWV� &RPSOHWH FHOO KDQGOLQJ� LQFOXGLQJ WUDQVSRUWDWLRQ
IURP WKH FHOO�FXOWXUH ODERUDWRU\ WR WKH RQ�VLWH ODERUDWRU\� DV ZHOO DV D ��KRXU H[SRVXUH WR V\QWKHWLF DLU ��� P/�PLQ IORZ UDWH�
���&� ��� UHODWLYH KXPLGLW\�� GLG QRW LQGXFH F\WRWR[LFLW\� DQG FHOOV PDLQWDLQHG LQWDFW� FRQIOXHQW PRQROD\HUV� 7KHVH UHVXOWV
YDOLGDWH WKH XVH RI V\QWKHWLF DLU DV D VXLWDEOH FRQWURO IRU HQJLQH�H[KDXVW WR[LFLW\ DVVHVVPHQWV� 7R DVVHVV DLUFUDIW HQJLQH
H[KDXVW WR[LFLW\� $��� FHOOV ZHUH H[SRVHG WR QRQ�GLOXWHG DQG ���WLPHV GLOXWHG H[KDXVW IRU � KRXUV� ZLWK HDFK H[SRVXUH
FRPSULVLQJ �� PLQXWHV RI HQJLQH H[KDXVW GXULQJ DFWLYH DLUFUDIW HQJLQH WHVWLQJ IROORZHG E\ �� PLQXWHV RI ILOWHUHG URRP DLU�
7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0� FRQILUPHG SDUWLFOH GHSRVLWLRQ RQ 7(0 JULGV SODFHG RQ WKH LQVHUWV� 0DVV
GHSRVLWLRQ RI a ��� QJ�FP� ZDV PHDVXUHG E\ WKH TXDUW] FU\VWDO PLFUREDODQFH �4&0� LQVWDOOHG LQ WKH $LU7R[ 0RQLWRU
IROORZLQJ QRQ�GLOXWHG H[KDXVW H[SRVXUH� /DFWDWH GHK\GURJHQDVH �/'+� UHOHDVH LQFUHDVHG QHDUO\ WKUHHIROG XQGHU QRQ�GLOXWHG
HQJLQH H[KDXVW UHODWLYH WR DLU FRQWUROV� ZKHUHDV QR FKDQJH ZDV REVHUYHG XQGHU ���WLPHV GLOXWHG FRQGLWLRQV� LQGLFDWLQJ
F\WRWR[LFLW\ RQO\ DW KLJKHU �QRQ�GLOXWHG� H[SRVXUH OHYHOV� &RQVLVWHQWO\� FHOO PRUSKRORJ\ DQDO\VLV VKRZHG H[WHQVLYH
GHWDFKPHQW DQG ORVV RI DGKHVLRQ IROORZLQJ QRQ�GLOXWHG H[KDXVW H[SRVXUH� ZKLOH FHOOV H[SRVHG WR GLOXWHG H[KDXVW UHPDLQHG
LQWDFW DQG FRPSDUDEOH WR WKH LQFXEDWRU DQG V\QWKHWLF�DLU FRQWUROV� )XWXUH VWXGLHV ZLOO IRFXV RQ UHSHDWHG H[SRVXUHV DFURVV D
ZLGHU UDQJH RI GLOXWLRQ IDFWRUV �H�J�� ���� WLPHV� WR UHILQH H[SRVXUH SDUDPHWHUV DQG HVWDEOLVK GRVH±UHVSRQVH UHODWLRQVKLSV�
)XUWKHU ELRORJLFDO DVVD\V ZLOO DOVR EH SHUIRUPHG WR DFKLHYH D PRUH FRPSUHKHQVLYH FKDUDFWHUL]DWLRQ RI WR[LFRORJLFDO HIIHFWV�
LQFOXGLQJ�LQIODPPDWLRQ�DQG�R[LGDWLYH�VWUHVV��LQGXFHG�E\�DLUFUDIW�HQJLQH�H[KDXVW��

�

7KLV�VWXG\�ZDV�VXSSRUWHG�E\�WKH�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ�DQG�WKH�$GROSKH�0HUNOH�)RXQGDWLRQ��
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��'
��
1DQRSDUWLFOH�)RUPLQJ�3UHFXUVRUV�	�$VVRFLDWHG�+HDOWK�5LVNV�$FURVV�8UEDQ�0LFUR�(QYLURQPHQWV�LQ�HDVWHUQ�,QGLDQ

