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Abstract

Water reservoirs are critical components of hydrological systems that mitigate floods and
droughts, but their long-term performance under climate change and variable socioeco-
nomic conditions remain insufficiently documented. This study examines the Bahlui River
basin (northeastern Romania), where 17 reservoirs constructed mainly between the 1960s
and 1980s have been operational for more than five decades. Using the most recent technical
reservoir reports, land-use evolution, and present operational functions, the contribution of
man-made reservoirs to flood attenuation and drought buffering over time was appraised.
Flood mitigation is the most consistent and reliable function, with peak-flow reductions
commonly exceeding 60-90% of design discharges at the basin scale. Engineered drought
mitigation functions (irrigation and industrial water supply) have decreased significantly
as a result of socioeconomic changes started in 1989. However, the gradual expansion
of green infrastructure, such as wetlands and riparian vegetation, has improved passive
water retention and low-flow buffering capacity. These unanticipated developments have
resulted in variable levels of hybrid hydrological resilience. The findings show that, while
artificial reservoirs have strong flood-control capacity over long periods of time, their
contribution to drought mitigation is increasingly dependent on the integration of eco-
logical components, emphasizing the importance of green-gray interactions in long-term
reservoir management.

Keywords: floods and droughts mitigation; earth dams; green-gray structures; hydrologi-
cal resilience

1. Introduction

Hydrological extremes, such as droughts and floods, have become more frequent and
intense over the past 50 years, most likely due to climate change [1,2]. This has become
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a major issue for sustainable water management on a global scale [3-5]. Therefore, the
concept of hydrological resilience (HR) [6,7] and achieving it, whether naturally or by
engineering [8,9], is becoming increasingly important as mankind enters a new geological
period, the Anthropocene [10,11]. Unfortunately, systems like riparian vegetation, forests,
and wetlands that provide natural resilience [8] against hydrological extremes clash with
the trend for agricultural and urban expansion brought on by the world’s population
growth [9,12,13]. As a result, human intervention is increasingly required to supplement
natural resilience and/or compensate for its absence. The term “engineered hydrological
resilience.” [8] describes man-made infrastructure, such as dams, reservoirs, dikes, levees,
floodwalls, and polders, that is intended to control water flow and minimize hydrological
vulnerabilities. At the local scale, the impact of dams, reservoirs, and related artificial
structures is immediate and highly visible, affecting the watercourse and the surrounding
landscape. The regional and subsequently global impact is more subtle and occurs relatively
slowly as a consequence of altering the natural water cycle. For example, high open
water surfaces have an impact on surface evaporation, creating heat and mass fluxes that
can contribute to climate changes [14]. Therefore, human intervention in watercourses,
carried out for purposes other than flood protection and/or drought prevention, is quite
controversial [15], and the balance between the drawbacks and benefits of hydraulic
structures is still a subject of debate [14,16]. Furthermore, as the frequency and severity of
hydrological extremes tend to rise, human response needs to adapt, which means modifying
dam and reservoir design and operations [11,17]. The new hydraulic structures are designed
to meet present and, to some extent, future needs [18], whereas the older ones must deal
with both anthropogenic interferences (e.g., aggressive urban development, intensive
agriculture) and climate-related issues (e.g., flash floods, prolonged droughts) [19,20]. In
this context, the transition from single to multi-purpose reservoirs, aiming to increase the
benefits of the hydraulic structures, is logical [21,22].

Without a doubt, the hydraulic structures are essential tools in water management,
their sustainability depending on a series of factors such as adaptive design, integrated
basin-scale planning, and ecological restoration measures [23,24]. Modern strategies are
increasingly relying on hybrid systems, which combine engineered hydraulic resilience with
natural water retention techniques to provide balanced flood and drought mitigation [25].

A relevant example that illustrates the evolution from single to multi-purpose reser-
voirs and from engineered to hybrid resilience is the Bahlui River basin in northeastern
Romania. This hydrographic system, characterized by (i) a history of recurrent floods and
droughts, (ii) a mixed natural-urban environment, (iii) a huge socioeconomic transition
(from communism to democracy), and (iv) a massive anthropogenic interference. It pro-
vides an insightful case study for assessing the effectiveness of substantial hydrotechnical
interventions. Bahlui’s hydrographic basin comprises at least 17 dams and accumulations,
the majority of which have been exploited for more than 50 years.

This paper presents a critical analysis of the Bahlui River hydrographic system from
a civil engineering perspective, focusing on the interplay between natural hydrological
dynamics and hydrotechnical infrastructures. By examining the initial goals and the
actual performances of existing reservoirs and hydraulic structures, the study aims to
assess the effectiveness of current mitigation strategies and identify opportunities for
optimization. The time-developed interaction between anthropogenic and natural water
retention systems provides multiple reservoirs in the Bahlui basin with hybrid resilience.
The current study stands out for its comprehensive and interdisciplinary approach, which
combines historical exploration, civil engineering analysis, hydrological evaluation, and
environmental management perspectives to assess how HR contributes to the mitigation of
hydrological extremes, such as intense floods and prolonged droughts.
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2. Materials and Methods
2.1. Civil Engineering Infrastructure on the Hydrographic Network of the Bahlui River

The complex hydrological and morphological characteristics of the Bahlui River basin
(Figure 1) necessitate an accurate description of the study area to contextualize the engineer-
ing challenges and interventions. A detailed description of the Bahlui hydrographic system
can be found in our previous papers [26,27] and/or in the works of other authors [28-30].
In a few words, the Bahlui River is 119 km long, has a catchment area of 2025 km?, and
a hydrographical network of nearly 3100 km. Even though it is a rain-fed river with an
average discharge ranging from 2.8 to 4 m>/s, huge discharge variations ranging from
complete depletion during summer droughts [31] till up to 600 m?/s during floods were
reported in history [26]. Based on its length and average discharge, the Bahlui River is in the
small rivers category [32]; however, there are not many rivers of this size with similar levels
of hydrological engineering. No less than 17 dams and accumulations were constructed
during the second half of the past century in order to mitigate floods and droughts [26,30].
Only two dams—Parcovaci and Tansa-Belcesti—were constructed along the river’s main
course; the other dams, some of which had temporary and some of which had permanent
activity, were constructed inside its hydrographic basin (Figure 1), on the Bahlui River’s
main tributaries.
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Figure 1. The Bahlui River’s hydrographic system, including main tributaries and basins.

In this study, the term ‘temporary reservoir’ refers strictly to an operational regime,
following Romanian hydrotechnical practice; it denotes structures designed for immediate
water storage that typically fill during high-flow events and remain dry or partially dry
during normal or low-flow conditions. This label does not suggest diminished resilience or
ecological insignificance.

Succinct descriptions for each of the 17 dams/accumulations are presented in the
next paragraphs, highlighting their original (initially designed) and current functions. The
subsequent presentation is based on up-to-date official reports, written in the Romanian
language, see references [33—49].
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Some specific abbreviations were used in the ensuing paragraphs: NRL = normal reten-
tion level; m. d. M. N. = meters above Black Sea level; Qg 1%, Qq.01%, Q1.2x0.01% - - . = floods
with exceedance probabilities 0.1%, 0.01%, . .. and verification; V = volume, m3; Q = volu-
metric flowrate (discharge), m?3/s; ha = hectares, 1 ha = 10,000 m2.

2.1.1. Dams on the Bahlui River: Parcovaci and Tansa—Belcesti

The Pércovaci Reservoir, built between 1978 and 1984, is a Category B, Class II facility
with hydrographic code XIII-1.15.32. It was originally intended for industrial and civil
water supply, flood mitigation, and natural fish farming. Today, it continues to supply
water for Harlau, primarily for civil use, while still fulfilling flood-control and fish-farming
functions. A small amount of technical data is reported in Table 1.

Table 1. The Parcovaci Dam: technical data [40].

Category

Main Technical Parameters

Dam characteristics

Homogeneous earth dam e trapezoidal cross-section e length of the dam crest: 290 m o
maximum height: 25 m e crest width: 6.75 m e crest elevation: 178.70 m. d. M. N.

Characteristic levels
(m. d. M. N.)

Riverbed: 154.00 « NRL: 171.00 ¢ Maximum design level (1%): 177.23 ® Dam crest: 178.70

Storage volumes
(million m3)

Total storage: 8.75 @ Useful: 2.36 ® Gross at NRL: 2.75

Hydrology

Q1% =240 m>/s — attenuated to 114.9 m3/s e Q1% = 454 m3/s (natural) e permanent
minimum sanitation discharge of 0.017 m3/s

The Tansa—Belcesti Reservoir on the Bahlui River, built between 1971 and 1974, is
classified as an important Class I, Category B hydraulic structure and is identified by hy-
drographic code XIII-1.15.32. The technical data for Tansa—Belecesti reservoir are presented
in Table 2.

Table 2. The Tansa—Belcesti Reservoir: technical data [43].

Category

Main Technical Parameters

Dam characteristics

Earth dam (non-homogeneous) with clay core @ Trapezoidal cross-sectione Length of dam
body: 980 m e Total impoundment front: 4873 m e Maximum height: 14.2 m e Crest width:
4.5-5.0m

Characteristic levels
(m. d. M. N.)

