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Introduction

In today’s world, the increasing population and demands of modern liv-
ing result in a significant amount of municipal solid waste (MSW) generation.
If generated solid wastes are not disposed of in a manner consistent with en-
gineering designs, they pose a significant risk to the environment and human
health. Within the framework of the global sustainable development approach,
strategies that transform waste from being a threat to the environment and
human health into an input for the economy should be adopted (Saltabas et
al., 2009). The implementation of these strategies is only possible through the
application of the waste management hierarchy. According to the waste man-
agement hierarchy, the first step is to prevent waste generation at the source.
For wastes that cannot be prevented, the method should focus on reducing
the amount of waste at the source (Oktem, 2016). These two management ap-
proaches should be the priority in the integrated management of wastes, both
globally and in our country. The next management approach is the 3R meth-
od, which stands for reuse, recycle, and recover/energy recovery. After these
steps, the final option is the disposal of solid wastes. Generated waste is ren-
dered harmless to the environment and public health through various disposal
methods, which are categorized into three main groups: sanitary landfilling,
biological, and thermal processes (Arikan et al., 2017). In less developed and
developing countries, solid wastes are often haphazardly disposed of in open
solid waste dumping areas, such as riverbanks, road edges, abandoned mines,
riverbanks, and coastlines, away from residential areas (Ertlirk and Gorgiin,
2011). In Turkey, this method has been historically used for many years for
the disposal of solid wastes.

According to the 2020 MSW statistics of the Turkish Statistical Institute
(TURKSTAT), among the 1389 municipalities in Turkey, 1387 municipalities
providing waste services were determined to have collected 32.3 million tons
of waste. Of the generated 32.3 million tons of waste, 69.4% is sent to sanitary
landfill facilities. When looking at past years’ waste statistics, an increase in
the amount of waste going to sanitary landfilling is observed (TURKSTAT,
2020).

Additionally, according to the 2020 data, the per capita daily average
waste collected in Turkey is 1.16 kg. Personal preferences, influenced by
factors such as income level, sociocultural structure, population growth, and
geographical location, contribute to the variation in the amount of generated
waste (Mahees et al., 2011; Akintayo et al., 2023). In the three major cities
of Turkey, the per capita daily average waste generation is determined to be
1.233 kg for Istanbul, 1.031 kg for Ankara, and 1.458 kg for Izmir (TURK-
STAT, 2020). According to this statistic, only Izmir is among the top 20 cities
with the highest waste production per capita among major cities (Table 1).
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Table 1. The ranking of the top 20 cities with the highest per capita average waste

generation
(TURKSTAT, 2020)
Average Average
Amount Amount
Collected of Waste Collected
of Waste
. Waste per Person . Waste
Number Province . Number Province . per Person
Quantity (2020) Quantity
(2020)
(tons) (Kg/ (tons)
(Keg/
Person- Person-day)
day) v
1 Bartin 77522.6 2.056 1 Yalova 133298.6 1.48
2 Kilis 79403 1.985 12 [zmir 2336954 1.458
3 Kars 99666 1.887 13 Antalya 1318612 1.429
4 Mugla 676811.4043 1.86 14 Cankiri 71344.41 1.404
5 Canakkale 256572.837 1.849 15 Sinop 67009.05 1.373
6 Ardahan 26596 1.782 16 Karabiik ~ 94476.36 1.354
7 Burdur 122906.35 1.747 17 Edirne 155208.8 1.332
8 Agrt 176084 1.514 18 Usak 138188.2 1.307
9 Artvin 58062.09 1.489 19 Bolu 111319 1.302
10 Sirnak 211676 1.486 20 Van 542750.8 1.301

The Current Situation in Municipal Solid Waste Disposal

As of the year 2020, 69.41% of the collected 32.3 million tons of waste
is directed to sanitary landfill facilities. However, a significant percentage,
around 17%, is disposed of in municipal dumpsites. Despite the increasing
awareness of waste recycling and reuse globally with the concept of ‘cra-
dle-to-cradle,” open dumping is still employed in the disposal of generated
solid waste.

Figure 1 illustrates the distribution of waste quantities according to waste
disposal methods in Turkey between the years 2012 and 2020. These methods
include disposal in MSW landfills, sending to recycling facilities, and other
disposal methods (open burning, burying, dumping into rivers and land). In
2012, 37.81% of the generated waste was dumped into MSW landfills, while
this ratio decreased to 17% in the year 2020. Meanwhile, the quantity of waste
sent to sanitary landfills and recycling facilities has increased from 2012 to
2018. However, in our country, especially in small settlements that are still
inaccessible to municipalities, methods such as burning waste, dumping into
rivers, streams, and land, and sending it to municipal landfills continued in
2020.
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= 2016 61,23 28,80 9,79 0,19
= 2018 67,20 20,20 12,30 0,20
= 2020 69,40 17,00 13,20 0,40

Figure 1. MSW quantity and disposal methods collected annually over the years
(TURKSTAT, 2020)

The Environmental Impacts of Open Dumping Areas

Open dumping is not a ultimate disposal method and brings along many
environmental problems. Foremost among these are the inability to control
leachate, the release of accumulated landfill gas into the atmosphere, the
growth of pests threatening human health, and odor problems.

The leachate from solid waste, not subject to any containment system in
open dump areas, contaminates both underground and surface waters. Leach-
ate contains high concentrations of inorganic and organic pollutants and ad-
versely affects the quality of the water sources it travels through (Bayhan &
Ozbek, 2015). Rainwater that falls onto irregular disposal sites, along with
the inorganic and organic substances present in solid waste, dissolves through
various reactions and permeates into leachate. The content of leachate is sub-
ject to various factors, including the proximity of solid waste to the surface,
the content of solid waste, environmental interactions of leachate, landfill age,
pH, climatic conditions, and waste age (Kadilar, 2021). The age of the landfill,
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a parameter closely influencing leachate composition, results in a high propor-
tion of biodegradable volatile fatty acids in leachates from young landfill ar-
eas. As landfill age increases, biological decomposition is completed, and the
quantity of easily decomposable organic matter in leachate gradually decreas-
es. In 2-3 year-old landfill areas, organic matter, microorganism types, and
inorganic pollution loads reach their maximum (URL 1). These pollutants, at
high concentrations, mix with surface and groundwater through various trans-
port mechanisms, contaminating clean water sources and increasing treatment
costs. The transport of these pollutants depends on climate, meteorological
conditions, geographical and geological factors, and reaches recipient envi-
ronments through transformation reactions and complex transport (Haksev-
enler Giirsoy & Ayaz 2021). Particularly, the population living in settlements
around open dumping areas, who try to obtain drinking and utility water from
underground sources through wells, is at significant risk (URL 2). Given the
increasing pressure on water resources today, preserving the quality and quan-
tity of existing sources is crucial.

In addition, dust clouds and gases generated from expansive areas cov-
ered by solid waste contribute to air pollution. Failure to control the generated
gases can lead to open-air fires and explosions. In open dumping areas, the
anaerobic decomposition of biodegradable organic components results in the
emission of various gases such as methane, carbon dioxide, and hydrogen
sulfide (Samarahan, 2020). The majority of landfill gases consist of approxi-
mately 40-60% carbon dioxide and 45-60% methane, with trace amounts of
other gases also observed (Efe, 2022).

CO, is one of the significant greenhouse gases that play a role in the global
energy balance and is anthropogenically released into the atmosphere through
waste decomposition. Carbon dioxide accounts for approximately 76% of
global anthropogenic greenhouse gas emissions, while methane contributes
to about 16% (Aydin et al., 2011). When looking at the sectoral distribution
of total greenhouse gas emissions, energy ranks first with 278.33 million tons
of CO, equivalent (75.3%), followed by waste with 33.93 million tons of CO,
equivalent (9.2%). The Industrial Processes sector follows with 31.69 million
tons of CO, equivalent (8.6%), and agriculture with 25.7 million tons of CO,
equivalent (7.0%) (Figure 2) (URL 3). The prevention of emissions of CH,
and CO, gases, which have a high greenhouse effect and pose threats to the
environment and public health, is only possible through the proper disposal of
waste. These gases generated in landfill areas have a high energy potential and
are of significant importance to the economies of countries.
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Figure 2. Sectoral distribution of total greenhouse gas emissions (URL 3)

Republic of Turkey Ministry of Energy and Natural Resources announced
in June 2022 that the installed capacity based on biomass and waste heat en-
ergy was 2,172 MW (URL 4). The biomass source here includes municipal
waste, sewage sludge, excreta from large and small livestock, poultry ma-
nure, slaughterhouse waste, forestry and forestry industry waste and residues,
oilseeds, sugar and starch plants, fiber crops, and plant residues. Biomass is
utilized to obtain energy through methods such as direct combustion, gasifica-
tion, pyrolysis, fermentation, and biomethanization (Srivastava et al., 2020).
Waste-to-energy facilities hold a 2.14% share nationwide, which is approxi-
mately 10 times the installed capacity in 2011 (Figure 3) (URL 4).
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Figure 3. Proportion of biomass and waste heat energy within the total installed
capacity (URL 4)
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Besides global warming, the gases generated in open dumping areas pose
risks of poisoning, explosion, and fire, threatening both the environment and
public health. Especially during the summer months, fires can spread to for-
est areas at high wind speeds, causing destruction. An example of this is the
fire that occurred in the Bayrakli Area within Burgazada boundaries. The fire,
which broke out on October 6, 2003, in the Bayrakli Area, quickly spread to
many points due to high wind speed. The fire, which was brought under con-
trol after 8 hours, resulted in the destruction of approximately 11 houses and
40 hectares of land (Kilig, 2017).

Rehabilitation of Open Dumping Areas

Slope Regulations

In the initial stage, it is crucial to ensure the slope stability of the waste
mass to achieve a well-defined geometry (Ertiirk and Gorgiin, 2011). The
maximum and minimum slopes on the upper layer are calculated, taking into
account future settlements and surface water drainage. At this stage, the pri-
mary goal is to prevent rainwater from penetrating into the waste, minimizing
the contact of water with pollutants. To achieve this, the upper surface of the
waste dumping area is leveled and brought to the same grade. Subsequently, to
enhance stability and create a foundation for other layers, a pre-fill layer with
a thickness of approximately 50 cm should be placed on top of the leveled
waste surface. Unless there are regional geotechnical constraints, the waste
slope should not exceed 1 in 3 (33% slope), and the upper slopes should not
exceed 20 in 1 (5% slope) (Rushbrook & WHO, 2001).