XUEDQ�DUHD�

$��'XWWD���'��6ULYDVWDY���0��'��'HYL���9��&KDQG���8��3DPD���$��*XSWD���3����6KXNOD����$��&KDNUDERUW\�

�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%KLODL��'XUJ��,QGLD���'LVFLSOLQH�RI�(OHFWULF�9HKLFOH
7HFKQRORJ\��'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ��,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%KLODL��'XUJ��,QGLD���(QYLURQPHQWDO

6FLHQFH�	�(QJLQHHULQJ�'HSDUWPHQW��(6('���,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%RPED\��0XPEDL��,QGLD�

$EVWUDFW

([SRVXUH WR ILQH DQG XOWUDILQH SDUWLFOHV LV D PDMRU GULYHU RI XUEDQ KHDOWK ULVNV� SDUWLFXODUO\ LQ UDSLGO\ LQGXVWULDOL]LQJ UHJLRQV
RI ,QGLD� 7KLV VWXG\ LQYHVWLJDWHV SROOXWDQW FKDUDFWHULVWLFV DQG DVVRFLDWHG KHDOWK LPSDFWV DFURVV GLYHUVH PLFUR�HQYLURQPHQWV
�LQVWLWXWLRQDO� UHVLGHQWLDO� WUDIILF� DQG LQGXVWULDO� LQ WKH %KLODL±'XUJ UHJLRQ GXULQJ ZLQWHU �'HFHPEHU ����±-DQXDU\ ������
+LJK�UHVROXWLRQ PHDVXUHPHQWV RI 92&V� %7(;� LQRUJDQLF JDVHV� DQG 30��� ZHUH FRQGXFWHG XVLQJ )7,5�EDVHG DQDO\]HUV
DQG VHQVRU QHWZRUNV� 5HVXOWV VKRZ VWURQJ VSDWLDO YDULDELOLW\� ZLWK 30��� FRQFHQWUDWLRQV ���±��� ȝJ�Pñ� DQG UHDFWLYH 92&V
SHDNLQJ LQ WUDIILF DQG LQGXVWULDO FRUULGRUV� (OHYDWHG OHYHOV RI DURPDWLFV �WROXHQH� [\OHQHV� LQGLFDWH HQKDQFHG VHFRQGDU\
RUJDQLF DHURVRO IRUPDWLRQ� FRQWULEXWLQJ WR QDQRSDUWLFOH EXUGHQ� +HDOWK ULVN DVVHVVPHQW UHYHDOV EHQ]HQH�GULYHQ OLIHWLPH
FDQFHU ULVNV H[FHHGLQJ DFFHSWDEOH OLPLWV DFURVV DOO VLWHV� &RXSOHG ZLWK WUDMHFWRU\ DQDO\VLV� WKH ILQGLQJV KLJKOLJKW FRPELQHG
ORFDO DQG UHJLRQDO LQIOXHQFHV RQ H[SRVXUH� 7KLV ZRUN SURYLGHV FULWLFDO HYLGHQFH OLQNLQJ HPLVVLRQ VRXUFHV WR QDQRSDUWLFOH�
IRUPLQJ SUHFXUVRUV DQG DVVRFLDWHG KHDOWK ULVNV� VXSSRUWLQJ WDUJHWHG PLWLJDWLRQ VWUDWHJLHV LQ HPHUJLQJ XUEDQ�LQGXVWULDO
HQYLURQPHQWV�

�

�

>�@ $VKL 'XWWD� 'XUJHVK 6ULYDVWDY� 0RLUDQJWKHP 'L\DODNVKPL 'HYL� 9DLEKDY &KDQG� 8WSUDEK 3DPD� $EKLQDY *XSWD�
3UDYHVK�&KDQGUD�6KXNOD��$EKLVKHN�&KDNUDERUW\��8UEDQ�&OLPDWH�������������������

�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��%
��
7KHUPDOO\�VWDEOH�DQG�VSKHULFDO�VLOYHU�SDUWLFOHV�DV�WUDQVIHU�VWDQGDUG�IRU�WKH�FDOLEUDWLRQ�RI�SDUWLFOH�QXPEHU�FRXQWHUV�

$��1RZDN���$��0DNHONR���-��5RVKDO���0��'ROOQHU���9��%HUJHU���3��6��%DXHU���+��6FKXO]�

�3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��37%���%UDXQVFKZHLJ���������*HUPDQ\���&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R�.*�
������5RVHQKHLP��*HUPDQ\�

3DUWLFOH QXPEHU FRQFHQWUDWLRQ LV RQH RI WKH NH\ SK\VLFDO SDUDPHWHUV WDUJHWHG E\ VHYHUDO YHKLFXODU HPLVVLRQV UHJXODWLRQV >��
�� �� �@� DQG DPELHQW DLU TXDOLW\ JXLGHOLQHV >�� �@� 'LIIHUHQW FDOLEUDWLRQ DHURVROV� VXFK DV VROLG VRRW� HPHU\ RLO� DQG VLOYHU
SDUWLFOHV� DUH XVHG WR FDOLEUDWH SDUWLFOH QXPEHU FRXQWHUV LQ WHUPV RI FRXQWLQJ HIILFLHQF\ DQG OLQHDULW\� +RZHYHU� WKLV OHDGV WR
D ODFN RI FRPSDUDELOLW\ RI WKH UHVXOWV� )RU FDOLEUDWLRQ IDFLOLWLHV LW LV FUXFLDO WR KDYH D VWDEOH DQG ZHOO�FKDUDFWHUL]HG DHURVRO
VRXUFH WKDW SURGXFHV VROLG� LQHUW� LQVROXEOH� DQG WKHUPDOO\ VWDEOH VSKHULFDO SDUWLFOHV� 6LOYHU SDUWLFOHV JHQHUDOO\ VDWLVI\ DOO RI
WKHVH UHTXLUHPHQWV� 37% DQG &DWDO\WLF ,QVWUXPHQWV DUH ZRUNLQJ FORVHO\ WRJHWKHU WR RSWLPL]H WKH 6LOYHU 3DUWLFOH *HQHUDWRU
�63*� WR IXOILO D EURDG VSHFWUXP RI FDOLEUDWLRQ SURWRFROV� H�J�� IRU DPELHQW DQG DXWRPRWLYH VSHFLILFDWLRQV� 7KH JRDO LV WR
HVWDEOLVK�D�FDOLEUDWLRQ�DHURVRO�WKDW�FRXOG�VHUYH�DV�WUDQVIHU�VWDQGDUG�DFURVV�GLIIHUHQW�FRPPXQLWLHV�
6LQFH 2FWREHU ����� VHYHUDO WHVWV KDYH EHHQ SHUIRUPHG DW 37% WR LQYHVWLJDWH WKH ORQJ�WHUP VWDELOLW\ DQG GD\�WR�GD\
YDULDELOLW\ RI WKH 63*� $W RQH RSHUDWLQJ SRLQW WKH *HRPHWULF 0HDQ 'LDPHWHU �*0'� �DW � QP� H[KLELWV DQ DSSDUHQW ORQJ�
WHUP VWDELOLW\ RI DSSUR[LPDWHO\ ��� QP RYHU WZR PRQWKV� 'XULQJ WKLV WLPH� IOXFWXDWLRQV LQ SDUWLFOH VL]H ZHUH REVHUYHG WR
FRUUHODWH ZLWK YDULDWLRQV LQ DPELHQW SUHVVXUH� ,Q DGGLWLRQ� WKH 63* VHWWLQJV ZLOO EH RSWLPL]HG WR IXOILO WKH &(1�&3&
FDOLEUDWLRQ SURWRFRO IRU OLQHDULW\ DQG FRXQWLQJ HIILFLHQF\ WHVWLQJ� $Q LQLWLDO &3& FDOLEUDWLRQ WHVW ZDV SHUIRUPHG E\ YDU\LQJ
WKH 63* WHPSHUDWXUH� GHPRQVWUDWLQJ JRRG VWDELOLW\� D VWUDLJKWIRUZDUG VHWXS� DQG PLQLPDO WLPH HIIRUW� 7KH VPRRWK RSHUDWLRQ
RI WKH 63* LV WKH DELOLW\ IRU FRQWUROOLQJ WKH KHDWHU WHPSHUDWXUH LQ SUHFLVH ��& VWHSV WKDW DOORZV D VWDEOH SURGXFWLRQ RI QDUURZ
VL]H�GLVWULEXWLRQV�RI�VSKHULFDO�VLOYHU�SDUWLFOHV�EXW�DOVR�HQDEOHV�WKH�DELOLW\�WR�VKLIW�WKHVH�GLVWULEXWLRQV�
:LWK WKLV SURMHFW ZH ZLOO GHPRQVWUDWH WKH IHDVLELOLW\ RI SURGXFLQJ VSKHULFDO VLOYHU SDUWLFOHV EH\RQG ��� QP LQ GLDPHWHU� 7KLV
SURYLGHV WKH EDVLV WR HVWDEOLVK D KDUPRQL]HG FDOLEUDWLRQ VWDQGDUG DFURVV GLIIHUHQW FRPPXQLWLHV� 1H[W WR WKH LPSURYHPHQWV RI
WKH 63* SHUIRUPDQFH� D 37%�GHYHORSHG GLOXWLRQ XQLW DQG D FRDJXODWLRQ FKDPEHU ZLOO EH RSWLPL]HG WR JXDUDQWHH VSKHULFDO
VLOYHU�SDUWLFOHV�DW�KLJK�FRQFHQWUDWLRQV�HYHQ�EH\RQG�����QP�
7KH SURMHFW KDV UHFHLYHG IXQGLQJ IURP 37%
V 7UDQV0HW �7UDQVIHU RI 0HWURORJLFDO 7HFKQRORJ\� SURJUDPPH� ZLWK WKH
REMHFWLYH RI IRVWHULQJ WKH UHVHDUFK FDSDELOLWLHV DQG FRPSHWLWLYH HGJH RI VPDOO DQG PHGLXP�VL]HG HQWHUSULVHV �60(V� LQ
*HUPDQ\�

>�@ 'LUHFWLYH �(8� ��������� RI WKH (XURSHDQ 3DUOLDPHQW DQG RI WKH &RXQFLO RI �� 2FWREHU ���� RQ DPELHQW DLU TXDOLW\ DQG
FOHDQHU DLU IRU (XURSH� >�@ (1 ����� ������ $PELHQW DLU � 'HWHUPLQDWLRQ RI WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ RI
DWPRVSKHULF DHURVRO� *HUPDQ YHUVLRQ� >�@ 81 5HJXODWLRQ 1R ��� ���������� ± 8QLIRUP SURYLVLRQV FRQFHUQLQJ WKH DSSURYDO
RI OLJKW GXW\ SDVVHQJHU DQG FRPPHUFLDO YHKLFOHV ZLWK UHJDUGV WR UHDO GULYLQJ HPLVVLRQV �5'(�� >�@ 'LUHFWLYH �(8�
��������� RI WKH (XURSHDQ 3DUOLDPHQW DQG RI WKH &RXQFLO RI �� 2FWREHU ���� RQ DPELHQW DLU TXDOLW\ DQG FOHDQHU DLU IRU
(XURSH� >�@ 1U� ��� 5LFKWOLQLH ]XU .DOLEULHUXQJ YRQ $EJDVPHVVJHUlWHQ� GLH I�U GLH 8QWHUVXFKXQJ GHU $EJDVH YRQ
.UDIWIDKU]HXJHQ QDFK 1XPPHU ����� GHU $QODJH 9,,,D 6W9=2 HLQJHVHW]W ZHUGHQ �Ä$8 *HUlWH .DOLEULHUULFKWOLQLH³�� $EVDW]
�������)DVVXQJ�YRP�0DL������
>�@ 37%�$QIRUGHUXQJHQ ����� Ä3DUWLNHO]lKOHU³ ���������� 3K\VLNDOLVFK�7HFKQLVFKH %XQGHVDQVWDOW� %UDXQVFKZHLJ XQG
%HUOLQ��'2,��KWWSV���GRL�RUJ���������������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��3RVWHU ��&
��
7UDFHDEOH�&DOLEUDWLRQ�RI�0366�LQ�)DVW�6FDQ�0RGH��5HFRPPHQGDWLRQV�IRU�3DUWLFOH�1XPEHU�6L]H�0HDVXUHPHQW�DW