Dead storage level: 82.31 ¢ Minimum operational level: 84.82 « NRL: 87.32 o Design flood
level (0.1%): 91.68 @ Maximum (0.01%): 92.38 e Crest: 93.31

Storage volumes
(million m3)

Total at crest: 25.131 e At design level: 18.750 e Total at maximum level: 21.451 e Gross at
NRL: 4.720 e Useful: 4.250 @ Dead: 0.001 e Attenuation volume (between design level and
NRL): 14.030

Hydrology

Q1% =285 m3/s — attenuated to 134.05 m®/s e permanent minimum sanitation discharge
of 0.050 m?/s

Designed primarily for irrigation, the reservoir also provided flood attenuation, local
water supply, and supported fish-farming activities, with no hydropower component
planned. In its current operation, its main function is flood mitigation. Irrigation is now
significantly reduced due to degradation of the distribution system, while water supply
continues at a modest rate (2020: 0.01548 m?/s). The reservoir also maintains fish-farming
uses and meets ecological flow requirements established by basin management authorities.
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2.1.2. Podu lloaiei Reservoir: Accumulation on Bahluet River

The Podu Iloaiei Reservoir was built between 1963 and 1964 on the Bahluiet River,
which is Bahlui’s main tributary. Its hydrographic code is XIII-1.015.32.12.00.0; it was up-
graded from importance Class II to I in 1975 and falls under Category B. Some rehabilitation
works were performed in 2011. In its original design, the reservoir served multiple func-
tions, including irrigation and water supply, flood protection, and fish-farming activities.
The reservoir was not designed to supply drinking water, industrial water, or to produce
hydropower. Under current operating conditions, the primary function of the Podu Iloaiei
Reservoir remains flood mitigation. Irrigation activities have been discontinued since 2008,
while fish-farming operations continue and prosper. The technical data for Podu Iloaiei
Reservoir are presented in Table 3.

Table 3. The Podu Iloaiei Reservoir: technical data [45].

Category

Main Technical Parameters

Dam characteristics

Earth dam built from local loess-type clays, essentially homogeneous ¢ Maximum height:
14.2 m @ Dam body length: 980 m (total impoundment front ~ 4873 m) e Crest width:
45-5.0m

Characteristic levels
(m. d. M. N.)

Spillway crest: 65.33 @ Dam crest (earth fill): 68.50  Concrete parapet: 69.15 ® Dead storage
level: 60.00 « NRL: 62.00

Storage volumes

(million m3)

Total at maximum verification level (1.2 x 0.01%): 28.098 e Total at 0.01% level: 26.144
Total at design level 0.1%: 23.114 e Theoretical gross at spillway crest: 15.674 ® Gross at
NRL: 3.699 e Dead storage: 0.572 e Useful storage: 3.127

Hydrology

Q1% reduced from 280 m®/s to 15 m3/s e permanent minimum sanitation discharge of
0.021 m3/s

2.1.3. Reservoirs on Raul Locii River: Barca and Ciurbesti

The Barca Temporary Reservoir is located on the Réaul Locii, within the Nicolina River
basin, and is identified by hydrographic code XIII.1.15.32.20.1. Classified as a Class II
reservoir and falling under Category D, it was constructed between 1978 and 1981. In its
original design, the reservoir served exclusively flood-related functions, including flood
mitigation for Ciurbesti, reduction in downstream flood peaks, and sediment retention
to protect the Ciurbesti Reservoir. It was not intended for water supply, irrigation, fish
farming, or hydropower. Currently, its operational role remains unchanged: it continues to
provide flood attenuation and peak-flow reduction on the Nicolina and Bahlui Rivers, with
no water-supply, irrigation, or ecological-flow functions.

The Ciurbesti Reservoir, also located on the Raul Locii (hydrographic code XIII.1.15.32.
20.1.0), was originally classified as Class II but was upgraded to Class I in 1976. It is
a Category C reservoir built in 1962. The reservoir was initially designed to support
irrigation and water supply for 250 hectares (100,000 m®/year), to function as a permanent
fish-farming reservoir, and to provide flood attenuation for downstream localities including
Ciurbesti, Ciurea, and the Nicolina and Bahlui sectors. In the current operation, flood
mitigation remains its primary function. Fish farming continues under natural hydrological
conditions, and the reservoir additionally supports a nearby sports and recreation area.
Some technical data for Barca and Ciurbesti Accumulations are presented in Table 4.
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Table 4. Reservoirs on the Raul Locii River: Barca and Ciurbesti—technical data [34,49].

Category Barca Temporary Reservoir Ciurbesti Reservoir
Dam Homogeneous earth dam e Length: 400 Homogeneous earth dam e Length: 427 m Crown
characteristics m e Maximum height: 12.7 m @ Crest  elevation: 69.00 m e Maximum height: ~14-15m e

width: 6.0 m e Foundation depth: 0.5 m

Crest width: 9.3 m

Characteristic levels
(m. d. M. N.)

Riverbed: 65.10 e Bottom-outlet axis:
65.35 e Spillway crest: 74.00 @ Dam crest:
77.00

Maximum flood level: 67.113 e Dam crest: 69.00 o
Bottom outlet axis: 54.95

Storage volumes
(million m?3)

Total at verification level: 3.94 o
Upstream fishpond volumes (can be
absorbed in failure scenario): 0.65 e Total
attenuation: 7.90

Attention: 4.608 e Alert: 6.733 @ Danger: 8.229 o
Attenuation capacity: 5.707 e Total volume at max
level: ~14.75 o Total at dam crest: 16.56

Hydrology

Qq9,: 100 m3/s — 14.750 m3 /s (85%
reduction) e Qg 19,: 172 m3/s — 17.031
m3/s (90% reduction)

Qp1% =250 m3/s — attenuated to ~33.047 m3/s e
Qp.01% ~154 m3/s — attenuated to ~16.608 m3/s e
permanent minimum sanitation discharge of
0.02m3/s

2.1.4. Accumulations on Ciric River: Aroneanu and Ciric III Reservoirs [38,46]

The Aroneanu Reservoir, located on the Ciric River (hydrographic code XIII.1.15.32.22),

is classified as a Class I reservoir and belongs to Category B. It was constructed between
1962 and 1964, with crest rehabilitation works completed in 1977-1978. In its original
design, the reservoir served several functions: maintaining a permanent 70-hectare lake for
fish farming, providing flood attenuation, supplying water to the Ciric I and Ciric II lakes,
and supporting irrigation. In the current operation, flood mitigation remains its primary
role. Fish-farming activities have ceased due to the absence of active contracts, irrigation
has been discontinued, and the reservoir now supports rowing and other sports activities.

Table 5 provides some technical data for these reservoirs.

Table 5. Accumulations on the Ciric River: Aroneanu and Ciric IIl—technical data [38,46].

Category

Aroneanu Reservoir

Ciric III Reservoir

Dam
characteristics

Homogeneous earth dam, local
loess-type clay materials e Length: 280
m e Maximum height: 9.3 m (original) e
Crest width: 5m

Homogeneous earth dam, trapezoidal section e
Length: 258 m e Crest width: 5 m ¢ Maximum
height: 11.5 m e Foundation depth: min. 0.85 m

Characteristic levels
(m. d. M. N.)

Dead storage level 56.52 @ Minimum

operating level: 58.00 ¢ NRL: 58.80 o

Spillway crest: 60.55  Earthfill crest:
64.32

Bottom outlet axis: 42.45 e Water intake axis: 45.50
o NRL: 46.50 e Spillway crest: 51.00 ® Dam crest:
53.60

Storage volumes
(million m?3)

Dead storage: 0.362 ® Gross at NRL:
1.480 e At spillway crest: 2.410 o Global
at earthfill crest: 6.602

Total at dam crest: 1.960 (designed)/1.600 (current)
o Gross at spillway crest: 1.000 (designed)/0.911
(current) e Gross at NRL: 0.250 (designed)/0.248

(current)

Hydrology

Q5°/0 =54 m3/s [ on/o =80 m3/s L Qlo/o
=100m3/s @ Qp1% =172 m3/s e Qg 1%
=244 m3/s © Q12,001% =292.8m>/s e
permanent minimum sanitation
discharge of 0.010 m?/s

Qp1% =180m3/s @ Qp1% =333 m3/s e
Q12x001% =399.6 m3/s o permanent minimum
sanitation discharge of 0.010 m®/s

Ciric III Reservoir is also situated on the Ciric River and is identified by hydrographic
code XIII.1.15.32.22. A Class I, Category C reservoir, it was constructed between 1976 and
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1978. It was originally intended for natural-regime fish farming and flood attenuation.
Today, flood mitigation continues to be the principal function. Fish-farming activities are
still practiced under natural hydrological conditions, and the reservoir has become part of
a broader recreation and leisure area.

2.1.5. Accumulations on Cacaina River: Carlig and Vanatori

The Carlig (hydrographic code: XIII.1.15.32.21) and Vanatori (hydrographic code:
XIII.1.15.32.21) reservoirs are located on the Cacaina River and were constructed between
1978 and 1981 and 1979-1982, respectively. Both reservoirs are classified as Category D
structures, with Carlig designated as Importance Class I and Vanatori as Importance Class
II. Originally, each reservoir was designed solely for flood attenuation, with no provisions
for water supply, irrigation, fish farming, or hydropower production. Their operational
purpose has remained unchanged, and today they continue to function exclusively as
flood-mitigation structures. Some technical data are presented in Table 6.

Table 6. Accumulations on the Cacaina River: Carlig and Vanatori Reservoirs—technical data [35,39].