Gas Drainage Layer

The collection of landfill gas generated in open dumping sites and its
disposal in a manner that poses no risk is essential. The gas drainage layer,
approximately 30 cm thick and placed on top of the initial fill layer, serves to
distribute pressure and protects the mineral impermeable layer from gas pres-
sure (Oztiirk, 2015). Typically, gravel with a permeability of around 1x10-
m/s is used in this layer. In areas where the waste depth exceeds 7m, vertical
gas wells (with a diameter of approximately 1m) are drilled, while in areas
with a depth less than 7m, horizontal drainage can be employed (Gokge &
Hasanoglu, 2015). Landfill gases can be collected using passive or active sys-
tems (Duan et al., 2021). Passive systems rely on the principle of utilizing the
diffusion movement of gas within the landfill area, while active gas collection
systems involve removing the gas through a vacuum collection system. Pas-
sive systems are more economical and require less maintenance compared to
active gas collection systems. However, in these systems, creating a pressure
gradient in the gas extraction wells and trenches is necessary. If an insufficient
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pressure gradient is established, the desired level of gas emission cannot be
achieved. In such cases, air may infiltrate the solid waste masses, disrupting
anaerobic treatment. Additionally, the direct release of collected gas into the
atmosphere and the absence of energy recovery are among the disadvantages
of this method. In active methods, the extracted gas is burned to generate en-
ergy. It is recommended to use hybrid systems that combine both active and
passive collection methods in landfill sites.

Impermeable Layer

The impermeable layer generally consists of two compacted clay layers
with a permeability of less than 1x10® m/s each. In places where obtaining
clay is challenging, a geomembrane can be used (Sarptas et al., 2006). When
there are clay deposits in the vicinity, a natural clay layer is preferred over a
geomembrane due to its natural origin. Cost-benefit analysis is considered in
the selection process.

The Water Drainage Layer

The layer located above the impermeable zone is the water drainage
layer. This layer facilitates the drainage of rainwater and surface water. It is
composed of low-lime, high-permeability gravel or sand with a permeability
greater than 1x103 m/s (Sarptas et al., 2006). This layer allows the drainage
of precipitation and surface waters without infiltrating into the solid waste. In
open dump areas, the management of two different water characterizations is
necessary: surface water due to rainfall and leachate water.

In the drainage of surface waters, the establishment of two sub-systems is
mandatory. The first system is designed for the collection of rainfall directly
onto the waste disposal site, ensuring the collection of surface runoff and its
diversion outside the open dump area without causing damage to the cover.
The water seeping from the upper soil layer is collected through drainage pipes
in the gravel layer placed on the clay layer and directed outside the site. The
second system aims to collect the flow from the water collection basin above
the site before it enters the field. For this purpose, water diversion trenches are
excavated around the site, designed based on precipitation data obtained from
the General Directorate of Meteorology to determine the amount of surface
runoff (Gok¢e & Hasanoglu, 2015).

Final Cover Formation

Lastly, agricultural soil is spread on top for the vegetation of the landfill.
This layer varies in thickness, depending on the root depth of the selected plants,
and should be at least 1 meter thick. When choosing plants, short-rooted spe-
cies that do not harm the impermeable layer and drainage layer with their roots
should be selected. Additionally, the chosen plant species should be resistant to
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landfill gases. A list of some species that can be used as cover plants in landfill
areas is provided in Table 2 (Gok¢e & Hasanoglu, 2015). In the 4th section of
the Directive on Solid Waste Landfill Management published in 1993, possible
alternatives for the ‘Upper Surface Impermeability System’ given in the ‘Prin-
ciples of Rehabilitation of Unregulated Old Landfills’ are provided. In this con-
text, a layer containing natural and artificial impermeable materials is selected
based on the proximity to resources and cost considerations. In open dumping
areas where the final cover layer is applied, significant settling can be observed
after 15-20 years. Therefore, before the closure process, it should be determined
that there is no risk of settlement or sliding in the area.

Table 2. Some plant species that can be used in the final cover formation (Gokge &
Hasanoglu, 2015)

Latin Name

Astragalus hamosus

Sarothamnus scoparius

Trifolium arvense

Lotus ornithopodioides

Medicago lupilina

Trifolium lappaceum

Onobrycis vicieafolia

Medicago disciformis

Trifolium campestre

In a study by Saglik et al. (2021), the environmental issues arising from
the increase in global population and consumption habits led to an increase
in MSW generation. Focusing on the rehabilitation of the former landfill near
the Canakkale Onsekiz Mart University Terzioglu Campus, the study empha-
sizes its visual significance. The historical use and current status of the former
landfill are examined, and post-rehabilitation plant recommendations are pro-
vided to make the area suitable for landscape design. It is concluded that these
recommendations will enhance urban life quality by increasing green space
and eliminating visual pollution while contributing significantly to the fight
against environmental pollution. The study highlights that completed rehabil-
itation and landscape design efforts will eliminate the hazardous image in the
perception of users, creating a safe environment and providing an effective
solution to environmental problems (Saglik et al., 2021).

In their study conducted in 2006, they identified the potential issues re-
lated to open dump areas and their environmental impacts that Turkey may
encounter during the integration process with the European Union (EU). Mea-



10 - Mirac Nur CINER

sures to be taken for the rehabilitation of open dump areas and the necessary
legal regulations for this process are examined, with a particular focus on the
open dump area of Kusadasi Municipality. In the context of Turkey’s har-
monization process with the EU Environmental Acquis, the rehabilitation of
existing open dump areas emerges as an inevitable step. In this regard, general
tasks such as the assessment of the current situation in the area, the planning
of the cover layer and upper use, and the design of the gas collection system
and leakage water are listed. As part of the study, a specific preliminary study
conducted on the open dump area of Kusadast Municipality details the reha-
bilitation-related tasks, aiming to guide decision-makers with similar exam-
ples during Turkey’s EU harmonization process (Sarptas et al., 2000).

The study (2006) provides strategic information and recommendations
for the landscape restoration and improvement of existing open dump areas
based on a sampling conducted at the Tuzlucayir-Mamak open dump area.
This study emphasizes that the proposed landscape restoration highlights the
need to cease disposal activities at the current Tuzlugayir-Mamak open dump
area and rehabilitate the area. At the same time, it emphasizes that the Tuzlu-
cayir-Mamak illegal dump is in Ankara’s watershed and is a key part of An-
kara’s Open-Green Area System. This suggests that a method should be used
that protects the environment and provides recreational benefits (Dilek, 2006).

A study conducted in (2007), investigated the vegetation initiatives im-
plemented at the Adana-Sofulu Landfill in the Mediterranean Region for the
improvement of Solid Waste Disposal Areas. Selected plants, including Al-
thea rosea, Cynodon dactylon, Inula viscosa, Melilotus officinalis, and Thym-
bra spicata var. spicata, were irrigated with leachate from the landfill, and their
development under adverse conditions in the landfill area was evaluated. The
findings indicate that Althea rosea, Cynodon dactylon, and Melilotus offici-
nalis can thrive successfully in landfill areas, while Inula viscosa and Thym-
bra spicata var. spicata are comparatively less effective in terms of biological
remediation. Additionally, the study examined the effectiveness of planting
urban landfill areas and irrigating the plants with leachate and tap water, de-
termining that the plants exhibited better growth in the landfill area. The study
emphasizes that increasing plant diversity through irrigation could contribute
to faunal enrichment and underscores the importance of monitoring microbial
activities in landfill areas (Erdogan & Uzun, 2007).

Maintaining and Monitoring the Rehabilitated Area

After the open dump area is rehabilitated, it is essential to monitor whether
there are any ongoing risks to the environment and public health. Additionally,
regular area monitoring should be conducted, and maintenance procedures
should be applied when necessary. The monitored parameters and control in-
tervals are provided in Table 3.
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Table 3. Maintenance and monitoring intervals for rehabilitated wild landfill sites (URL 2)

Control Point Potential Problems Check Frequency
Top cover Erosion and abrasion on the soil Once a year and after heavy
surface rain
Surface Drainage Accumulation of soil in the Four times a year and heavy
surface drainage layer, control of rainfall
drain pipes after that
Groundwater Groundwater pollution Twice a year
Monitoring
Landfill Gas Odor, broken gas chimneys, Regularly
Monitoring compressors and flare equipment
Flora Vitality level Four times a year
Conclusion

After the solid wastes generated in our country are collected in accor-
dance with the Solid Waste Control Regulation, the necessary obligations and
responsibilities are fulfilled during disposal in a manner that does not pose a
threat to the environment and human health. According to TURKSTAT data,
in 2012, there were a total of 672 facilities, including 83 waste disposal facil-
ities and 589 recycling facilities, in operation. As of 2020, the number of san-
itary landfill facilities has increased to 174. These facilities serve a population

of 78.92 million in 1389 municipalities.

The management of solid waste is an international issue that encompasses
various environmental, financial, and social aspects. Therefore, approaches to
waste management should be steadfast and continuous, considering these rea-
sons. Ensuring the systematic disposal of waste is essential for the improve-
ment of a country’s welfare. In our country, according to the National Waste
Management and Action Plan, it is targeted that 35% of the waste generated in
2023 will be recycled, and 65% will be disposed of by sanitary landfill. Within
the framework of this goal, it is imperative to develop policies that minimize
the quantity of waste sent to municipal landfills and disposed of through other
methods.



12 - Mirac Nur CINER

REFERENCES

Akintayo, T., Himéldinen, J., Pasanen, P., & John, I. (2023). A rapid review of socio-
cultural dimensions in Nigeria’s solid waste management approach. Interna-
tional Journal of Environmental Research and Public Health, 20(13), 6245.

Arikan, E., Simsit-Kalender, Z. T., & Vayvay, 0. (2017). Solid waste disposal meth-
odology selection using multi-criteria decision making methods and an appli-
cation in Turkey. Journal of Cleaner Production, 142, 403-412.

Aydm, G., Karakurt, 1., & Aydmer, K. (2011). Antropojenik metan emisyonlarinin
sektorel analizi. TUBAV Bilim Dergisi, 4(1), 42-51 (in Turkish).

Bayhan, Y. K., & Ozbek, S. (2015). Formation of Leachates in the Landfills, Their
Charecteristics and Investigation of Effects on the Groundwaters. Kastamonu
University Journal of Engineering and Sciences, 1(2), 53-59.

Dilek, E. F. (2006). Tuzlugayir-Mamak Diizensiz Depolama Alani I¢in Peyzaj
Onariminin Onemi ve Geregi (in Turkish). Journal of Agricultural Scienc-
es, 12(04), 323-332.