8UEDQ�7UDIILF�+RW�6SRWV�

$��0DOLN���-��5RVDKO���6��3ODW]OHU���$��1RZDN�
�

�$LUERUQH�1DQRSDUWLFOHV��:*���������3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��37%���%UDXQVFKZHLJ���������*HUPDQ\�

8OWUD ILQH SDUWLFOHV �8)3V�� RZLQJ WR WKHLU GRFXPHQWHG KHDOWK LPSDFWV DQG WKH (XUR � UHYLVLRQ �ORZHUHG SDUWLFOH�VL]H
WKUHVKROG IURP �� QP WR �� QP�� KDYH HPHUJHG DV SROOXWDQWV RI SULPDU\ FRQFHUQ� &RQVHTXHQWO\� WR EHWWHU UHSUHVHQW UHDO�
ZRUOG HPLVVLRQV WKHUH LV D JURZLQJ HPSKDVLV RQ PHDVXULQJ VROLG DQG WRWDO �VROLG � YRODWLOH� 8)3V E\ HVWDEOLVKLQJ WKH
PRQLWRULQJ QHWZRUNV VWUDWHJLFDOO\ ORFDWHG QHDU WUDQVSRUW�UHODWHG HPLVVLRQ KRWVSRWV� &XUUHQWO\� WKH 8)3V DUH PRQLWRUHG LQ
(XURSH DV SDUW RI SDUWLFOH QXPEHU DQG VL]H GLVWULEXWLRQ �316'� PHDVXUHPHQWV RYHU WKH UDQJH ������ QP E\ XVLQJ D PRELOLW\
SDUWLFOH VL]H VSHFWURPHWHU �0366�� 7KH DVVRFLDWHG TXDOLW\ DVVXUDQFH SURFHGXUHV DUH VWDQGDUGL]HG E\ &(1�76 �����������
ZKLFK SUHVFULEHV YDOLGDWLRQ RI D FDOLEUDWHG 0366 �WR EH GHSOR\HG IRU WKH ILHOG PHDVXUHPHQWV� DJDLQVW D UHIHUHQFH 0366
�PHDVXULQJ 316'� DQG &3& �PHDVXULQJ 3DUWLFOH 1XPEHU L�H�� 31&3&� RYHU WKLV IXOO VFDQ UDQJH XVLQJ DPELHQW DHURVRO�
+RZHYHU� WKLV ZLGH VFDQ UDQJH LV QRW LGHDO IRU PHDVXUHPHQWV DW XUEDQ WUDIILF VLWHV ZKHUH WKH 316'V W\SLFDOO\ SHDNV DURXQG
����� QP ZLWK QHJOLJLEOH QXPEHU DERYH ��� QP� 6SHFLILFDOO\� WKH ORQJ VFDQ WLPH UHTXLUHG IRU IXOO�UDQJH PHDVXUHPHQWV OHDGV
WR GHJUDGHG WHPSRUDO UHVROXWLRQ OLPLWLQJ GHWHFWLRQ RI WUDQVLHQW HYHQWV VXFK DV SDVVLQJ RI KLJK�HPLWWHU YHKLFOHV� 0RUHRYHU�
WKH�FDOLEUDWLRQ�XVLQJ�DPELHQW�DHURVRO�PD\�QRW�UHSUHVHQW�WUDIILF�UHODWHG�HPLVVLRQ�FKDUDFWHULVWLFV�DGHTXDWHO\�

7R DGGUHVV WKHVH JDSV� WKLV VWXG\ SXW IRUZDUG DQ HYROYHG FDOLEUDWLRQ DQG YDOLGDWLRQ SURFHGXUH VSHFLILFDOO\ GHVLJQHG IRU WKH
316'V PHDVXUHPHQWV DW XUEDQ WUDIILF VLWHV� )RU YDOLGDWLRQ DQG FRPSOLDQFH ZLWK WKH H[LVWLQJ QRUPV� WKH SHUIRUPDQFH RI D
FDQGLGDWH 0366 �WKH UHIHUHQFH 0366 DW 37%� LV HYDOXDWHG DV SHU WKLV PRGLILHG SURFHGXUH� 7KH 0366 LV HYDOXDWHG XQGHU
IDVW�VFDQ PRGH �� PLQXWH VFDQ WLPH DQG VFDQ UDQJH ������ QP� XVLQJ WKH ODE JHQHUDWHG VROLG�WRWDO VRRW 316'V ZLWK YDU\LQJ
RSHUDWLQJ SRLQWV �*HRPHWULF 0HDQ 'LDPHWHUV a ����� QP DQG 31&3&� ������ ± ������ FP