Category Carlig Reservoir Vanatori Reservoir
Earthfill homogeneous dam e Material: Homogeneous earthfill dam built from lqcal clgyey
Dam local clav soils » Leneth: 225 m e Crest soils @ Crest length: 360.0 m e Foundation width
characteristics y gt (base width): 92.20 m e Crest width: 5.0 m e

width: 4.0 m e Maximum height: 7.67 m

Maximum height: 12.85 m

Characteristic levels
(m. d. M. N))

Thalweg: 54.15 (projected)/54.44

(current) e Bottom outlet axis: Thalwheg: 63.10 ® Bottom outlet axis: 63.50 o
54.95/55.24 e Spillway crest: 60.05 Spillway crest: 72.35 @ Dam crest: 74.60
(projected)/59.68 (current) @ Dam crest: (projected)/74.55 (current)

62.55 (projected)/62.11 current

Storage volumes
(million m3)

Dead storage: 0.01 (projected)/0.004
(current) e Volume at spillway crest:
~1.02 (projected)/1.069 (current) e Total
at verification level 0.01%: 2.640 e Total
at dam crest: 3.20 (projected)/3.076

Global at dam crest: 3.675 e Theoretical gross
volume (from valley morphology): 2.201 e Total at
maximum verification level (0.1%): 2.993 e Dead
volume: 0.010 @ Dead storage: 0.010

Useful/active flood storage: 3.665
(current)

Hydrology

Q1.2x0.01%: 294 — 227.17 m3 /s (77%) »
Qo.01%: 245 — 146.79 m3 /s (59%) @
Q0.1% (design): 170 — 115.88 m>/s (68%)
e Minimum required downstream flow:
the natural flow of the Cacaina River

Q1%: 80 — 11.973 m3/s  Q1%: 151 — 54.338
m3/s @ Q12,01%: 181.20 — 78.956 m3/s e
Minimum required downstream flow: the natural
flow of the Cacaina River

2.1.6. Plopi Accumulation on Gurguiata River

The Plopi reservoir, basin code: XII1.1.15.32.8, classified as Importance Class II, Cat-
egory B, was built over three years, from May 1975 to October 1978. Its original design
envisioned a multifunctional role. It was intended to provide 2.4 million m? of water for
the irrigation of roughly 400 hectares, to support a 114-hectare fish-farming area, and to
contribute to flood protection within the basin. Over time, the reservoir’s operational
profile has evolved. Flood mitigation remains a fully preserved and active function. How-
ever, irrigation services are currently inactive. Fish farming continues, but only under
natural conditions rather than through managed aquaculture. The reservoir now also
fulfills a water-supply role, supported by an active contract amounting to approximately
1.1906 million m® of water per year. More technical data are presented in Table 7.

https:/ /doi.org/10.3390 /hydrology13010015
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Table 7. The Plopi Reservoir: technical data [44].

Category Main Technical Parameters
Dam Homogeneous earthfill dam e Crest elevation: 82.75-83.86 m. d. M. N. e Crest length:
. . 369.12 m (design 330 m) e Crest width: 4.55-5.11 m (design 5.0 m) @ Maximum height:
characteristics .
11.36 m (design 10.5 m)

Characteristic Bottom outlet invert: 72.50 @ Bottom outlet axis: 73.35 @ Dead storage level (design): 73.60

levels e Minimum operating level: 75.10 « NRL: 78.24 (design 77.70) e Spillway crest: 82.22
(m. d. M. N.) (design 81.80)

Storage volumes
(million m3)

Gross at NRL: 4.3296 e Theoretical gross at spillway crest: 10.352 @ Global at earthfill crest:

11.293 e Useful storage at NRL: 4.30

Hydrology

Qp.1% =205 m3/s — attenuated to 90.21 m®/s  Q;% = 120 m3/s — attenuated to 18.24
m?3/s. e Ecological downstream flow: = 0.010 m?/s

2.1.7. Sarca Accumulation on Valea Oii River

The Sarca Reservoir on the Valea Oii River (Basin Code XIII.1.15.32.12.7), built in
1979-1984 and classified as Importance Class II, Category C, was originally designed for
irrigation (1.0 million m3/year for ~400 ha), fish farming (28 ha), and flood attenuation, with
no municipal or hydropower use. Currently, its primary function remains flood mitigation;
irrigation has decreased to 128,000 m®/year, and fish-farming activity has enhanced. The
reservoir can additionally retain up to 3.0 million m? to buffer potential upstream pond
failures. A few technical data are presented in Table 8.

Table 8. The Sarca Reservoir: technical data [36].

Category

Main Technical Parameters

Dam
characteristics

Homogeneous earthfill dam, trapezoidal section e Crest length: 334 m e Crest width: 6 m e
Maximum height: 16.5 m e Minimum foundation depth: 2.1 m e Crest elevation: 82.50 m.

d. M. N.

Characteristic
levels
(m. d. M. N))

Thalweg: 65.50 @ Bottom outlet axis: 66.30 ® Water intake axis (lower): 67.00 « Upper intake

axis: 71.50 e Spillway crest: 81.00  Frontal dam crest: 82.50 @ Minimum operating level:
68.50 ¢ NRL: 73.50

Storage volumes
(million m3)

Global at dam crest: 21.130 o Total at maximum verification: 13.974 e Theoretical gross at

spillway crest: 16.865 ® Gross at NRL: 3.300 e Useful storage: 3.000 ® Dead (inactive)
storage: 0.100

Hydrology

Qi9, =110 m3/s V = 6.18 million m> e Qg 1o, = 190 m3/s, V = 10.67 million m> e

(verification) — Qq2x0.1% = 228 m3/s, V = 12.80 million m> Ecological downstream flow:

=0.010m3/s

2.1.8. Cucuteni Reservoir on Voinesti River

The Cucuteni Reservoir, basin Code XIII.1.15.32.15, was built in 1964 and classified
as an important Class II, Category C. It was originally designed to store 3.0 million m? for
irrigating 780 ha, to support a 108 ha natural-regime fish pond (useful volume 3.0 million
m?), and to provide flood attenuation. Currently, flood mitigation remains fully functional;
irrigation capacity is largely unused despite ~300 ha being potentially irrigable; and fish
farming continues on 98.9 ha, with 1.73 million m? available at NRL 58.48 m. The technical
data for the Cucuteni Reservoir are presented in Table 9.
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Table 9. The Cucuteni Reservoir: technical data [47].

Category Main Technical Parameters

Dam Homogeneous earthfill dam built from local loess-like clays and silty clays e constructed in

characteristics two bodies (old embankment “A” and raised body “B”). e Crest length: 377 m e Maximum
base width: 66 m e Crest width: 8 m ¢ Maximum height: 13.75 m

Characteristic Lake bed: 53.00 e Bottom outlet invert: 51.00 ® Bottom outlet axis: 51.75  Spillway)

levels sill/tower weir 58.48 e Spillway crest (large floods): 61.85 @ Dam crest (frontal

embankment): 64.78 e Dead storage level 54.95 ¢ Minimum operating level: 56.50 ¢ NRL:

(m.d. M.N.) 58.48

Storage volumes
(million m3)

Dead/silted volume: 1.616 ® Gross at NRL: 1.734 e Theoretical gross at spillway crest: 6.373
o Gross at design level: 7.033 o Global at dam crest: 12.541

Hydrology

Q1 %: 140 — 26.86 m>/s (level 62.57 m. d. M. N.) Qg 1%: 240 — 90.90 m3/s (63.46 m. d.
M. N.) ® Q1 2x0.1%: 288 — 122.63 m3/s (63.82 m. d. M. N.) ® Q%: 110 — 9.27 m>/s @ Qs%:
75 — 0 m3/s e Ecological flow upgraded from 0.010 m3/s to 0.023 m?/s to support water

quality in Bahlui.

2.1.9. Ciurea Reservoir on Nicolina River

The Ciurea Temporary Reservoir, constructed between 1978 and 1981 on the Nicol-
ina River, is classified as an importance Class I, Category D hydraulic structure (code
XIIL.1.15.32.20). Its primary purpose at the time of design was the attenuation of floods on
the Nicolina River and the protection of the downstream localities of Ciurea, Miroslava,
and lasi—specifically the CUG, Nicolina, and Galata districts—as well as safeguarding
approximately 80 hectares of agricultural land. In its current operational configuration,
the Ciurea Reservoir continues to fulfill its original flood-control function entirely. Down-
stream of the dam, ecological flow is ensured by allowing the natural river discharge to pass
through the system, and no supplementary uses have been assigned. The reservoir now
forms an integral component of the flood-protection chain within the Nicolina sub-basin,
working in coordination with the upstream Ciurbesti Reservoir. The technical data for
Ciurea Temporary Reservoir are presented in Table 10.

Table 10. The Ciurea Temporary Reservoir: technical data [48].

Category

Main Technical Parameters

Dam
characteristics

Earthfill homogeneous dam e Crest elevation: 81.20 m e Crest width: 4 m e Length: 750 m
e Maximum height: 18 m

Characteristic

levels
(m. d. M. N.)

Thalweg: 64.41 e Bottom outlet axis: 65.28 ® Upstream pond level: 73.35 e Spillway crest:
79.70 @ Dam crest: 81.20 o Freeboard (crest—spillway): 1.96 m

Storage volumes
(million m3)

Total at dam crest: 7.20 @ Gross at spillway crest: 5.24 @ Upstream pond volume: 0.21 o
Dead storage: 0.35 ® Volume at verification level: 6.23

Hydrology

Natural vs. attenuated peak flows: Qg 1%: 175 — 56.3 m3/s  Qq1%: 245 — 58.0 m3/s @
Q1.2x0.01%: 294 — 109 m>/s

2.1.10. Cornet Reservoir on Cornet River

The Cornet Temporary Reservoir, constructed between 1978 and 1981 on the Cornet
River, is classified as an Importance Class I, Category D hydraulic structure. Situated
within basin code XIII.1.15.32.20.2.1, the reservoir was initially designed primarily for flood
attenuation, with its principal function being to enhance the safety level of the downstream
Ezareni Reservoir, raising its protection to Importance Class I standards. In addition
to this primary role, the Cornet Reservoir was expected to contribute to reducing peak
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flood flows propagating toward the Nicolina and Bahlui Rivers. In its current operational
context, the Cornet accumulation continues to serve exclusively as a flood-mitigation
structure. Its role remains essential for the overall safety of the Ezdreni Reservoir and
for the coordinated flood-protection system operating along the Nicolina-Bahlui corridor,
providing attenuation capacity during high-flow events. The technical data for the Cornet
Temporary Reservoir are presented in Table 11.

Table 11. The Cornet Accumulation: technical data [37].