Duan, Z., Scheutz, C., & Kjeldsen, P. (2021). Trace gas emissions from municipal
solid waste landfills: A review. Waste Management, 119, 39-62.

Erdogan, R., & Uzun, G. (2007). Kat1 Atik Depolama Alanlarmin Bitkisel Islahina Bir
Ornek: Adana-Sofulu Cép Depolama Alani (in Turkish). Akdeniz University
Journal of the Faculty of Agriculture, 20(1), 71-82.

Ertiirk, M. C., & Gorgiin, E. (2011). An Actual Example for Rehabilitation of Open
Dump Areas in Turkey: Rehabilitation of Mersin Cavuslu Open Dump Area.
Journal of Engineering and Natural Sciences. Sigma, 3, 200-208.

Gokgee, G., & Hasanoglu, P. (2015). Kat1 Atik Diizenli Depolama Sahalarinin ve Vahsi
Depolama Alanlarinin Islahi ve Bitkilendirilmesi. Diizce Universitesi Bilim ve
Teknoloji Dergisi, 3(1), 258-271 (in Turkish).

Haksevenler, B. H. G., & Selma, A. (2021). Noktasal ve yayil1 kirletici kay-
naklarinin yiizeysel su kalitesi iizerinde etkisi, Alasehir Cayr alt havzasi
ornegi. Giimiishane Universitesi Fen Bilimleri Dergisi, 11(4), 1258-1268 (in
Turkish).

Kadilar, G. (2021). Unye il¢esi vahsi depolama alanimn 1slahi ve diizenli depolama
alamnin arastirilmas: (Master’s thesis, Konya Teknik Universitesi) (in Turk-
ish).

Kilig, A. (2017). Copliik Yanginlari ve Etkileri. Yangin ve Giivenlik « Mayis / Haziran
2017 (in Turkish).

Mahees, M. T. M., Sivayoganathan, C., & Basnayake, B. F. A. (2011). Consumption,
solid waste generation and water pollution in Pinga Oya catchment area.

Oktem, B. (2016). Atik yonetiminde entegre uygulama. Batman Universitesi Yasam
Bilimleri Dergisi, 6(2/1), 135-147 (in Turkish).

Oztiirk, 1. (2015). Kati Atik Yonetimi ve AB Uyumlu Uygulamalar (in Turkish).



International Research and Reviews in Engineering II - December 2023 - 13

ISTAC Technical Book Series. Istanbul, Turkey.

Rushbrook, P., & World Health Organization (WHO). (2001). Guidance on minimum
approaches for improvements to existing municipal waste dumpsites.

Saglik, A., Domag, Y. S., Reyhan, S. N., Furkan, A. V. C. 1., Kartal, F., & Senkus, D.
(2021). Kat1 Atik Depolama Alanlarinin Islaht ve Analizi Canakkale Onsekiz
Mart Universitesi Ornegi. Akademia Doga ve Insan Bilimleri Dergisi, 7(1),
105-125 (in Turkish).

Saltabas, F., Soysal, Y., Yildiz, S., & Balahorli, V. (2009). Evsel kat1 atik termal ber-
taraf yontemleri ve Istanbul’a uygulanabilirligi. Tiirkiye de Kati Atik Yonetimi
Sempozyumu 'nda sunulan bildiri, Yildiz Teknik Universitesi, Istanbul, T tirkiye,
15-17 (in Turkish).

Samarahan, K. (2020). Landfill Methane Emissions. Handbook Of Environment And
Waste Management-Volume 3: Acid Rain And Greenhouse Gas Pollution Con-
trol, 3,397.

Sarptas, H., Giindiiz, O., Ddlgen, D., & Alpaslan, N. (2006). Diizensiz Cop Depolama
Sahalarmin Rehabilitasyonu: Kusadas1 Ornegi. Kat1 Atik ve Cevre (in Turkish).

Srivastava, R. K., Shetti, N. P., Reddy, K. R., & Aminabhavi, T. M. (2020). Sustain-
able energy from waste organic matters via efficient microbial processes. sci-
ence of the total environment, 722, 137927.

Siikran, E. (2022). Giiniimiiziin Siirdiiriilebilir Enerjisi Kentsel Kat1 Atiklar ve Ttirki-
ye Potansiyeli (in Turkish). Journal of the Institute of Science and Technolo-
gy, 12(4), 2396-2407.

Tiirkiye Istatistik Kurumu (TUIK). (2020). Atik istatistikleri (in Turkish). URL:
https://data.tuik.gov.tr/Bulten/Index ?p=Atik-Istatistikleri-2020-37198

URL1(2010) T.C. Cevre, Sehircilik ve iklim Degisikligi Bakanlig1 Sizint1 Suyu Y éne-
timi Ihtisas Komisyonu Taslak Calisma Raporu (in Turkish) Website [Online].
https://webdosya.csb.gov.tr/db/cygm/editordosya/sizintisuyuyontaslak.pdf

URL 2 (2009) T.C. Cevre, Sehircilik ve iklim Degisikligi Bakanlig1 Vahsi Depolama
Alanlarmin Islah1 Kilavuzu (in Turkish)

Website [Online]. https://cevresehiriklimkutuphanesi.csb.gov.tr/ShowPDF/e(Oc2fba3-
3889-4815-9471-a93c3a8e3823

URL 3 (2013) T.C. Cevre, Sehircilik ve Tklim Degisikligi Bakanlig1 5. Bildirimi (in
Turkish) Website [Online]. https://webdosya.csb.gov.tr/db/iklim/banner/ban-
ner595.pdf

URL 4 (2022) T.C. Enerji ve Tabii Kaynaklar Bakanlig1 Biyokiitle (in Turkish) Web-
site [Online]. https://enerji.gov.tr/eigm-yenilenebilir-enerji-kaynaklar-biyokutle






e

II ll| lll III ll
VY | , "y | ‘
I" 'v/'V' "y |

vy Ty?

CW?

UNDERSTANDING EXTREME RAINFALL
UNDER CLIMATE CHANGE USING
CMIP6 CLIMATE MODELS OVER

TURKIYE

Sertac ORUC!

1 Assoc. Prof. Dr. Department of Civil Engineering, Cankirt Karatekin University, 18100 Cankiri,
Tiirkiye https://orcid.org/0000-0003-2906-0771 sertacoruc@karatekin.edu.tr



16 - Sertac ORUC

INTRODUCTION

A projected increase in the frequency and intensity of extreme precipita-
tion occurrences is among the most significant effects of a forthcoming warm-
er climate. It is possible to observe this rising trend of extreme precipitation in
both climate model projections and observation records (Martel et al., 2021).
Climate incidents such as fires, floods, heatwaves, and droughts have been
recorded as caused by climate change and global warming (AghaKouchak et
al., 2014; Roshani et al., 2020; Kim et al., 2020; Bras et al., 2021; Carnicer
et al., 2022; Cavus et al., 2023) The scientific community generally affirms
the fact that global warming and climate change exacerbate extreme events
with regard to their duration, frequency, or intensity. Accordingly, numerous
socio-economic sectors are unfavorably affected by these events all around
the world (Iyakaremye et al., 2021; IPCC, 2021; Chiang et al., 2021; Baghel
et al., 2022). Furthermore, these extreme events are more likely to be sensitive
to climate change than the average climate, portraying them as a notorious
global hazard (Guan et al., 2022). Based on CRED (2021), bringing forth 13%
of disaster-associated casualties over the last twenty years, worldwide human
mortality is seriously impacted by severe temperature incidents. In addition to
that, a shocking 1.65 billion people have been impacted by floods, while 1.45
billion have been affected by droughts, as stated by Baghel et al. (2022).

Previous studies have shown that the frequency and intensity of climate
extremes have risen on a global scale, and this pattern is expected to persist
in the future (Donat et al., 2016; Myhre et al., 2019; Papalexiou & Montanari,
2019; Guan et al., 2022). Also, in conformity with the conclusions of Kouman
et al. (2022), the current climate trends are predicted to last in the 21st cen-
tury, as the results of both suggested high- and moderate-emission scenarios
suggest. Because of the widespread implications they can have, the investiga-
tion of climate extremes, their variations, and their impacts on socioeconomic
factors is of great importance (AghaKouchak et al., 2014; Moazenzadeh et al.,
2018). The coupled effects of climate change, land use and land cover alter-
ations, population increase, and unplanned urbanization provoke the negative
impacts of such extremes even more severe (Kourtis and Tsihrintzis, 2022).
Thus, it is key to meticulously investigate the changes in climate extremes on
a global, regional, and local scale (Wang et al., 2022; Wudineh et al., 2022).

Considering the changing climate, extreme precipitation characteristics
are most important in determining drainage, irrigation, and infrastructure de-
signs effectively. These characteristics, which give an overview of the return
level of extreme precipitation for return periods and extreme precipitation du-
ration, are frequently used in hydrological infrastructure design and engineer-
ing applications (Quali et al., 2018). To ensure their relevance and efficiency
in infrastructure development and flood risk management, extreme precipita-
tion characteristics must be updated, considering ongoing climate change and
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anthropogenic activities that are changing precipitation patterns. Engineers
and planners can strengthen the resilience of critical infrastructure and adapt
to changing climate patterns by integrating up-to-date rainfall estimates, pro-
tecting populations from the negative impacts of extreme rainfall events in the
future (Panos et al., 2021).

In climate science, general circulation models (GCMs) are crucial since
they offer important insights into future climate data (Randall et al., 2007).
GCMs mimic complex interactions between climate factors and provide pro-
jections on regional and global scales by mathematically simulating Earth’s
atmosphere, oceans, and historical climate data. The Coupled Model Inter-
comparison Project (CMIP) brings together many GCMs from research cen-
ters around the world. This lets us compare and evaluate model performance
in a structured way and gives us a solid set of projections (Pierce et al. 2009).

Modern climate models from leading research institutions worldwide are
used in CMIP6, the sixth phase of the CMIP. With the advent of CMIP6 mod-
els, precipitation pattern simulation and its implications for future climate sce-
narios have advanced significantly (Bagcaci et al., 2021; Eyring et al., 2016).
Its main goal is to improve projections for numerous variables, including pre-
cipitation, and expand our understanding of climate processes. CMIP6 builds
on the strengths of its predecessors by adding improvements such as better
representation of physical processes, higher spatial resolutions, and better ini-
tialization techniques. These all help make simulations of changes in precipita-
tion more accurate on a global and regional level (Eyring et al., 2016; Wyeser
et al., 2020). Including Shared Socioeconomic Pathways (SSPs), which cover
a variety of potential future socioeconomic growth scenarios, is a notewor-
thy improvement in CMIP6 (O’Neil et al., 2016). The alternative narratives
presented by these SSPs illustrate alternate societal and economic pathways,
enabling an examination of diverse greenhouse gas emission trajectories and
their associated climate impacts. The intricate interactions between human ac-
tivities, including population expansion, technological improvements, energy
consumption, and their influence on future precipitation patterns, are better
understood by researchers by linking CMIP6 models with SSPs.