���� 0RUHRYHU� D FRPSDUDWLYHO\
WUDFHDEOH DQG IOH[LEOH XQFHUWDLQW\ EXGJHW VFKHPH �LQFRUSRUDWLQJ XQFHUWDLQW\ GHSHQGHQF\ RQ WKH SDUDPHWHUV RI WHVW DHURVRO� LV
SURSRVHG�EDVHG�RQ�H[LVWLQJ�OLWHUDWXUH�DQG�WKH�H[SHULPHQWDO�REVHUYDWLRQV�

7KH UHSHDWHG ORQJ�WHUP '0$ FDOLEUDWLRQV UHVXOWV FRQILUPHG WKDW WKH PRELOLW\ GLDPHWHUV PHDVXUHPHQWV E\ UHIHUHQFH 0366
DUH UHSURGXFLEOH WR EH ZLWKLQ �� � RI WKH FHUWLILHG 36/ GLDPHWHUV� 0RUHRYHU� WKH FXPXODWLYH 31 PHDVXUHG E\ WKH UHIHUHQFH
0366 �310366� UHPDLQHG ZLWKLQ ��� RI WKH 31&3& PHDVXUHG E\ D SDUDOOHOO\ UXQQLQJ UHIHUHQFH &3&� 7KH XQFHUWDLQW\ OLPLWV
RI WKH UHIHUHQFH 0366 IRU SDUWLFOH QXPEHU �31� SHU VL]H ELQ DW D QRPLQDO 316' �31&3& § ������ DQG '3� 0($1 § �� QP�
DSSUR[� UHSUHVHQWDWLYH RI WUDIILF VLWH FRQGLWLRQV� ZHUH DOVR ZLWKLQ WKH &(1 ����� EHORZ �� QP� ���� LQ WKH UDQJH ������
QP� DQG ���� DERYH ��� QP� FULWHULD� $ERYH ILQGLQJV LPSOLHV WKDW WKH UHIHUHQFH 0366 IXOILOV DOO WKH H[LVWLQJ &(1 FULWHULD
IRU D UHIHUHQFH 0366 FRQILUPLQJ LWV XVDELOLW\ IRU WKH VXEVHTXHQW YDOLGDWLRQ RI WKH WHVW 0366 XQGHU IDVW�VFDQ PRGH DQG ODE
JHQHUDWHG VRRW SDUWLFOHV� &RQVHTXHQWO\� D PRGLILHG 0366 FDOLEUDWLRQ SURFHGXUH KDV EHHQ LPSOHPHQWHG DW 37%� IHDWXULQJ D
��PLQXWH VFDQ WLPH� D VFDQ UDQJH RI ��±��� QP� DQG VRRW SDUWLFOHV DV WKH WHVW DHURVRO� )XUWKHUPRUH� WKH LQYHVWLJDWLRQV LQ
FXUUHQW VWXG\ KLJKOLJKWV WKDW WKH XQFHUWDLQWLHV LQ 316' PHDVXUHPHQWV E\ D 0366 FDQ EH KLJKHU WKDW WKH &(1 FULWHULD XQGHU
VSHFLILF FRQGLWLRQV VXFK DV '0$ RSHUDWLQJ ZLWK KLJK�YROWDJH QHJDWLYH SRODULW\ RU ZKHQ 31&3& DUH ORZ� &RQVHTXHQWO\� D
PRGLILHG�FULWHULD�LQ�WKH�IRUP�RI�ZHOO�HVWDEOLVKHG�(Q�VFRUH�PHWULF�LV�SURSRVHG�IRU�YDOLGDWLRQ�RI�WHVW�0366�FDOLEUDWHG�DW�37%�
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