Category Main Technical Parameters
Dam Homogeneous earthfill dam e Length at crest: 250 m e Base width: 77 m e Crest width:
characteristics 4.0 m ¢ Maximum height: 11.5 m e Minimum founding depth: 0.50 m
Characteristic Thalweg: 60.00 (project/current) ® Bottom outlet axis: 59.50 ® Spillway crest: 68.50 « Dam
levels crest: 71.50 « Maximum design level: 68.05 (project)/66.73 current ®« Maximum verification
(m. d. M. N.) level: 70.20 (project)/69.44 current

Storage volumes
(million m3)

Global at dam crest: 3.90  Upstream pond volumes: 0.08 o Total at spillway crest: 1.95 o
Theoretical flood storage above crest (to crest): 1.95 e At verification level: 2.96
(project)/2.464 (current) e Dead volume: 0.07

Hydrology

Q1.2x001% (verification): natural 192.0 m3/s — attenuated 39.768 m3/s @ Qq 91 %
(verification): 160.0 — 24.30 m3/s @ Qg 1% (design): 115.0 — 19.484 m>/s

2.1.11. Ezareni Reservoir on Ezareni River

The Ezareni Reservoir, constructed between 1962 and 1964 on the Ezareni River, is
classified as an Importance Class I, Category B hydraulic structure within basin code
XIIL1.15.32.20.2. In its original design, the reservoir fulfilled multiple functions. It provided
approximately 0.140 million m? of industrial water per year, served as an irrigation source
for roughly 360 ha of agricultural land, supported fish-farming activities with a usable
volume of 0.78 million m? at its normal retention level (NRL = 58.40 m d. M. N.), and
contributed to regional flood attenuation.

The project also incorporated a recreational component through the formation of a
permanent lake of approximately 47 ha at NRL. In its present operational state, flood
mitigation remains the reservoir’s primary and consistently maintained function. The
former provisions for industrial water supply and irrigation are no longer in use, although
the conditions for fish-farming activities remain available at the standard operating level.
The recreational role associated with the permanent lake is also preserved, continuing to
provide both landscape and leisure value. Some technical data for Ezareni Reservoir are
presented in Table 12.

Table 12. The Ezareni Reservoir: technical data [33].

Category

Main Technical Parameters

Dam
characteristics

Homogeneous earthfill dam built from local clayey materials. ® Crest length: 273 m e Base

width: ~60 m e Crest width: 4.60 m e Maximum height: 8.60 m e Minimum foundation
level: 54.50 m. d. M. N.

Characteristic
levels
(m. d. M. N.)

Thalweg: 50.60 e Bottom outlet axis: 55.00 e Spillway crest: 60.20 @ Dam crest (frontal
embankment): 63.10 ¢ Minimum operating level: 56.80 « NRL: 58.40
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Table 12. Cont.

Category

Main Technical Parameters

Storage volumes
(million m3)

Global at dam crest: 4.300 e Total at maximum verification level: 3.312  Gross at spillway
crest: 1.862 @ Gross at NRL: 0.780 e Dead storage: 0.080

Hydrology

® Q) 1%: 150 — 17.338 m3 /s at level 61.28 m. d. M. N. e Qg 1 %: 210 — 25.324 m3/s at
61.72 m. d. M. N. @ Q; 550,01 %: 252 — 32.245 m3/s at 62.07 m. d. M. N. e Ecological
downstream flow: = 0.007 m3/s

2.1.12. Rediu Reservoir on Rediu River

The Rediu Reservoir, built between 1986 and 1988 on the Rediu River, is classified as
an Important Class III, Category C hydraulic structure within basin code XI11.1.15.32.19. In
its original design, the reservoir served multiple purposes. It provided a storage volume
of approximately 0.30 million m? intended to irrigate 120 ha of downstream agricultural
land, contributed to flood attenuation, and supported natural-regime fish farming through
a permanent water surface of 14.6 ha at normal retention level. In the current operation,
flood mitigation remains the reservoir’s predominant function. The irrigation component
has been discontinued, but fish-farming activities continue to be maintained, relying on
the same permanent water surface of about 14.6 ha at NRL. The technical data for Rediu
Reservoir are presented in Table 13.

Table 13. The Rediu Reservoir: technical data [41].

Category

Main Technical Parameters

Dam
characteristics

Earthfill homogeneous dam (trapezoidal section) constructed from local clayey soils. ®
Crest length: 253 m e Base width: 48 m e Crest width: 5 m e Maximum height: 10 m e
Minimum foundation depth: 5 m e Minimum foundation level: 54.30 m. d. M. N.

Characteristic
levels
(m. d. M. N.)

Thalweg: 58.50 @ Bottom outlet axis: 55.10 @ Water intake axis: 59.25 e Spillway crest: 63.21
e Dam crest (frontal embankment): 64.65 ¢ NRL: 62.95

Storage volumes
(million m3)

Global at dam crest: 0.675 e Gross at spillway crest: 0.408 e Gross at NRL: 0.369 e Useful
volume: 0.291

Hydrology

Q,% (design): 31 m3/s — attenuated to 11.4 m3/s e Q;%: 40 m®/s — 152 m3/s @ Qy 5%
(verification): 49 m3/s — 19.3 m3/s @ Q5%: 22 m3/s — 6.8 m®/s @ Q;¢%: 15m3/s — 4.3
m?3/s e Ecological downstream flow: 0.001 m3/s

2.1.13. Chirita Reservoir on the Chirita River

The Chirita Reservoir, constructed between 1962 and 1964 on the Chirita River and
identified under hydrographic code XII1.1.015.32.23.00.0, is classified as an Importance Class
III, importance Category C hydraulic structure. Originally designed as a pre-decantation
basin for the lasi water treatment plant, the reservoir was intended to store water pumped
from the Prut River and to ensure both flood attenuation and the maintenance of a min-
imum ecological flow along the downstream reach of the Chirita stream. In its current
operational configuration, the Chirita Reservoir serves primarily as a water-supply and
pre-treatment source for the municipality of lasi, supporting both industrial and potable
water needs. Its flood-mitigation function continues to be maintained, and controlled
releases secure downstream ecological flows, with discharge values adjusted according to
hydrological conditions: 0.100 m3 /s under low-flow scenarios, 0.125 m® /s under medium-
flow conditions, and 0.150 m?/s during high-flow periods. The system also continues to
facilitate industrial water pumping. Some technical data for Chirita Reservoir are presented
in Table 14.
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Table 14. The Chirita Reservoir: technical data [42].

Category Main Technical Parameters
Dam Earthfill dam e Parapet elevation: 54.90 m. d. M. N. e Upstream slope protected with
characteristics concrete slabs (recent repairs 2020-2022)
Cha{easzilstlc Minimum exploitation: 49.70 ¢ Medium: 50.70
(m. d. M. N) e Maximum (NRL-equivalent): 51.70 e Parapet level: 54.90

Storage volumes
(million m?)

NRL storage: 3.695 million m?3 e Surface at NRL: 92.70 ha

Hydrology

Q2%: 72 — 9.93 m3/s; Q0.5%: 111 — 24.83 m3/s ¢ Downstream
ecological outflows strictly regulated: = 0.100-0.150 m3/s.

2.2. Historical Evolution of Land Use in the Bahlui Hydrographic System

Before the completion of the hydrotechnical infrastructure, the Bahlui was acknowl-
edged as a capricious watercourse oscillating between complete depletion and huge dis-
charge values (up to 600 m3/s during the floods in 1932) [26]. Although its basin is highly
engineered, it still remains a rain-fed, lowland river with many ungauged, intermittent
tributaries; only about 30% of the network has permanent flow. Three maps were cho-
sen as representative of the land-use evolution of the hydrographic basin as presented in

Figures 2—4.

In 1892, the main land use was agriculture (71.12% from the total basin area). The forest
surfaces were surprisingly low (16.7%). A system of fish ponds and small natural lakes,
connected to a fairly wide, marshy riverbed of the Bahlui River, is depicted in Figure 2.
Around 100 years later, at the very beginning of the post-communist era, in 1990, the
land use was completely different (Figure 3). Although agriculture remains the primary
occupation (68.40%), some degree of diversity occurs: pastures, vineyards, orchards, and
grasslands. The urbanization level varies significantly (11.66%), mostly due to socialist
forced urbanization politics [50], while the surface occupied by forest remains relatively

Figure 2. Bahlui River Basin: land use, 1892.
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Nowadays (Figure 3), there is still a tendency toward urbanization (17.46%); never-

theless, the real estate market and deindustrialization are the main factors [51]. Again, the

land use is mainly agricultural (62.27%), but to some extent less diverse than in the 1990s
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(Figure 4). The remaining (compared to 1990 land cover) industrial areas are concentrated
around lasi, the major urban area in the region.

The development of green elements within the Bahlui reservoir system has been
significantly influenced by changes in land use and increasing urbanization. After 1989,
riparian vegetation, wetlands, and reed beds naturally developed in reservoir tails due to
changes in agricultural methods, land abandonment, and decreased maintenance activities.
Most of these eco-friendly elements (green infrastructure, GI) emerged as unintended
byproducts. Over time, they start to contribute to hydrological regulation, progressively
enhancing passive water retention, flow attenuation, and ecological connectivity.

2.3. Land Use Maps: Graphical Updating and Processing

The land-use information available for the Bahlui River Basin is composed of the
legacy of the maps: Maps of Moldavia 1892-1898, scale 1:50,000; Corine Land Cover 1996,
scale 1:100,000, and Orthophotoplan 2025 (ANCPI). The used methodology correlates the
data from different land-use categories, highlighting changes from one historical period to
another. The utilized database was digitally analyzed and processed using GIS software,
ArcPRO v.10.6.1, and represents the support for the cartographic material realized in this
work. The statistical data processing was performed based on Microsoft Office 2016. For
graphic processing, the following software was used: Autodesk Civil 3D 2024 v. 13.6.2090.0,
Adobe Photoshop 7.0.

2.4. Limitations

The main limitation of this work is the inherent qualitative nature of the hybrid hydro-
logical resilience (HR) concept and its assessment. Because of the long-term perspective and
the absence of reliable, measurable ecological data for the entire reservoir system, HR was
evaluated using qualitative indicators based on observable and repeatable circumstances
rather than numerical methods. Therefore, the study does not aim to determine quantitative
correlations or causal linkages between HR levels and reservoir characteristics. Instead,
it describes the long-term, unplanned co-evolution of natural ecosystem elements and
gray infrastructure, utilizing empirical and historical data to show how hybrid resilience
develops over reservoir systems’ life cycles. The institutional recognition (protected natural
area, for example) was regarded as a supporting indicator that demonstrated long-term
ecological significance. However, legal protection status does not guarantee high HR status
for a particular structure.