While GCMs are the main resource for future climate data, their resolu-
tion is generally coarse, particularly for regional and local studies. The reso-
lution required to represent localized extreme weather phenomena needs to be
improved in global climate models, even though they offer vital information
about large-scale climate patterns (Dulicre et al., 2011; Roberts et al., 2018).
In contrast, downscaling techniques make it possible to convert coarse glob-
al climate model results into fine-scale regional assessments, allowing for a
more precise and detailed projection of extreme rainfall occurrences (Teutsch-
bein et al., 2012; Liang et al., 2008; Done et al., 2015). Quantile Delta Map-
ping (QDM) is a statistical downscaling technique that has drawn interest and
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shown promise in this setting (Cannon et al., 2015). QDM is a powerful meth-
od that bridges the gap between fine-scale regional assessments and coarse-
scale global climate models. It does this by keeping the statistical features of
precipitation, like extreme quantiles. This method checks the differences in
precipitation quantiles between what a climate model says and a historical cli-
mate dataset (reference data). It then uses those differences to change the mod-
el’s predictions for the future. In addition to handling non-stationarity in the
relationship between global climatic variables and local precipitation, QDM
has many advantages over conventional approaches (Kim et al., 2021). Work-
ing directly with quantiles allows QDM to capture changes in the precipitation
distribution, which is particularly important when estimating extreme values
essential for building infrastructure and creating climate adaptation plans.
Nevertheless, it should be noted that extreme precipitation events do not dis-
play spatial uniformity and instead demonstrate significant spatial variability.

The study aims to achieve several objectives, to estimate and intercom-
pare the change in future extreme rainfall characteristics over Tiirkiye using
the QDM downscaling approach and CMIP6 global climate models. The study
also seeks to discuss the impact of climate change on the frequency of extreme
rainfall, how temporally and spatially daily extremes change, and the need
for updated information. The findings of this research have the potential to
significantly improve Turkey’s preparedness and response to climate change,
promote sustainable urban development, and protect community well-being
in the face of evolving environmental uncertainties. In the following sections,
the study’s methodology will be explained, including the use of reference data,
climate models, frequency analysis, and the QDM downscaling approach. Ac-
cordingly, extreme precipitation patterns over Tiirkiye in the future will be
calculated using CMIP6 models. The paper will conclude with a summary of
key findings and some final remarks.

STUDY AREA, DATA and METHODOLOGY

2.1. Study Area

The location of Tiirkiye is mainly on the Anatolian Plateau in Western
Asia, which has the coordinates 36° and 42° north latitude and 26° and 45°
east longitude (Figure 1). The country has borders with the Black Sea in its
north, the Aegean Sea in its west and the Mediterranean Sea in its south. It has
a total land area of 783.562 km?. A mild Mediterranean climate is mostly dom-
inant in the Tiirkiye, yet due to its complex topography, mountainous regions,
and being impacted by the sea, other climate conditions such as temperate
continental, oceanic, and dry mid-latitude steppes are also seen. While milder
conditions are experienced in the coastal areas, mountains like Taurus and
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Northern Anatolia located parallel to the sea blocks the diffusion of marine ef-
fects towards the inland parts (Oruc, 2022). This leads to limited precipitation
and continental climatic conditions for the inner parts of the country with hot,
dry summers and cold winters (Amjad et al. 2020). Temperature and rainfall
patterns display diverse features in Tiirkiye as well. The Central Anatolia re-
gion gets around 400 mm of yearly precipitation while the Black Sea region
gets over 2200 mm, making it the highest amount in the country.
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Figure 1. Study area (Oruc, 2022)

2.2. Data

2.2.1. Reference Data ERAS5-Land

The ERAS5-Land data from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF) were used in this work to downscale and correct biases
in the CMIP6 global climate models and to evaluate the performance of the
bias-corrected and downscaled data. ERAS5-Land, as detailed by (Mufioz-Sa-
bater et al., 2021), offers an open-access data set that extends from 1950 to ap-
proximately 2-3 months prior to the present, delivering high-resolution hourly
information on surface variables. This dataset, which has an approximate grid
spacing of 9 km, is the outcome of reprocessing the land component of the
ERAS climate reanalysis with a more precise spatial resolution. The ability to
operate at more exact scales thanks to the horizontal resolution of 0.10° x 0.10°
instead of 0.25°x0.25° is the main difference between this set and its original.

2.2.2. CMIP6 Global Climate Models

In this study, the CMIP6 global climate models were used as the source of
future projections. The6th edition of the Coupled Model Comparison Project,



20 - Sertac ORUC

(CMIPO6), (Eyring et al., 2016; O’Neill et al., 2016), is understood to have per-
formed better compared to its predecessor CMIP5. Although the CMIP 6 data
is relatively new, there appears to be a growing interest in the implementation
of the latest projections.

Moreover, Baggaci et al. (2021) stated that CMIP6 products in Turkey
performed better than CMIP5 for precipitation and temperature, and therefore
the results of climate change impact studies should be updated with the lat-
est data. Therefore, CMIP6 models are not only the most up-to-date climate
models, but also perform better on Turkey than the previous version of CMIP5
models. Table 1 lists the top ten CMIP6 models that demonstrate enhanced
performance over Turkey, as identified by Bagcaci et al. (2021), while Figure
2 graphically presents the SSPs, outlining them as prospective future scenar-
10S.

Table 1. Top 10 CMIP6 climate models over Tiirkiye used in the study (Precipitation
and Temperature) (Bagcaci et al. (2021)

Rank Precipitation Temperature
CMIP 6 GCM CMIP 6 GCM
1 HadGEM3-GC31-MM MPI-ESM1-2-HR
2 GFDL-ESM4 CNRM-ESM2-1
3 ACCESS-CM2 NorESM2-MM
4 EC-Earth3 MRI-ESM2-0
5 CNRM-CM6-1-HR EC-Earth3-Veg
6 MRI-ESM2-0 CESM2
7 EC-Earth3-Veg HadGEM3-GC31-MM
8 HadGEM3-GC31-LL CNRM-CM6-1
9 MIROC6 CESM2-WACCM
10 UKESM1-0-LL BCC-CSM2-MR
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Figure 2. CMIP6 Global Climate Model Future Scenarios (O’Neill et al, 2016)

2.3. Method

2.3.1. Bias Correction

The quantile delta mapping method (QDM) has been developed to elimi-
nate systematic biases in model outputs, while simultaneously preserving the
relative changes observed within the quantiles of the models’ variable under
scrutiny (Cannon et al., 2015). A relative change term taken from the model
data and a bias-corrected value obtained using reference data make up the core
equation of the quantile delta mapping approach. This method differs from the
detrended quantile mapping approach in that it takes into account all modeled
quantiles in addition to the modeled mean. (Cannon et al., 2015; Gumus et al.,
2023).

o

xm,p (t) = E|:~::l:’1,i'i:;:l (t) * d:lrl (t)
fr.:v:;-zmi'z:;':.l [tj = FD_,i;Jz-{'F;n,u [xm,u [tj]} (1)
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Zomni(8) is the bias corrected reference period data, 4m () is the
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relative change in the model data over the reference and projection pe-
riods.

2.3.2. Multi-model ensemble average

In climate modeling research, the multi-model ensemble average
(MMEA) is frequently employed to account for the biases and uncertainties
introduced by GCMs (Kim et al., 2016, Ahmed et al., 2019). In this approach
predictions of different models utilized to produce a single yet more accurate
predictions. The idea behind this approach is that combining the strengths of
multiple models will create a more robust and accurate predictive model that
any single model cannot achieve individually. Using an ensemble average, in
which the individual model predictions are averaged together to get a final
output, is one method of combining the predictions of multiple models. On the
other hand, it should not be forgotten that this may not always be the optimal
method, However, it can be a straightforward and simple way to combine the
predictions of different models. R software version 4.2.2 was used to conduct
the analysis.

2.3.3. Extreme Value Analyses

For researching meteorological extremes, extreme value analysis (EVA)
is often utilized (Oruc, 2021). Extreme value theory (EVT) focuses on analyz-
ing the statistical characteristics of the extreme values (tails) of distributions
and provides methodologies for assessing the extremes of a time series (Coles,
2001). EVT utilizes probability distribution functions such as the Generalized
Extreme Value (GEV) or Generalized Logistic (GL) to model annual block
maximum (A(B)M) series, or the Generalized Pareto Distribution (GPD) for
peak-over-threshold (POT) series (Oruc, 2021). This theory is extensively
employed in engineering disciplines to address extreme environmental condi-
tions (Coles, 2001; Coles and Sparks 2006).

According to Gilleland and Katz (2016) the GEV distribution is consid-
ered capable of fitting block maxima (BM) of datasets (). It is characterized by
three parameters, which are provided in the following equation (2), location
(), scale (o), and shape (&) parameters.

G(z) =exp (- {1 +§ (?)} 9, (2)

where z, = max {z, 0}, >0, and —oo < p, & < oo (Coles 2001).

The BM method seeks to characterize the probability distribution of a
block’s maxima. The BM technique selects blocks of equal length and deter-
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mines the maximum values from each block. Subsequently the GEV distri-
bution is fitted to the acquired maximum series to estimate the return level,
return period and the probability of exceedance. The block size holds signif-
icance as the convergence of the parent distribution’s maximum series to the
GEV distribution, as anticipated in the Block Maxima (BM) approach, may
be hindered due to the limited number of blocks and biases and errors induced
by the limited block size (Oruc, 2021).

GEV models were built using a BM method for this investigation, and
distribution parameters were evaluated using MLE. According to Roslan et al.
(2020), MLE is adaptive to model modifications and is often used to estimate
GEV distribution parameters due to its beneficial asymptotic features. Model
parameters were chosen in this manner because they optimize the likelihood
function, allowing for the optimal distribution to describe the observed data
(Mahmoodian, 2018).

RESULTS

For the projection of extreme precipitation events, an ensemble of 10
CMIP6 models was made to examine the alterations in extreme precipitation
across Tiirkiye. To determine the return levels with different return periods,
annual daily maximum precipitation data were employed with the General-
ized Extreme Value (GEV) distribution, a method widely recognized as the
most suitable for fitting extreme precipitation data, as evidenced by various
global studies. Both SSP2-4.5 and SSP5-8.5 scenarios were used considering
the near-mid-far future 24-hour (daily) return level values for 20-50-100 years
return periods.

The daily annual maximum precipitation based on downscaled CMIP6
models for the grids covering Tiirkiye are used to derive return level values of
various return periods and compared with the ERA5-Land values during the
reference period by calculating the 20-50-100 years return levels.

The spatial and temporal distribution of magnitudes and relative changes of
R20, R50, R100 for both scenarios are given in Figure 3, 4, and 5. The similarity
between the ERAS5-Land values and the downscaled GCM ensemble shows the
success of bias correction and downscaling algorithm. In the case of 20-year
return level values (Figure 3), lowest values are observed in the Central Ana-
tolia Region and some parts of the Eastern Anatolia Region, where values vary
around 40mm. Meanwhile, the highest values are observed in eastern coasts of
Black Sea Region and western Mediterranean Region where return levels are
over 100 mm. Although both scenarios projected an increase in 20-year return
levels, the increase under the SSP5-8.5 scenario is more critical. By the end of
the century, this scenario projects that historical highest return levels will be
experienced across most of the Aegean, Mediterranean and Marmara coast.
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Figure 3. 20 years return level.

When the historical results for 50 year return levels are investigated (Fig-
ure 4) the values are generally around 50 mm in the Central Anatolia region
and most parts of the Eastern Anatolia Region. Meanwhile, values up to 150
mm is observed in eastern Black Sea and Mediterrenean Regions. Similar
to 20 year return levels, a gradual increase in the entire Tiirkiye is projected
under both scenarios. However, the highest increases are projected by the end
of the century under SSP 5-8.5 scenario for the Mediterrenean and Aegean
coasts. Altough the eastern Black Sea is a historical hotspot, it is relatively less
effected by the changes in extreme precipitation.
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Figure 4. 50 years return level.

Finally, 100 year return level values (Figure 5) show that historically the
eastern coasts of the Black Sea Region and the Mediterrenean Region shows
the highest values with up to 200 mm. On the other hand, values in the Centre-
al Anatolia and Eastern Anatolia regions does not exceed 70 mm. Apart from
the coast and eastern parts, the Black Sea region also experiences relatively
smaller return levels. However, in the future periods the values are expected
to increase in all regions. Under SSP5-8.5 scenario values up to 100 mm could
be experienced by the end of the century in the Central and Eastern Anatolia
regions. In the Mediterrenean region where the highest increase is expected,
values may rise up to 250 mm in some locations. Eastern parts of the Black
Sea regions relatively less affected while the increases in the Mediterrenean
and Marmara regions also show significant increases.

- 25
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Figure 5. 100 years return level.

All results indicate that gradual increases in return levels are expected.
Even though increases under SSP5-8.5 are more drastic, SSP2-4.5 is also proj-
ects significant increases by the end of the century, especially around Medi-
terranean and Aegean coasts. The differences between scenarios are relatively
small for the near future period (2015-2040), however after mid-century, the
diverge becomes more evident. It is also observed that the difference between
mid-century (2041-2070) and late-century (2071-2100) is more significant
under SSP5-8.5 unlike SSP2-4.5 scenario where extremes are more stable.

CONCLUSIONS

The objective of this research was to examine the projected alterations
in extreme precipitation over Tiirkiye as a consequence of climate change
throughout the twenty-first century. The study employed Coupled Model In-
tercomparison Project Phase 6 (CMIP6) models in accordance with the Shared
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Socio-Economic Pathways (SSP)5-8.5 and SSP2-4.5, utilizing a three-tiered
future framework (near [2015-2040], middle [2041-2070], and far [2071-
2100]). As a statistical downscaling technique, the Quantile Delta Mapping
(QDM) method was applied to improve the spatial accuracy of low-resolu-
tion global climate models (GCMs). For this purpose, the fifth-generation re-
analysis (ERAS5-Land) dataset from the European Centre for Medium-Range
Weather Forecasts (ECMWF) was utilized. The dataset has a spatial resolu-
tion of 0.1° x 0.1° (equivalent to approximately 9km).

Climate change is expected to affect precipitation patterns globally, and
Turkey is no exception. The region’s climate is influenced by its unique geog-
raphy, which includes coastal areas, inland regions, and mountainous terrain.
The impacts of climate change on precipitation are not uniform across Tur-
key. Different regions may experience varying changes due to local climate
influences. For instance, coastal areas might see different changes compared
to central or eastern parts of the country. With an increase in extreme precip-
itation events, the risk of flash flooding may rise, particularly in urban areas
with inadequate drainage or in regions where the natural landscape has been
significantly altered.

After performing an evaluation of the findings, it was determined that
both the SSP2-4.5 and SSP5-8.5 scenarios account for significant changes in
extreme precipitation over the course of the century in the studied area. How-
ever, SSP 5-8.5 scenario indicates a more dominant increase by the end of the
century, according to the analyses results especially for the longer return peri-
ods. In the context of extreme precipitation, both scenarios suggest an intensi-
fication of the severity of heavy precipitation events. In conclusion, the results
indicate that climate change will contribute to an intensification in both the
severity and the recurrence rate of extreme climate conditions over Tiirkiye.

However, this study also has its own limitations. Firstly, the accuracy of
the findings is dependent on the quality of the reference dataset used, which in
this case is the ERAS5-Land reanalysis data. It is acknowledged that reanalysis
data may not often yield the extreme values when compared with the station
observations. Additionally, the number of models used is expected to affect
the results; increasing the number of models and/or employing a different en-
semble method, such as a weighted average of models employed, is likely to
enhance the accuracy of the findings.
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Figure 1. Electromagnetic thrusters
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Electromagnetic propulsion represents the third category within elec-
tric propulsion, with a primary focus on propelling highly charged plasmas
through the utilization of currents and magnetic fields. In contrast to electro-
static engines, electromagnetic engines demonstrate a notably high thrust den-
sity, ranging from 10 to 100 times that of ion engines, and produce a neutral
exhaust beam, obviating the necessity for an ion neutralizer. The interaction
of electric and magnetic fields, perpendicular to each other, facilitates the ac-
celeration of plasmas.

Electromagnetic thrusters employ various methods to ionize propellant
and propel it using an electromagnetic field, combining elevated specific im-
pulses with the capacity to handle exceptionally high power levels. This cat-
egory of electric propulsion engines can achieve significantly greater thrust
levels (N-kN) in comparison to electrostatic thrusters (Tajmar 2003).

Electromagnetic techniques offer a noteworthy advantage over electro-
static counterparts as they can confine and direct plasmas characterized by
higher temperature and density. This results in increased exhaust velocities,
leading to a more efficient utilization of propellant mass (Jordan 2000).

Electromagnetic thrusters propel ionized gas flow without being con-
strained by electric space charge, distinguishing them from gridded ion thrust-
ers. Various types include pulsed thrusters, magnetoplasmadynamic (MPD)
thrusters, and helicon thrusters. MPD thrusters, in particular, have the poten-
tial to generate substantial thrust at high power levels, making them suitable
for missions related to cargo and personal transportation to Mars (Levchenko
et al., 2022).

The operation of electromagnetic thrusters involves the acceleration of
ionized gas flow through the interaction of electric current and a magnetic
field, which can either be externally applied or self-generated through signif-
icant current flow. These thrusters can function in pulsed mode or as steady-
state devices (Beattie & Penn, 1989).

1. Hall Effect Thruster

Hall-effect thrusters leverage the Hall current and its interaction with a
magnetic field to produce thrust. In situations characterized by low-density
plasmas and elevated magnetic fields, the Hall-effect electric field becomes
prominent, yielding advantageous outcomes. The Hall current induces an or-
bital motion of electrons around a central guide, and with the application of a
radial magnetic field, the flow spirals outward, resulting in acceleration.

In the case of Hall thrusters, a process involves introducing gas (typically
xenon) into an annular space through an anode. Electrons flowing in the op-
posite direction, derived from an external hollow cathode current, ionize the
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gas. lons then accelerate under the influence of the electrostatic field generat-
ed by the negative cathode, while electrons undergo an azimuthal drift (Hall
current). Thrust is transferred to magnetic coils through interaction with the
electron Hall current. Hall thrusters fall under the category of electrostatic ion
accelerators, and their exhaust plume is highly ionized, exhibiting efficiencies
within the 45-55% range, which increase with voltage (Martinez-Sanchez &
Pollard, 1998).

Effective control of Hall thrusters entails managing low flow rates, typi-
cally a few milligrams per second, achieved by either thermally adjusting gas
viscosity or employing precision electromechanical valves. Variables such as
thrust, specific impulse, and power can be regulated through voltage, with
additional control possible through manipulation of the magnetic field. The
power-processing unit for Hall thrusters is intricate and weighty, designed
to accommodate plasma fluctuations and coordinate magnet current and flow
controls. Two competing designs, namely the ceramic-lined stationary plasma
thruster (SPT) type and the ‘thruster with an anode layer’ (TAL) type, are dis-
cussed in the literature (Martinez-Sanchez & Pollard, 1998).

Researchers have conducted analytical studies on oscillation phenomena
in Hall thrusters, observing discharge current oscillations, referred to as ion-
ization oscillations, occurring at frequencies ranging from 10 to 100 kHz. A
one-dimensional discharge model, incorporating conservation equations for
ions and neutrals and considering spatially sinusoidal fluctuations of densities
along the channel, accurately predicted oscillation frequencies consistent with
experimental observations (Tahara & Nishida, 1999).
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Figure 2. Hall effect thruster

1.1. Stationary Plasma Thruster

In the early 1960s, the Kurchatov Institute of Atomic Energy (KIAE)
in Russia, led by Professor Alexey Morozov, designed the initial laborato-
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ry models of Stationary Plasma Thrusters (SPTs). By the late 1960s, these
thrusters, operating with gaseous propellant at power levels in the hundreds of
Watts, demonstrated a thrust efficiency ranging from 0.2 to 0.35 and specific
impulses varying from 1000 to 2000 seconds. The quasi-electrostatic ion ac-
celeration in SPTs enabled higher ion current density without being restricted
by space charge limitations. Initial tests involved the correction of the orbit of
the “Meteor” satellite, highlighting the practicality and compatibility of SPTs
with satellite subsystems (Kim & Popov, 2001).