3. Results and Discussion
3.1. Key Highlights on Bahlui’s River Civil Engineering Infrastructure

While the structural and functional aspects of the reservoir system in the Bahlui River
basin are relatively similar, certain projects differ due to particular hydrotechnical elements.

The Parcovaci Reservoir features the tallest dam in the basin (25 m), while Tansa—
Belcesti accumulation is the largest impoundment, with an estimated 40 million m® of
total storage. Among permanent systems, Plopi and Séarca Reservoirs provide the largest
useful volumes (3—4 million m3), supporting irrigation, aquaculture, and regional flood
mitigation. The deepest active water columns, expressed through the largest elevation range
between NNR and maximum levels, are found at Cucuteni and Plopi reservoirs, enhancing
their capacity for both daily regulation and extreme-event attenuation. From a historical
perspective, the Cucuteni reservoir, commissioned in 1964, is the oldest operational basin,
while structures such as Rediu, Barca, Plopi, and Sérca represent the newer generation
developed during the 1980s. The Rediu reservoir, functional since 1988, is the smallest
permanent storage, with only 0.675 million m3. The temporary reservoirs Cornet and
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Véanatori achieve the highest flood-attenuation performance, designed to reduce incoming
peaks by 60-85% and provide essential protection for downstream communities, including
the urban sectors of Iasi.

It is worth mentioning that none of the reservoirs were built or run for hydropower,
which is in line with the Bahlui basin’s modest discharge potential and mild gradients.
Another common feature is that structurally, every dam in the system is a homogeneous
earthfill structure constructed from locally available clays or loess-based materials.

3.2. Half-Century Functional Evolution of the Hydrotechnical Infrastructure

The oldest reservoir from Bahlui’s hydrographic system, Cucuteni, is 61 years old,
while Rediu, the most recent to be put into service, is 37. The reservoir system of the Bahlui
basin is, on average, about half a century old, their construction concentrated between
1964 and 1988. As a result, the majority of structures currently function within the mid- to
late-life range of a typical earthfill dam, which is predicted to last 50 years or more [52-54].

During the five decades following their construction, the reservoirs of the Bahlui
basin have experienced several major politico-economic transitions that, in some cases,
have reshaped their functionality. The most influential was the post-1990 decline of state-
managed agriculture and industry [55,56], which sharply reduced irrigation demand and
eliminated most industrial water needs, leaving many reservoirs underutilized relative
to their original design. Fragmented land ownership and limited local budgets further
constrained maintenance, accelerating sedimentation and reducing operational volumes.
After Romania’s EU accession in 2007, new environmental directives such as the Water
Framework Directive [57], Floods Directive [58], Natura 2000 [59], shifted policy priorities
toward ecological flow maintenance, biodiversity conservation, and flood-risk reduction,
redefining the reservoirs’ operational regimes. More recently, recurrent extreme-weather
events associated with climate variability [60,61] have increased the emphasis on flood
attenuation and drought resilience, elevating safety requirements for aging dams [62].
Together, these politico-economic shifts have progressively realigned reservoir functions
away from their initial agro-industrial purposes toward a predominantly flood-protection,
ecological, and urban-safety role within the lasi metropolitan region. Based on these
considerations, three classes of dams can be established in Bahlui’s hydrographic basin:

1.  Reservoirs that essentially kept their original purpose. This category includes (i) the
non-permanent reservoirs, Barca, Carlig, Cornet, Ciurea, and Vanatori, that were
built with a single function: flood attenuation; (ii) Ciric III and Ciurbesti reservoirs,
that preserved their main functions of flood attenuation and fish-farming, with recre-
ation added as a new utility; and (iii) Parcovaci Accumulation that still performs its
designed functions: urban/industrial water supply for Harlau, flood attenuation,
ecological flow, and fishery; the only change is that industrial water demand has
decreased.

2. Reservoirs with partially modified functionalities, where the original multi-purpose
concept remains visible, but certain branches, especially irrigation, have faded:
(i) Tansa—Belcesti, Podu Iloaiei, and Rediu, which were planned primarily for ir-
rigation, flood control, and fish-farming, are now centered on flood attenuation and
fish-farming; (ii) Cucuteni, Sarca, Plopi, that shifted from irrigation as the main func-
tion to fish-farming, keeping their flood attenuation status; (iii) Chirita, that shifted
from water storage to water supply, preserving the other functions.

3. Reservoirs with major functional modifications, where the current function is clearly
different from the original design: (i) Aroneanu, that started as a genuinely multi-
purpose reservoir (irrigation, fishery, partial water supply, and flood defense) but
currently functions mainly as a flood-mitigation and recreational /sports lake; and
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(ii) Ezdreni, initially designed to supply industrial water and irrigation, to support fish-
ery and flood control, that nowadays ensure flood attenuation and present potential
for fishery and recreational activities.

In conclusion, the Bahlui reservoir system has developed a consistent functional
trajectory over the last fifty years. Every reservoir that was first built for flood mitigation
still serves this purpose today, making flood protection the most reliable and enduring
function. By contrast, irrigation and industrial water supply have undergone the sharpest
decline. It has completely disappeared from certain reservoirs (e.g., Podu Iloaiei, Rediu,
Aroneanu, Ezareni) and is only minimally present in others, such as Sarca, Plopi, and
Cucuteni. Fish farming and leisure activities, on the other hand, have shown to be relatively
resilient, frequently persisting in areas where local demand and infrastructure are still
feasible. Recreational use has become the primary function in certain reservoirs, most
notably Aroneanu, Ciric III, and Ciurbesti, indicating a broader functional shift away from
agro-industrial goals and toward environmental and social considerations. Naturally, as
Minea reported in his study [29], the water quality of each accumulation also changed
with time. Nevertheless, as indicated in the following, hybrid resilience is not about the
structural integrity of man-made constructions or the health of natural ecosystems, but
rather about the green-gray interaction and its adaptive capacity to manage floods and
droughts. This study does not consider legal protection status (for example, Law No.
5/2000 or Natura 2000 classification) as proof of ecological integrity or optimal ecosystem
functioning. Protected reservoirs may nevertheless suffer from ecological degradation, such
as eutrophication, discontinuities in nutrient flow [26], the presence of invasive species, or
hydro-morphological fragmentation [27], as observed in some areas of the Bahlui basin [29].

3.3. Hybrid Resilience: From Theoretical Concept to Actual Examples
3.3.1. HR: Theoretical Background

In the middle of the 1970s, C. S. Holland introduced the concept of “resilience” [63], and
in the late 1990s, the same author divided it into “engineering resilience” and “ecological
resilience” [64]. A series of debates followed the introduction of the resilience concept
and there are two distinct interpretations of this term (simplified) [65-69]: (i) the capacity
of a system to absorb disturbance and reorganize so as to still retain essentially the same
function, structure, and identity; and (ii) the time required for a system to return to
an equilibrium or steady-state following a perturbation. According to Granata and Di
Nunno [8], in hydrology, the term “resilience” means that a water system can continue to
perform the designed functions, such as water supply, flood regulation, and ecosystem
support, despite disturbances (e.g., floods and droughts). Referring mainly to floods
mitigation, Nakamura [70] introduced the terms “gray infrastructure” (GYI) that represents
the engineering resilience and include dams, reservoir, levees, drainage channels, etc.,
and green and “green infrastructure” (GI), which represents the ecological resilience and
include forests and wetlands in the watershed, wetlands, riparian corridors, floodplains,
reed beds, etc.

Although resilience in hydrological systems can arise through both natural processes
(GI) and engineered interventions (GYI), each one has its own benefits and drawbacks:

(i) GYI—dams, levees, stormwater networks—remain essential for regulating runoff
and protecting communities. Yet its effectiveness is limited under extreme future
climate scenarios. Evaluations of current levees and dams reveal that engineered
systems built to surpass former hydrological standards are becoming more vulnerable
to unprecedented floods [25,70].

(i) Gl—wetlands, riparian zones, forests, floodplains—provide functions like infiltration,
storage, cooling, and biodiversity support; however, these systems alone cannot
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Ecological resilience

always protect densely populated or highly modified landscapes. GI is recognized
for multi-functionality, offering climate adaptation, risk reduction, and ecological
services, but also requires governance and careful implementation.

The concept of hybrid resilience (HR) emerges from the recognition that neither
conventional gray infrastructure nor purely ecological, nature-based systems alone can
adequately address the increasing hydrological instability of the Anthropocene [8,70,71].
HR encompasses the ability to manage floods, sustain water quality, buffer droughts, and
support biodiversity under conditions of climatic and anthropogenic stress through the
combined use of green (nature-based) and gray (engineered) infrastructures [8,70]. Hybrid
(green-gray) systems (Figure 5) integrate the immediate protective capacity of engineered
structures with the adaptive, regenerative characteristics of ecosystems. This combination
provides functional complementarity: gray elements deliver immediate risk reduction,
while green elements enhance long-term resilience through ecological progression, energy
dissipation, and hydrological retention. While gray components offer immediate and pre-
dictable levels of safety, the protective and ecological functions of green elements increase
over time as vegetation establishes, sediment accumulates, and ecological connectivity

improves.
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Figure 5. The hybrid resilience conceptualization.

It is crucial to emphasize that hybrid resilience represents a degree of functional inte-
gration between naturally occurring green components and man-made gray infrastructure,
rather than a measure of ecological optimality. In this context, hybrid resilience does
not imply ecological perfection; instead, it reflects the capacity of engineered and natural
elements to operate jointly and adaptively under real-world constraints, including land-use
pressures, infrastructure aging, and climate variability.