In the SPT configuration, a DC electric field is established along the axis
of the thruster, with the anode positioned at the non-exhaust end and the cath-
ode either externally or at the exhaust end of the ionization chamber. Electrons
emitted from the cathode are attracted into the chamber by the electric field,
and their circulation lifetimes are prolonged through E x B drift, assisting in
the ionization process. Subsequently, the electrostatic field accelerates ions
into the exhaust flow. The applied voltage difference, typically around 300 V,
generates an accelerating electric field, while a radial magnetic field confines
electron flow, concentrating the voltage difference for efficient ion accelera-
tion. Notably, Russian-built Fakel SPTs have accumulated over 10,000 hours
of space operation (Jordan 2000) (Stephenson 1995).
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Figure 3. Stationary plasma thruster

1.2. Thruster with Anode Layer

Hall thrusters featuring an anode layer, also known as “thrusters with an-
ode layer” or “thrusters with external layer” differ in configuration from Sta-
tionary Plasma Thrusters (SPTs). In this design, anodes are positioned down-
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stream, and the ion production region is situated more externally compared to
SPT units. Hall thrusters of the TAL type typically have smaller dimensions
and lower erosion rates. Significantly, TAL thrusters generally exhibit twice
the thrust-to-power ratio of ion-bombardment electrostatic systems, requiring
electric field potentials of only 300-400 V.

Over several decades, the USSR extensively employed both SPTs and
TALs, incorporating them into Meteor weather satellites, military surveillance
platforms, and Express telecommunication satellites. Even following the end
of the Cold War, Russian Hall thrusters found applications in U.S. military
research initiatives, such as STEX, launched in October 1998. Through a suc-
cessful marketing campaign, conducted in collaboration with U.S. companies,
the reach and utilization of these advanced propulsion systems have been fur-
ther expanded (Jordan 2000).
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Figure 4. Thruster with anode layer

2. Pulsed Plasma Thruster

Pulsed Plasma Thrusters (PPTs) stand out in the realm of electric propul-
sion due to their unique operation in short pulses, typically around 10 mil-
liseconds, and their utilization of solid propellants such as Teflon. The pro-
pulsion process involves charging a capacitor, applying 1-2 kilovolts across
the Teflon surface, initiating a discharge through a spark plug, and ionizing,
evaporating, and predominantly ionizing a small quantity of material. The in-
stantaneous current, reaching tens of kiloamperes, generates a magnetic field
that accelerates the gas slug to speeds nearing the ‘critical Alfven velocity,’
resulting in specific impulses of 1000—-1500 seconds or higher at very high
power (Martinez-Sanchez & Pollard, 1998).
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PPTs excel in tasks requiring precision orbital or attitude control and have
been utilized on satellites like LES-6 and the U.S. Navy’s NOVA constellation
since the late 1960s. However, challenges include modest efficiency (8—13%)
and significant mass. Ongoing research aims to enhance efficiency through
pulse tailoring, nozzle recovery, and increased instantaneous power. Despite
these challenges, PPTs continue to be a favourable choice for light propulsion
applications that demand reliability and precise control (Martinez-Sanchez &
Pollard, 1998).

The Tokyo Metropolitan Institute of Technology (TMIT) collaborates
with NASDA in PPT research, focusing on evaluating the feasibility of atti-
tude control, de-orbit manoeuvres, and formation flight for small satellites like
p-LabSat II. The advantages of PPTs for small satellites, stemming from their
compact size and reduced weight, make them an attractive option, and ongo-
ing research strives to improve their performance, reliability, and feasibility
(Tahara 2003).

Comprehending the intricacies of PPTs involves delving into electro-
magnetic and electrothermal processes. The ignition of the discharge, often
initiated by a spark plug, plays a pivotal role. Numerical simulations con-
tribute to modeling PPT behavior, offering insights into factors influencing
thrust variations from one shot to another. The 35-year development history
covers fundamental physics, diverse PPT types, performance evaluations in
both flight and laboratory settings, theoretical advancements, and modeling
breakthroughs (Burton & Turchi, 1998) (Pottinger & Scharlemann, 2007).

The propulsion mechanism of a PPT involves a propellant bar positioned
between two electrodes connected to a capacitor bank. An ignition spark trig-
gers an electric discharge along the propellant surface, leading to heat-induced
ablation and ionization of the propellant. The ionized propellant is then ac-
celerated by electromagnetic fields, akin to Magnetoplasmadynamic (MPD)
thrusters. A simple spring facilitates the axial advancement of the bar, en-
abling propellant replenishment (Mickelsen 1967).
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Figure 5. Pulsed plasma thruster
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3. Magnetic Plasma Dynamic Thrusters

Magnetoplasmadynamic (MPD) Thrusters typically achieve higher pow-
er densities in plasmas through magnetic interactions rather than electrostat-
ic interactions. The self-field MPD thruster generates an azimuthal magnetic
field and corresponding magnetic pressure by directing a robust radial current
between concentric electrodes. The thrust produced is directly proportional to
the magnetic pressure, and the back electromotive force (EMF) scales as I*™.

MPD thrusters utilizing noble gases have demonstrated efficiencies of up
to 35%. Even when operating at megawatt power levels, greater efficiencies
are observed when employing hydrogen at higher specific impulses. Challeng-
es for MPD thrusters persist, particularly in terms of high-power requirements
and addressing the development of a robust plasma pinching force (Martin-
ez-Sanchez & Pollard, 1998).

Anode Feed

KTube
= %

MPD
Thruster
Permanemt \L
Magnets Anode

Electromagnets

Figure 6. Magnetic plasma dynamic thrusters

3.1. Self-field MPD Thruster

Various self-field Magnetoplasmadynamic (MPD) thrusters, operating
within the high-power range of 100 kW to 1 MW, have been subject to scru-
tiny in recent decades, all functioning in steady-state mode. Different geome-
tries have been explored in various studies, a few of which are outlined below.

The ZT-thrusters, characterized by a cylindrical design, underwent in-
vestigation at power levels reaching 350 kW and currents up to 15 kA. These
thrusters encountered limitations not intrinsic to the thruster itself but rather
due to inadequate cooling of the vacuum chamber. Extensive plasma diagnos-
tics, involving emission spectroscopy and electrostatic probes, along with an
analysis of temperature distribution on the cathode surface, were conducted
and compared with numerical computations (Schmidt 2005).
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Researches (Herdrich et al., 2009) explored the performance of noz-
zle-type Magnetoplasmadynamic (MPD) thrusters employing argon as a pro-
pellant. These thrusters demonstrated thrust values reaching up to 25 N with
a thrust efficiency of approximately 10%. Featuring a coaxial geometry, the
cathode positioned upstream on the center axis and the anode downstream
formed the nozzle, incorporating neutral segments in the nozzle throat for
a gradual reduction in potential difference. Hybrid approaches, such as DT
and HAT/CAT geometries, blending thermal expansion and magnetic accel-
eration, achieved thrust values of 27 N at power levels up to 550 kW, current
levels up to 8000 A, and thrust efficiencies up to 27%. However, challenges
included constrained current levels due to voltage oscillations and the onset
of arc phenomena at the anode. The study integrates experimental work with
numerical codes for theoretical calculations, providing a comprehensive un-
derstanding of MPD thruster dynamics.

This extensive research, coupled with optical diagnostics and theoretical
investigations into the onset of instabilities, suggests that these phenomena
may be attributed to charged particle depletion in the anode boundary layer.
The HAT thruster, specifically designed to investigate the influence of the hot
anode surface on instabilities, is detailed in a particular study (Herdrich et al.,
2009).
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Figure 7. Self-field MPD thruster

3.2. Applied-field MPD Thruster

The applied field MPD thruster, also known as a “Lorentz Force Accel-
erator,” features an axisymmetric chamber with a cathode running along its
length, carrying a substantial current. The ionization of inflowing neutral gas
occurs due to the potential difference, and the plasma experiences acceler-
ation through both Joule heating and electrodynamic forces. The dominant
acceleration mechanism is provided by the Lorentz force, generated by the
interaction of the current-carrying plasma with a magnetic field. There are
two methods of magnetic field production: self-field and applied field. The
applied field approach incorporates an external solenoidal magnetic field to
enhance acceleration and plasma confinement. MPD thrusters can operate in
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quasi-steady state or pulsed modes, with efficiency being dependent on power
input. Steady-state units have not yet been flown due to higher power require-
ments. The Japanese ISAS satellite SFU tested the general operation of quasi-
steady-state MPD thrusters (Jordan 2000).

In the power range of 5-100 kW, Stationary Applied Field Magnetoplas-
madynamic (AF-MPD) thrusters are undergoing experimental investigations
aimed at determining their operational and performance parameters, along
with the characterization of their plume. The primary objective is to assess the
laboratory thruster’s quality and validate the numerical simulation program
SAMSA. Thruster characterization involves varying the applied magnetic field
strength up to 0.5 T on the axis of symmetry and axial variation of the mag-
netic coil. The spatial distribution of the magnetic flux density is measured
using a Hall probe, showing good agreement between measured magnetic field
and numerical results. The influence of mass flow rate, as well as arc current
and voltage, is also under investigation. Thrust measurement is facilitated by
assembling the laboratory thruster on a thrust balance, and plume character-
ization involves electrostatic probe measurements. The modular assembly of
the thruster allows for changes in electrode geometry and magnetic field con-
figuration based on numerical or experimental results. The radiation-cooled
design not only simplifies the thruster’s structure but also facilitates further de-
velopment toward a flight model, and the IRS laboratory thruster has demon-
strated successful engagement (Herdrich et al., 2009).

Regarding the effects of applied field strength and shape on performance,
various investigations have been conducted. Generally, efficiency, specific im-
pulse, and voltage show linear increases with applied field strength for B >> 1.
Operation without an applied field at powers less than 100 kW tends to result
in a diffuse beam, while the addition of an applied field produces characteristic
cathode and anode jets extending downstream of the anode. Myers observed
that, as the applied magnetic field strength increased (100 kW, cylindrical anode,
B =11t09), alarger fraction of the input power was deposited in the plasma,
making it available for conversion to thrust power (Kodys & Choueiri, 2005).
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4. Inductive Pulsed Plasma

There is not very much information about this type of thruster. One study
is given below.

In a pulsed inductive thruster, a cluster of high-voltage capacitors, ap-
proximately 10 kV, discharges into a flat induction coil strip encircling a cylin-
drical chamber. Just prior to the discharge, a rapid valving system introduces
neutral propellant into the chamber. Before the propellant has a chance to dis-
perse through diffusion, the discharge pulse generates a robust magnetic field
within the chamber. This magnetic field both ionizes and propels the plasma
away from the coil. As the chamber is sealed at one end, the propellant plasma
is contained and expelled from the exhaust end of the chamber (Jordan 2000).
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Figure 9. Inductive pulsed plasma

5. Variable specific-impulse plasma

The variable specific impulse plasma thruster operates with an electrodeless
cylindrical chamber, performing ionization, plasma heating, and conversion to
directed exhaust. In the forward section of the chamber, hydrogen is introduced
and undergoes ionization. The resulting ions disperse into the mid-section,
where additional heating occurs through electron and ion cyclotron heating, as
well as whistler wave heating. Progressing downstream, the plasma enters the
nozzle section, where the shape, field strength, and configuration transform the
thermal energy of the plasma into kinetic energy for propulsion.

To mitigate elevated temperatures of the chamber walls, neutral hydro-
gen is injected radially near the nozzle. This injection serves the dual pur-
pose of cooling the walls and disrupting the connection between the plasma
and the enclosed magnetic field, particularly at low specific impulse values
where plasma densities are high. Alternatively, at higher specific impulses, a
high-frequency AC ripple field is employed to disrupt the magnetic field-plas-
ma connection. Currently, the variable specific impulse plasma thruster is un-
dergoing laboratory testing and development phases. The Johnson Space Cen-
ter is actively exploring a version suitable for manned space missions, known
as VASIMR (Jordan 2000).
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6. Radio-Frequency Ion Thrusters

Radiofrequency ion thrusters operate by ionizing a propellant gas within
an insulated discharge chamber using radio frequency (RF) radiation. Subse-
quently, ions are extracted through an accelerator grid, mirroring the mech-
anism found in gridded electrostatic propulsion systems. Like other charged
plasma ejection systems, an external neutralizer cathode is used to maintain
current balance in the exhaust. Demonstrations involving the RIT-10, an RF
thruster developed through collaboration between the University of Giessen
and Daimler-Benz Aerospace, have shown thrust levels in the range of tens
of milliNewtons. This thruster was utilized on the EURECA test satellite in
1993, and larger variants featuring 15-cm and 35-cm grids have also been
developed.

Within the realm of RF thrusters, as an alternative to the electron-bom-
bardment approach, the propellant gas is ionized through MHz frequency
excitation facilitated by free electrons. This concept, credited to Prof. Loeb
of Giessen University in Germany, involves an extractor grid (+1.5 kV) re-
directing ions into the discharge chamber. The accelerator grid (-1.5 kV) and
deaccelerator grid (around ground potential) are designed in a manner similar
to electron bombardment thrusters. Despite design advantages, such as the
absence of a hollow cathode in the main discharge chamber, the efficiency
of the RF thruster is slightly lower than that of Kaufman engines using the
RF plasma process. Astrium in Germany markets the RIT-XX thruster series
(RF Ion Thruster), with the RIT-10, generating 10 milliNewtons of thrust,
being flight-qualified on the EURECA mission in 1993. The RIT thruster is
also employed on the ARTEMIS satellite in conjunction with the UK thruster
(Tajmar 2003).
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6.1. Helicon plasma Thruster

Helicon Plasma, similar to pulsed plasma thrusters, utilizes Lorentz force
interaction for plasma acceleration. It employs a helicon tube to generate a
traveling electromagnetic wave along the centre of the plasma chamber, main-
taining high magnetic field strengths. Helicons have been proposed for use in
various electromagnetic thrusters and have gained attention in applications
such as the variable specific impulse plasma thruster (Jordan 2000).

A study in literature focuses on measuring thrust in a permanent magnet
helicon double layer thruster through direct experimentation using a pendu-
lum thrust balance and a highly sensitive laser displacement sensor. Operating
at low pressures (0.08 Pa), downstream ion beams were detected, revealing a
maximum thrust force of around 3 millinewtons for argon at an RF input pow-
er of approximately 700 watts. The measured thrust was found to be directly
proportional to the upstream plasma density, aligning closely with theoretical
thrust calculations based on the maximum upstream electron pressure. These
findings offer valuable insights into the performance and alignment of experi-
mental results with theoretical predictions in the context of permanent magnet
helicon double layer thrusters. (Takahashi et al., 2011).

Recent discoveries of current-free double layers (DLs) in RF plasmas and
the formation of ion beams in such systems have renewed interest in plasma
expansion studies, particularly in the context of propulsion. Plasma thrusters,
unlike conventional electrostatic acceleration thrusters, utilize bipolar electric
fields or DLs to achieve supersonic ion speeds. These systems involve an in-
sulating source tube, a magnetic field for plasma confinement and expansion,
and an RF antenna for plasma generation. Importantly, no biased electrodes
are required, reducing erosion of system components. The study of plasma
thrusters has focused on fundamental DL physics, various propellant gases,
helicon wave characterization, and the use of permanent magnets. Experimen-
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tal research, including thrust measurements for the permanent magnet helicon
double layer thruster, contributes to the understanding of plasma thruster per-
formance (Takahashi et al., 2011).
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Figure 12. Helicon plasma thruster

6.2. Electron Cyclotron Resonance Thruster

Electron Cyclotron Resonance (ECR) employs an electrodeless technique
that utilizes a microwave waveguide for gas ionization. In this process, cir-
cularly polarized transverse-electric mode radiation is absorbed by a limit-
ed population of free electrons moving in cyclotronic paths within a plasma
chamber. The plasma chamber is surrounded by an externally generated mag-
netic field from a solenoid. Gas ionization occurs due to collisions between
circulating electrons and neutral gas atoms. These circulating electrons align
their magnetic dipoles opposite to the externally applied magnetic field. As the
solenoid field diverges toward the exhaust port, it accelerates the plasma to
high velocity. A unit, having successfully passed an 18,000-hour life test in its
engineering model, is scheduled for launch post-2002 as part of the Japanese
asteroid sample return mission MUSES-C (Jordan 2000).
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Figure 13. Electron cyclotron resonance thruster

6.3. Inductively Coupled Plasma Thruster

In the realm of inductively coupled plasmas (ICP), the process involves
passing initially ionized argon gas through a quartz torch positioned inside a
copper coil connected to a commercial radio frequency (RF) generator oper-
ating at 27.1 MHz with up to 3 kW forward power. The copper coil generates
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high-frequency currents that produce oscillating magnetic fields, resulting in
closed elliptical paths outside the coil. Electrons and ions experiencing the
oscillating electromagnetic field undergo high acceleration rates, causing
electron acceleration during each half cycle. Collisions between accelerated
electrons and ions, along with subsequent ionization of unionized argon gas,
contribute to further ionization (Soltanpour et al., 2018).

Noble gases like argon commonly fuel inductively coupled plasmas, fa-
cilitating efficient vaporization, dissociation, atomization, excitation, and fi-
nal ionization of sample constituents. This high-temperature process induces
complete fragmentation of sample molecules, leaving only detectable atomic
constituents—metals, metalloids, or heteroatoms. These atomic constituents
can serve as surrogates for detecting complex molecules such as proteins,
nucleic acids, or small organic molecules. ICP-mass spectrometry (ICP-MS)
stands out due to its high sensitivity, a wide linear dynamic detection range
(up to nine orders of magnitude), and specificity for accurate detection and
quantification of various elements, including metals, metalloids, and hetero-
elements (Profrock & Prange, 2012).

ICP-MS, with a plasma temperature exceeding 7000 K, is well-suited
for liquid samples when coupled with techniques like flow-injection analysis,
high-performance liquid chromatography, or capillary electrophoresis. Gas-
eous or solid samples can be analyzed using gas chromatography (GC) or
laser ablation (LA) as sample introduction techniques, respectively. ICP-MS
can provide precise isotope ratio information for elements featuring multiple
stable isotopes, making isotope dilution analysis the preferred method for ac-
curate quantitative results. Despite its versatility, I[CP-MS is often perceived
only as a “metal” detector, and efforts are underway to change this perception
(Profrock & Prange, 2012).

In a pulsed inductive thruster, a bank of high-voltage capacitors (around
10 kV) discharges into a flat induction coil strip surrounding a cylindrical
chamber. Preceding the discharge, a fast valving system injects neutral pro-
pellant into the chamber. The discharge pulse generates a high magnetic field
within the chamber, ionizing and accelerating the plasma away from the coil.
As the chamber is closed on one end, the propellant plasma is confined and
expelled from the exhaust end. However, challenges may arise regarding
shielding transient magnetic and electric fields. Thompson Ramo Wooldridge
Inc. has conducted development work, but no space tests have been executed
(Profrock & Prange, 2012).
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Figure 14. Inductively coupled plasma thruster

6.4. Surface Wave Plasma Thruster

Researchers are looking into new ways to create large-diameter, high-den-
sity microwave plasmas (bigger than 30 cm) without using an external mag-
netic field and at low pressures (less than 20 mTorr). This technology has
potential uses in the next-gen super-small computer chips and flat panel dis-
plays. To make this work well, it’s super important to really understand how
the plasma behaves. The study digs into the details of what happens when you
use microwave energy to create waves on a flat plasma surface. They found
specific wave patterns using optical and microwave measurements, and their
analysis explains how these waves work. They also figured out that the plasma
could absorb these waves in a special way, which they call collisionless ab-
sorption. The study introduces tools that use these waves, some of which you
can actually buy. If you are curious about why this matters for making better
high-density plasma sources, the study has all the details (Sugai et al., 1998).

Comparing surface wave plasma (SWP) and inductively coupled plasma
(ICP) reactors, which are high plasma density, unmagnetized sources, reveals
their potential in next-generation etching processes (Kokura et al., 1999).

In comparing the 2.45 GHz SWP and the 13.56 MHz ICP concerning rad-
ical composition in C4F8/Ar discharges and the electron energy distribution
function (EEDF), notable distinctions emerged from a study conducted in an
identical plasma vessel with the same wall temperature. The ICP demonstrated
a higher dissociation degree of C4F8 at an equivalent electron density compared
to the SWP. Conversely, the SWP exhibited significantly higher neutral radical
densities (CF3, CF2) at the same electron density, while the ICP showed an el-
evated F radical density. In terms of ionic composition, the ICP contained more
Ar+ ions and fewer fluorocarbon ions (CmF+n), whereas the SWP featured
large molecular ions (C2F+4, C3F+3, C3F+). In conclusion, the ICP was found



International Research and Reviews in Engineering II - December 2023 - 49

to be more dissociative than the SWP at the same electron density, tentatively
attributed to differences in their EEDFs (Kokura et al., 1999).
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Figure 15. Surface wave plasma thruster

7. Quad Confinement Thruster

The Quad Confinement Thruster (QCT) is an innovative electric propul-
sion device designed to generate thrust and vector it without the need for ad-
ditional pointing mechanisms. First developed in 2010 by researchers at the
Surrey Space Centre, the thruster has undergone various stages of develop-
ment, including the launch of a flight demonstration unit on Surrey Satellite
Technology Ltd’s NovaSAR-1 satellite in 2018 (Rosati Azevedo et al., 2021).