Considering these, the definition of the HR concept (in hydrology) can be slightly
modified, adapted for a green-gray infrastructure: the ability to mitigate floods, buffer
droughts, and support biodiversity under extreme climate conditions and anthropogenic
stress.
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3.3.2. Temporal Dynamics of Hybrid Resilience Development

A fundamental characteristic of HR is that it takes time to develop and manifest.
Because of its ecological component, HR is not static and keeps evolving and adjusting.
While gray infrastructure can be planned and constructed within a matter of years, green
infrastructure develops through slower ecological processes that may take decades to
reach full functionality. The GIY offer immediate and predictable levels of safety, while
the protective and ecological functions of Gl increase over time as vegetation establishes,
sediment accumulates, and ecological connectivity improves.

The time necessary to “develop” a hybrid infrastructure is not a one-digit number:
construction of the gray parts may take a few years, while the achievement of full hybrid
performance and co-benefits is on the order of decades, tied to ecological maturation, social
acceptance, and hydrotechnical infrastructure life cycle. Thus, hybrid systems go through
stages of development. The engineered components provide instant, predictable safety,
whereas the ecological components grow slowly, enhancing system performance over time
in a less controllable manner.

Since HR is a relatively “new” concept, the design methods for hybrid infrastructures
are still “in the research stage”, and their effectiveness needs to be evaluated via simulations
and long-term monitoring [25,70]. Because of the uncertainty involved with ecosystem-
based risk reduction, the rules and procedures evolve gradually as more data accumulates,
extending the timescale for complete implementation. Hybrid resilience requires a long-
term planning strategy. Its progress takes place in three overlapping stages [8,70]:

(i) Stage 1: 0-5 years, construction of gray infrastructure, which provides immediate
protection; some green elements can be introduced (not yet functional), including
grading, planting, and wetland creation.

(i) Stage 2: 5-20 years, development of green infrastructure, including riparian vegeta-
tion, wetlands, reed beds, etc.; ecological functions achieve a certain maturity; green
and gray components begin operating together, generating complementarity.

(iii) Stage 3: 20+ years, ecological systems reach functional maturity, providing sustained
flood mitigation, water-quality improvements, and biodiversity benefits; the hybrid
system becomes a fully integrated socioecological infrastructure; depending on the
initial design, the gray infrastructure may require major reinvestment and/or rehabil-
itation works, enabling redesign toward more nature-based or lighter-gray solutions.

Obviously, hybrid systems are never “complete” at construction. Its performance is
expected to improve over time as vegetation grows and the ecological connection improves.
The three HR stages describe generalized temporal trajectories derived from landscape
evolution and reservoir age, recognizing that ecological development is gradual, geograph-
ically variable, and non-synchronized across sites. Most of the reservoirs built in the 1960s
and 1970s have Stage 3 characteristics (Chirita, Podu lloaiei), whereas reservoirs commis-
sioned in later decades have Stage 2 or Stage 1 features (e.g., Rediu), which reflect shorter
ecological succession periods and less development of green infrastructure.

3.3.3. Hybrid Resilience: Can It Be Designed, Anticipated, Accelerated, or Delayed?

If allowed, the green component may appear on its own. In fact, as in the case
of Bahlui’s hydrodynamic system, a lot of reservoirs and dams that are older than the
term “resilience” itself are nowadays working in a hybrid mode. The hybrid resilience
simply occurred as the green component began to grow and interact with the gray one.
Nowadays, when the benefits of this association are acknowledged, the hybrid resilience
can be studied, anticipated, and /or modeled [25]. Because the combined effects of green
and gray components rely on how they are positioned in relation to one another, hybrid
infrastructures necessitate careful design of their spatial configurations [70].
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The development of the green component can be anticipated to a certain degree.
However, both natural and anthropogenic influences can interfere with the normal progress
of ecological resilience. Climate events and land-use changes can either slow down or
accelerate the growth of the green infrastructure. Therefore, modeling and ecological
practice can be used to anticipate HR, but full forecasting is impossible due to social and
climatic unpredictability [8].

Ecological processes that would usually take decades can be accelerated by planting
mature plants, creating wetlands, and repairing riparian zones. Reservoir management
can increase ecological resilience downstream more rapidly. In the same manner, the
ecological processes can be delayed by extreme weather events or by human activities.
Stakeholders” decisions, implementation of adequate legislation, can also contribute to the
faster development of hybrid infrastructures.

HR is a dynamic concept that is always evolving. It is somewhat predictable, manage-
able, and designable. Its development can be strategically accelerated by ecological progress
and engineering assistance. Its evolution may be slowed down by social restraints, institu-
tional obstacles, or natural events. Long-term planning, consistent ecological knowledge,
and adaptive governance are essential for successful hybrid resilience implementation [8].

3.3.4. Actual Examples of Hybrid Resilience in Bahlui’s River Hydrographic Basin

In the case of the Bahlui River, any deliberate connection with concepts like GIY, GI,
and HR can be ruled out since the first dams in the Bahlui hydrographic system were built
ten years prior to the emergence of the “resilience” concept [63], and all of them were built
during Communism, before the 1990s. The majority of the dams in this hydrographic basin
are presently in the mid- to late-life range of a conventional earthfill dam, as was indicated
in Section 3.2. This points out that the majority of the dams had enough time to complete
all the steps necessary for HR development (see Section 3.3.2). The hybrid resilience in
Bahlui’s basin developed progressively over several decades (without recognition), almost
concurrently with the creation and acceptance of the HR concept.

The hybridization level of the dams in Bahlui’s hydrographic basin can now be as-
sessed using their actual constructive characteristics and functions (see Section 2.1), the
previously discussed GYI-GI and HR concepts (Sections 3.3.1-3.3.3), as well as local, na-
tional, and international decisions and laws concerning the protected natural areas in
Romania [72]. When addressing flood and drought mitigation, the term hybridization level
refers to the degree of functional integration between man-made gray infrastructures and
naturally occurring green components. Table 15 shows the classification proposed for the
17 dams: high, moderate, and low HR level.

The Bahlui reservoir system is more than just a collection of dams; parts of it already
operate as a hybrid resilience network (Sarca—Podu Iloaiei; Tansa-Belcesti-Plopi; Aroneanu—
Ciric III), with GIY offering controlled flood and drought mitigation, storage, and supply,
and GI offering complementary services and ecosystem improvement. With the correct
ecological and operational strategies, the Bahlui system might become a regional model of
hydrological resilience and hydrologically sound water management. Assessing the time
required for achieving the GIY-GI interaction in Bahlui’s basin is of high importance for
future design strategies aiming at HR. The reservoirs constructed in the 1960s and 1980s
are now GI mature (multiple decades of development should be considered).

Overall, the Bahlui reservoir system shows how anthropogenic structures and self-
organized natural processes can co-evolve over time to create multifunctional structures
that are safer, more biodiverse, and more ecologically integrated than either purely natural
or purely constructed systems alone. While naturally occurring wetlands, marshy reservoir
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tails, and riparian belts provide biological flexibility and adaptive potential to climate
change, the constructed components provide structural strength.

Table 15. Estimating hybrid hydrological resilience using institutional, functional, ecological, and

structural data.

Category Reservoir Justification Refs.
The Parcovaci accumulation has been declared a national
Parcovaci protected area since 2000, as per Law No. 5 of 6 March 2000, [73,74]
which was amended by the Emergency Ordinance No. 49 of 31 !
August 2016.
Chirita Included in the list of Natural Areas of National Interest and [74]
High HR ’ Natural Monuments, as per Law No. 5 of 6 March 2000
) Since 2016, the Sarca—Podu Iloaiei accumulations have been
Sarca declared as Special Avifauna Protection Areas as an Integral Part [75]
Podu Iloaiei of the European Ecological Network Natura 2000 in Romania
P g
Tansa-Belcesti Classified as a Special Protection Area, under Natura 2000 since [76]
Plopi October 2000
Rediu o .
.. Although exhibiting moderate HR, the potential for upgrade to a
Ciric IIT . . e 1o L -
superior level is quite high. Riparian vegetation, reed beds, and
Aroneanu rassy marshes are examples of the GI components, typical for
Moderate HR Ciurea grassy marst oxampres omp s [34,38,39,41,48]
Ciurbesti these reservoirs. Their proximity to the highly urbanized area of
oy Iasi confers multi-functionality, increasing their importance,
Cucuteni . . .
.. placing them as emerging urban GIY-GI infrastructure.
Ezareni
Vanatori Although specific ecological rehabilitation (small wetlands,
Barca grasslands, reed beds) could increase their resilience contribution,
Low HR Carlig these systems are serving mainly to flood-control. The GIY [35,37,39,49]
Cornet contribution is significantly higher than that of the GL.
To analyze the HR uniformly across all reservoirs, three categories of indicators were
employed:

(1) Green infrastructure (GI) development: the emergence and expansion of wetland
areas, marshes and swamps, or reed beds, especially in reservoir tails and shallow
margins; riparian vegetation belts and vegetated slopes.

(2) Evidence of functional green-gray integration (e.g., dense vegetation increases hy-
draulic roughness, which attenuates the peaks of flash floods; wetland plants buffer
droughts by acting as sponges, trapping and releasing water gradually).

(3) Institutional and administrative indicators (e.g., the administrative authority’s pe-

riodic reports, inclusion in protected natural areas), which are used as supporting,
non-deterministic factors.

Using the available historical data, land-use maps, field observations, the literature

records, and present functioning features from administrative technical reports, each

reservoir was qualitatively assessed regarding the degree of hybrid resilience. Based on

a combination of these indicators, three classes of reservoirs (hybridization levels) were
identified (Table 15):

)

@)

®G)

High HR: Defined by well-developed natural ecosystems that actively interact with
gray infrastructure to mitigate floods and droughts.

Moderate HR: Partial or emerging green infrastructure that provides gray infrastruc-
ture with complementary ecological support, with clear potential for upgrading the
hybridization level.

Low HR: The ecological component is underdeveloped, and the gray infrastructure
dominates the system.
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The HR classes presented in Table 15 reflect observed and documented levels of green-
gray integration based on qualitative indicators, not quantified measures of ecosystem
health or performance.

4. Conclusions

Using the Bahlui River basin as an illustrative example of a heavily regulated hydro-
graphic basin in northeast Romania, this study offers a long-term, basin-scale evaluation of
how artificial reservoirs help mitigate hydrological extremes.

After more than 50 years of operation, the analysis shows that flood control is still the
most reliable and enduring reservoir function. Despite infrastructure aging, sedimentation,
changing land use and urbanization levels, and fluctuating management priorities, peak-
flow attenuation remains effective across the reservoir network, confirming the enduring
role of artificial reservoirs in flood-risk reduction.

On the other hand, after socioeconomic changes started in 1989, drought mitigation
functions, such as irrigation and industrial water supply, have significantly diminished.
Though this slow decline has not resulted in a complete loss of drought-buffering capability.
Instead, the establishment of riparian vegetation, wetlands, marshy reservoir tails, and
reed beds are examples of natural systems that have progressively enhanced passive water
storage and low-flow buffering. Over time, various levels of functional integration between
gray infrastructures and naturally occurring green components have developed. The
concept of hybrid hydrological resilience is used to explain this long-term evolution as
a transition from purely engineered control toward multifunctional green-gray systems.
It is important to note that hybrid resilience represents a degree of functional integration
between naturally occurring green components and man-made gray infrastructure, and
not a measure of ecological health. Hybrid resilience does not imply ecological perfection;
it reflects the capacity of artificial and natural elements to operate jointly and adaptively
under real-world constraints, including land-use pressures, infrastructure aging, and
climate change.

Owing to its unique features, the Bahlui River basin represents an illustrative case of
unplanned hybrid resilience emergence. It demonstrates how aged artificial reservoirs can
maintain effective flood-control performance while gradually developing complementary
ecological functions that support drought mitigation. The reservoirs’ long-term resistance
to hydrological extremes can be enhanced in an economical, environmentally responsible,
and flexible manner by identifying, controlling, and eventually designing hybrid resilience.
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Abstract

Urban areas are increasingly challenged by the combined effects of climate change, rapid
population growth, and high energy demand. The integration of renewable energy systems,
such as photovoltaic (PV) panels, and nature-based solutions, such as green roofs, represents
a key strategy for sustainable urban development. This study evaluates the spatial potential
for PV and green roof implementation in Iasi, Romania, using moderate to high-resolution
geospatial datasets, including the ALOS AW3D30 Digital Surface Model (DSM) and the
Copernicus Urban Atlas 2018, processed in ArcMap 10.8.1 and ArcGIS Pro 2.6.0. Solar
radiation was computed using the Area Solar Radiation tool for the average year 2023, while
roof typology (flat vs. pitched) was derived from slope analysis. Results show significant
spatial heterogeneity. The Copou neighborhood has the highest PV-suitable roof share
(73.6%) and also leads in green roof potential (46.6%). Integrating PV and green roofs can
provide synergistic benefits, improving energy performance, mitigating urban heat islands,
managing stormwater, and enhancing biodiversity. These findings provide actionable
insights for urban planners and policymakers aiming to prioritize green infrastructure
investments and accelerate the local energy transition.

Keywords: GIS; photovoltaic potential; green roofs; solar radiation; urban sustainability

1. Introduction

Urban areas face increasing challenges related to climate change, including heat stress,
flooding, and energy inefficiency. Green roofs and photovoltaic (PV) systems are widely
recognized as nature-based and technological solutions that mitigate these impacts [1]. This
study builds on established knowledge while providing an integrated spatial analysis of
both strategies for Iasi, Romania. Although recent advances in remote sensing and GIS
enable highly detailed 3D city mapping through LiDAR or stereo-photogrammetry [2], such
high-resolution datasets are not yet available for many medium-sized Eastern European
cities, including Iasi. In this context, the present study relies on the ALOS AW3D30 DSM
with a 30 m resolution. While this represents a coarse scale for rooftop-level assessments, it
provides a reproducible and accessible baseline for large-area analysis in the absence of
LiDAR data. By explicitly acknowledging these limitations, the study positions itself as
a first exploratory step toward quantifying rooftop photovoltaic and green roof potential
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in Iasi. Solar photovoltaic (PV) technologies are increasingly adopted for their rapidly
declining costs and strong policy support worldwide. Installation costs have dropped
by over 80% in the last decade, making solar energy the cheapest source of electricity
today [3-5]. At the same time, large-scale studies show that rooftop PV could cover up to
24% of the EU’s electricity demand [6]. Green roofs provide multiple adaptation benefits:
reducing building energy demand, retaining 40-80% of precipitation annually [7], lowering
roof surface temperatures by several degrees [8,9], and improving biodiversity [10-12].
Recent work highlights their potential role in carbon sequestration and multifunctional
uses, such as rooftop farming, which can simultaneously mitigate the urban heat island
effect [13-15] and increase food production [16]. GIS-based methods are increasingly
used to identify suitable roof surfaces, considering slope, area, water access, and urban
functional zones [17]. To properly address these objectives, it is essential to establish clear
and transparent criteria for defining when a rooftop can be considered suitable [18]. Recent
literature indicates that, for photovoltaic systems, the key factors include a minimum
annual solar radiation threshold of >1000 kWh/m?/year (=114 W/m?), roof slope (with
>20° generally favorable for optimal solar capture in Romania), orientation towards the
south or southwest, the avoidance of significant shading, the availability of a minimum
continuous surface area (>10 m?), and sufficient structural durability to accommodate an
additional load of 15-25 kg/m? [19]. In the case of green roofs, the slope criterion serves
primarily as a delimiter: flat or nearly flat roofs (<20°) are considered suitable for the
implementation of extensive systems, while pitched roofs (>20°) are generally excluded
from feasibility. Additional technical requirements include adequate load-bearing capacity
(>60 kg/m? for extensive systems), substrate thickness (50-150 mm), and the presence
of reliable drainage and waterproofing layers [20,21]. By integrating these quantitative
thresholds, the study strengthens methodological rigor and ensures comparability with
international approaches, while also clarifying the specific conditions under which PV and
green roof solutions can realistically be implemented in Iasi.

Despite an abundance of research on urban green infrastructure and renewable energy,
the geographic coverage of these studies is uneven. The literature has concentrated predom-
inantly on megacities in the developed world (Western Europe, North America, and East
Asia) and on national capitals, where environmental concerns have driven early “smart
city” or “green city” initiatives. In contrast, medium-sized cities in Eastern Europe have
benefited from fewer applied studies of urban green technologies. Romania, for example,
has considerable solar energy potential and had already met the EU’s 2020 renewable
energy targets for renewables by 2017 [22], yet research on integrating photovoltaic panels
and green roofs in the built environment has largely been limited to high-level national
strategies or to the context of the capital city (Bucharest). There are some green-blue infras-
tructure planning initiatives for the Bucharest metropolitan area and isolated studies on the
dynamics of urban green spaces in post-socialist cities. However, quantitative approaches
that combine LIDAR/DSM data with thematic urban maps to directly assess rooftop solar
and green roof potential remain rare in secondary cities of the region. Another notable gap
in the literature concerns validation. While many GIS-based assessments quantify technical
potential, few verify their findings against actual photovoltaic installations or green roof
deployments, especially in the Romanian context. In Iasi, there is currently no systematic
comparison between modeled PV-suitable rooftops and existing solar arrays. This study
acknowledges this limitation and seeks to address the gap by highlighting the importance
of linking geospatial analysis with real-world implementation data, thereby offering a
more realistic perspective for policymakers. The municipality of lasi—Romania’s second-
largest city, with around 400,000 inhabitants and a major university center—illustrates this
gap. Despite facing common urban challenges (pollution, traffic congestion, insufficient
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per capita green space) and benefiting from favorable geographic conditions for solar
energy, no comprehensive study has yet evaluated the neighborhood-scale potential for
green technologies. This is significant because medium-sized cities like lasi concentrate
a large share of Europe’s urban population [23] and play an essential role in the green
transition [24], requiring context-specific policies tailored to local economic, social, and
climatic conditions [25]. Compared to megacities, medium-sized urban centers often face
more acute constraints, such as limited financial and technical resources, less specialized
infrastructure, and faster demographic or spatial transformations. These characteristics
make the deployment of renewable energy and green infrastructure both urgent and highly
representative of challenges faced by many European cities of similar scale. To address this
need, the present study evaluates rooftop solar potential by generating a solar radiation
map for lasi’s buildings using ArcMap 10.8.1. The DSM of lasi combined with building
footprints, was used to isolate rooftop elevations. Although the ALOS AW3D30 DSM
offers only moderate resolution, it provides a practical and reproducible solution in the
absence of local LiDAR data. Similarly, NextGIS Data building footprints, while subject to
positional inaccuracies due to crowdsourcing, constitute an accessible and comprehensive
dataset where official cadastral records are lacking. By acknowledging these limitations, the
study ensures transparency while providing meaningful insights into neighborhood-scale
solar suitability.

2. Materials and Methods
2.1. The Location of lasi Municipality

Iasi is situated in the northeastern part of Romania (Moldavia region), Figure 1, and
has a humid continental climate with four distinct seasons; summers are warm (often
exceeding 35 °C) and winters are cold, with moderate snowfall and nighttime temperatures
below —15 °C [26]. Annual precipitation is relatively modest (around 521 mm per year) in
Iasi [27], and the city enjoys roughly 2100 sunshine hours annually [28] (about 210 sunny
days). This geographical setting yields a moderate solar energy influx on horizontal sur-
faces (~1000-1300 kWh/m?/ year), with around 600-800 kWh/ m?/ year of that total being
practically exploitable for photovoltaics. Such solar potential indicates favorable conditions
for PV panel deployment as a renewable energy solution in the Iasi area. Furthermore, the
region’s climate variability—alternating dry spells with intense rainfall events—highlights
the need for nature-based urban adaptations; green roofs can alleviate urban heat island
effects [29] during hot summers and reduce stormwater runoff by retaining precipitation
and enhancing evapotranspiration [30,31]. These features underscore how lasi’s geographic
and climatic profile is well-suited for integrating photovoltaic systems and green roofs as
complementary sustainability measures in urban development.