Despite these advancements, the QCT faces challenges in commercial de-
velopment due to its limited thrust efficiency, demonstrated to be no more than
6%. This efficiency is notably lower compared to Hall Effect thrusters (HET),
which routinely achieve over 40% thrust efficiencies, even at the low power
levels required by small satellite platforms (Rosati Azevedo et al., 2021).

The Quad Confinement Thruster (QCT) utilizes a concept similar to the
Hall effect thruster (HET), employing a magnetic field between an anode and
an external hollow cathode neutralizer. An electric field within the magnetic
barrier accelerates ion beams, and thrust vectoring is achieved by manipulat-
ing the magnetic field’s topology. This magnetic barrier is established by a
quadrupole arrangement of eight electromagnets positioned around the thrust-
er’s periphery. The magnetic structure allows for thrust vector control, akin
to traditional electric thruster gimbal mechanisms, providing a significant ad-
vantage by eliminating the need for a gimbal mechanism. This design has the
potential for mass and complexity savings (Knoll et al., 2015).

Approximately 50% of the QCT’s overall mass (4.4 kg) is attributed to
its electromagnets and supporting structure, generating a relatively weak mag-
netic field (maximum <250 G). The observed beam vectoring is speculated to
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be linked to an electrostatic interaction of ions rather than a direct interaction
with the magnetic field. Langmuir probe measurements in the near-field re-
gion indicate a repositionable magnetic null point within the channel, allow-
ing for a sustained electric field component perpendicular to the device’s axis,
contributing to the observed beam vectoring (Knoll et al., 2015).

The Quad Confinement Thruster, conceived in 2009 through collaborative
efforts between the Surrey Space Centre, SSTL, and Airbus Defence and Space,
underwent iterative experiments before transitioning into an industrialization
phase in 2013. This initiative sought to create a standardized, flight-worthy iter-
ation specifically designed for small satellites (Lane & Knoll, 2015).
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Figure 16. Quad confinement thruster

8. Cusped Field Thruster

The cusped field thruster (CFT) stands out as an innovative electric pro-
pulsion concept, offering advantages such as an extended lifespan, simple
structure, easy integration, low mass, and high reliability. This thruster type
has captured considerable attention in aerospace research, leading to the de-
sign and experimental testing of several cusped field thrusters by the Harbin
Institute of Technology (HIT) and Beijing Institute of Control Engineering
(BICE). In tandem, particle-in-cell (PIC) simulation models were developed
to uncover the underlying principles.

A study (Yongjie et al., 2018) introduces the Variable Magnet Length Cy-
lindrical Hall Thruster (VML-CFT) as a noteworthy iteration to assess the im-
pact of diverse magnet lengths on thruster performance. The investigation un-
derscores that thrusters featuring an extended middle stage, reduced magnetic
interface angle, and diminished cusp field intensity at the exit exhibit superior
thrust and efficiency. Comprehensive simulations highlight the substantial in-
fluence of magnetic field topology on plasma distribution within the primary
ionization region. The VML-CFT showcases outstanding performance met-
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rics, achieving 107.5 millinewtons in thrust, 38% efficiency, and 2232 seconds
in specific impulse, all while operating at a power consumption level of 3037
watts. Notable achievements include effective control of plume divergence to
less than 20° and anode xenon flow reaching 50 standard cubic centimeters
per minute (sccm). This study represents a significant advancement in opti-
mizing cylindrical Hall thrusters for enhanced space propulsion applications.

Experimental work revealed two operating modes for the thrusters: low
current mode and high current mode. Typically operating in the high current
mode when the mass flow rate is high and anode voltage is low, the central
leak path inside the channel played a significant role in forming a potential
drop near the channel exit, hindering the establishment of a strong electric
field. A fluid model was designed based on the study of electron transfer paths
in the channel, outlining two electron transfer paths.

The study (Yongjie et al., 2018) presents experimental findings inves-
tigating the influence of magnetic field strength in the channel under differ-
ent discharge voltage conditions. The results reveal a notable trend, wherein
weaker magnetic fields correspond to higher efficiency and thrust. Addition-
ally, variations in plume shape observed across different anode voltage con-
ditions are attributed to ion adjustments, providing valuable insights into the
intricacies of electric propulsion systems.

Cathode

Figure 17. Cusped field thruster
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1. INTRODUCTION

The point of care (POC) concept refers to medical diagnostic tests
performed where patients receive care (Jung et al., 2015). These tests are
usually performed using simple and easy-to-use devices that provide fast
results. Lab-on-a-Chip (LoC) technologies play an important role in the
implementation of the POC approach. For example, POC devices developed
using LoC technologies can provide faster, more sensitive, cheaper, more
comfortable for the patient, and more efficient diagnosis and treatment
results compared to traditional laboratory tests. This further increases the
advantages of the POC approach.

Figure 1. Figural description of LoC format. Thanks to advances in the
LoC format, the need for classical laboratories at least one room in size with
desktop or larger-sized devices will decrease in the future and living comfort

will increase (Salmon, 2014).

Technological advances in micro- and nanofabrication steps have led to
the development of impressive, miniaturized technologies for personalized
care and health management. These developments have led to the emergence
of various miniaturization technologies reported worldwide, especially in the
fields of health, environmental protection, and food safety, and have enabled
the production of more efficient and miniaturized sensors. The growth of the
biosensor industry has increased the demand for devices that offer rapid
detection, especially in accordance with the POC concept, and can be
applied in environments close to the end user. This increase in demand has
greatly affected the market attractiveness of sensing devices worldwide. In
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this context, LoC devices have started a new era in the practical applications
of miniaturized sensors with their portable size and fast analysis capabilities.
When these sensors are integrated into LoC devices, they can facilitate
testing and provide fast and effective health, environmental and process
monitoring solutions. This integration transforms approaches to diagnosis
and monitoring, both in laboratory environments and in the field, and
enables it to reach a wide range of users. The current shape and future
potential of the biosensor market will play a role in increasing the evolution
of LoC technologies and the demand for these innovative devices from
healthcare and other sectors.

Patient Presents
with Symptoms

——— Current Paradigm: Time-to-Resultin Hours to Days ———
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Lab-on-Chip: Time-to-Resultin Minutes

Figure 2. How might a LoC diagnosis impact a patient's workflow?
Current classic diagnostic workflows include collecting samples,
transporting them, processing them, and delivering the results to the patient.
(Bottom) LOC technologies enable on-chip POC tests with results in minutes
(Carly Tymm et al., 2020).

This book chapter discusses the basic concepts, working mechanisms
and applications of LoC technologies. In particular, a comprehensive review
has been conducted regarding how microfluidic systems can be used
(Whitesides, 2006), various types of sensors and detectors, and examination
of various materials and fabrication methods. Additionally, it focuses on how
these technologies can create change in areas such as health, environmental
analysis and biological research.

1.1. LoC and Historical Development

Another name for LoC devices is Micro-total analytical systems (u-TAS)
(Hanke & Dittrich, 2012). LoC technology aims to perform different
laboratory functions on a single chip and on a much smaller scale. This
technology was developed to speed up, simplify, reduce product and
personnel costs, and use fewer samples and reagents. LoC devices generally
use microfluidic systems to direct liquids in microliter volumes and then
perform biological and chemical analyzes with the measurement systems
inside.

- 57
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Figure 3. What are the differences between traditional techniques and
LoC technology? LoC technology is the name given to miniature devices that
perform multiple laboratory tasks on a single platform. LoC devices suitable
for use in many sectors such as healthcare, agriculture and food can be
developed and used in areas such as precise liquid guidance, intensified
processing, and analytics. Thanks to LoC, it is possible to benefit from the
advantages shown in the picture such as time saving, money saving, less
waste and portability (Adithya Sridhar et al., 2021).

In the late 1980s, silicon-based micromachining techniques began to be
adapted from the electronics industry to biological and chemical sensor
applications (van Lintel et al., 1988). This process led to the development of
the first MEMS (Micro Electromechanical Systems) and subsequently the
first products of the LoC concept. In the 1990s, with the development of
microfluidic systems, the first microliter volume liquid control was achieved,
and LoC technology began to gain momentum. Ten years later, LoC devices
began to be used in biological and chemical tests such as DNA analysis,
protein analysis, cell culture and pathogen detection. In the next stage, with
the process of automating the devices, the need for an experienced operator
was eliminated and multiple operations could be performed on a single
device. Nowadays, with the application of artificial intelligence to LoC
technology, new areas of work have emerged on targets such as the
production of personalized devices and faster diagnosis.

Advances in LoC technology have allowed to produce more efficient
devices and greater testing opportunities. These innovations have
significantly improved people's quality of life because costs have decreased,
the need for professional operators has decreased, and thanks to the POC
concept, people can now perform some health tests more frequently and in
the comfort of their home. In the future, this technology will continue to
further improve people's living comfort by revolutionizing personalized
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medicine and rapid diagnosis. Additionally, these advances in the LoC
concept will continue to provide significant efficiency gains in the food
security, environmental research, and defence sectors.

1.2. Basic Principles and Working Mechanisms

LoC technology is produced and used to perform laboratory functions
on a micro-scale platform, where operators work, and large-sized devices are
used. This technology is used primarily in biological and chemical analysis.
LoC has advantages such as less reagent and sample usage, faster processing
times and portability.

~ Autonomous

Multiple Mass
sensing modes manufacturable

Features of an

High sensitivity
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Figure 4. The desired features of an ideal LoC device are presented
together in the picture. Being disposable can provide an additional
advantage (Aralekallu et al., 2023).

Microfluidics is the most fundamental factor in this type of devices. It
covers the processes of directing small volumes of liquids at the level of
micrometres or nano filters on the chip and testing them in analysis units
produced on the chip. Miniaturization and integration are an important step
in laboratory devices. Various laboratory functions are integrated on a single
microchip. These functions may include liquid transport, mixing, heating,
cooling, performing reactions, separation, and sensing. LoC devices include
one or more of a variety of sensors used to detect chemical or biological
components of liquids, measuring physical parameters such as tempe