2.2. Data Sources and Processing

The geospatial analysis was conducted for the lasi municipality, focusing on its urban
neighborhoods as the study units. Various spatial datasets and GIS software, ArcGis
Pro 2.6.0, were utilized to ensure a comprehensive evaluation. A digital surface model
(DSM), Figure 2, of the study area with approximately 30 m resolution (ALOS World 3D—
30 m, AW3D30) was obtained from the Japan Aerospace Exploration Agency (JAXA) and
used as the primary elevation source [32]. The DSM represents a digital surface model,
capturing both buildings and vegetation, rather than a bare-earth digital terrain model.
Although suitable for regional assessments, this coarse resolution is a known limitation
for rooftop-scale analysis, as it cannot capture fine-scale roof structures or shading [33].
Detailed vector data on urban land use were acquired from the Copernicus Urban Atlas
2018 dataset, which provides land use classifications for European cities [34]. Building
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footprint data for Iasi (in GeoPackage format) were sourced via NextGIS Data and local
datasets, serving as the basis for identifying individual building structures. It should
be noted that OpenStreetMap and NextGIS Data completeness and positional accuracy
vary across the study area, and this represents an additional source of uncertainty [35].
To ensure spatial consistency and avoid distortions in the subsequent analyses, all input
datasets were reprojected into the same national projected coordinate system, Stereo 70
(EPSG:3844). This procedure was applied uniformly to the digital surface model (DSM),
the NextGIS Data building footprints, the cadastral footprints, and the administrative
boundary of the municipality. Furthermore, processing environments were standardized
by setting the Processing Extent and Mask to the municipal boundary, which guaranteed
that all raster outputs (slope, solar radiation) and vector operations were spatially aligned
and directly comparable. While the solar potential and slope-based roof classification
were assessed at the scale of the entire municipality, the validation of OSM building
footprints against cadastral data was performed on a representative sample area, the
Copou neighborhood. This allowed the quantification of data accuracy and uncertainty
in a controlled context, while ensuring methodological comparability at the municipal
level. A temporal misalignment was acknowledged between the datasets: Urban Atlas
land use data correspond to 2018, while solar radiation calculations were performed for
the reference year 2023. This discrepancy may affect accuracy in areas with rapid urban
development, where new buildings or land use changes occurred between 2018 and 2023.
The potential influence of this misalignment was considered in the interpretation of results.
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Figure 1. The location of Iasi Municipality.

To assess the reliability of NextGIS Data building footprints, a random sample of
buildings was compared with official cadastral records for selected neighborhoods. A small
validation table was produced, showing the percentage of missing buildings in OSM (~7%),
average horizontal offset (~2.5 m), and cases of misattributed building shapes. This step
provided a quantitative estimate of data quality and ensured transparency regarding the
potential propagation of spatial inaccuracies. The GIS processing was primarily carried out
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using Esri’s ArcGIS platform: ArcMap 10.8.1 and ArcGIS Pro. Key geoprocessing tools and
functions employed in this study included Area Solar Radiation, Extract by Mask, Select
By Location, Slope, Raster Calculator, Raster to Polygon, Zonal Statistics as Table, Spatial
Join, Field Calculator, and Clip, among others, to derive the necessary thematic maps and
statistics. For photovoltaic suitability, a threshold of >1000 kWh/m? /year (=114 W/m?)
was adopted, in line with previous studies [36]. For green roofs, a slope criterion of <20°
was used to identify flat or nearly flat rooftops (terraces) considered preliminarily suitable
for extensive systems. However, this classification is a GIS-based screening only and does
not account for detailed structural conditions, which would require on-site verification. To
evaluate the robustness of the methodology, a sensitivity analysis was performed. First,
the slope classification was recalculated using three different thresholds (15°, 20°, 25°)
to examine how the share of flat vs. pitched roofs varies under alternative assumptions.
Second, the DSM-based solar radiation estimates were tested in selected subareas by resam-
pling the raster at coarser and finer resolutions, simulating the effect of alternative datasets.
These tests highlighted how dataset resolution and threshold selection influence the final
results. Furthermore, spatial econometric tools were applied to analyze the distribution
patterns. Global Moran’s I and Geary’s C statistics were calculated for rooftop solar radi-
ation values and roof type distribution across neighborhoods, testing for overall spatial
autocorrelation. Figure 3 illustrates the results of the Global Moran’s I test, confirming
the presence of clustered spatial patterns in rooftop solar potential, with a z-score of 1.74
and p-value < 0.10. To further test for spatial dependence in the photovoltaic potential,
the analysis was extended by calculating Global Moran’s I and Local Indicators of Spatial
Association (LISA) in ArcGIS Pro. The input features were neighborhood polygons, and
the input field corresponded to the mean annual solar radiation per rooftop (Solar_Mean).
A contiguity-based spatial weights matrix (edges-only) was applied, with row standard-
ization and Euclidean distance. This configuration ensured that the analysis captured
both overall spatial autocorrelation and localized clustering patterns. In addition, Local
Indicators of Spatial Association (LISA) were computed to identify statistically significant
clusters (high-high and low-low) and spatial outliers. These results provided insights into
whether solar potential and roof typologies were randomly distributed or concentrated in
specific urban areas, strengthening the spatial interpretation of the study.

Legend

D Boundary of Iasi Municipality

- 378

- 2s 0 1.75 3.5 7 Kilometers
| 1 1 1 | 1 1 1 |

Figure 2. Digital surface model (DSM) of the Iasi municipality (30 m resolution).
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Figure 3. Results of the Global Moran’s I test for rooftop solar potential in Iasi neighborhoods
(z-score = 1.74, p-value = 0.08).

For the solar potential assessment, the Area Solar Radiation tool was parameterized to
compute global annual solar radiation (kWh/m?/year) for the entire calendar year. Solar ra-
diation values were calculated using the Area Solar Radiation tool in ArcGIS, parameterized
for the entire calendar year 2023. The computation is based on long-term meteorological
averages, which account for atmospheric conditions including cloud cover, rather than
clear-sky assumptions. This approach provides annual mean values representative of
realistic local climatic conditions. The resulting raster was then intersected with building
footprints to estimate rooftop solar potential, using Zonal Statistics to derive mean and total
radiation values per building. In line with thresholds reported in the literature, rooftops
with average annual radiation above 114 W/m? (1000 kWh/m?/year) were classified
as suitable for photovoltaic installation. Figure 3 illustrates the DSM of lasi combined
with building footprints, as used in the solar radiation analysis, highlighting the spatial
resolution and its implications for rooftop-level evaluations.

The map highlights the spatial resolution of elevation data used for rooftop solar
radiation assessment, including both terrain and built-up surfaces. The building footprints
(Figure 4) were applied as a mask on the DSM (i.e., extracting DSM values only where
buildings are present), yielding a raster of building elevation above sea level across the city.
This step ensured that only the elevations corresponding to rooftops were considered for
subsequent solar calculations (Figure 5). Next, the Area Solar Radiation tool in ArcMap was
employed to compute the incoming solar radiation on these building surfaces. The analysis
was set to cover an entire year (2023), calculating the average annual solar radiation (in
W /m?) received by each rooftop surface. The output is a raster map of solar radiation
distribution across all building roofs, where each cell’s value represents the potential solar
energy received. To facilitate neighborhood-level analysis, the resulting solar radiation
raster was clipped for each neighborhood using the Extract by Mask tool (with neigh-
borhood polygons as the mask). This produced individual solar radiation maps for each
urban district, which were later used to identify areas of high photovoltaic suitability. For
thematic mapping purposes, the solar radiation values were classified using the Natural
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Breaks (Jenks) method to highlight the variation in solar potential across roofs in a visually
meaningful way.

Legend

I:I Boundary of lasi Municipality
Building footprint
0 125 2;5 5 kilometers

Figure 4. Iasi Municipality building footprints.
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Figure 5. Building elevation above sea level distribution in Iasi municipality derived from DSM
values masked by building footprints.

Building elevations are expressed in meters above sea level and were subsequently
used as input for slope derivation and rooftop solar radiation calculations. Assessment
of the urban land use was performed to understand the context and constraints for im-
plementing green technologies in each neighborhood. Using ArcGIS Pro, the Copernicus
Urban Atlas 2018 vector data for lasi was imported and processed. The dataset provides
detailed land use classes (e.g., various densities of residential fabric, industrial areas, green
urban areas, etc.) across the city. To extract neighborhood-specific land use information, the
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Select By Location tool was applied: for each neighborhood polygon, all land use polygons
with a “Within” spatial relationship to that neighborhood were selected and extracted. This
yielded a segmented land use map for each neighborhood, quantifying the types of land
use present in that area. The resulting land use layers were symbolized by category (class)
to produce thematic maps (such as the example city-wide land use map shown in Figure 6)
that facilitate visual comparison of functional land use distribution among neighborhoods.
An analysis of roof typology was performed to determine which buildings have flat roofs
(suitable for green roof installation) versus sloped roofs. In ArcMap, the DSM was utilized
to derive the slope of each roof surface across the city. The Slope tool (Spatial Analyst)
was applied to the DSM to generate a raster of slope values (degrees) for all areas. This
slope raster was then reclassified using Raster Calculator to differentiate flat versus sloped
surfaces: an expression was applied to assign a value of 1 to areas with a slope below 20°
and a value of 2 to areas with a slope >20°. The resulting binary raster (flat vs. sloped) was
converted into vector format using the Raster to Polygon tool, preserving the geometry
of roof outlines by opting not to simplify the polygons during conversion. To determine
the roof type of each individual building, the above raster results were integrated with the
building footprint layer. Using the Zonal Statistics as Table tool, we calculated the average
slope within each building’s footprint area. This produced a table of average roof slope
values per building polygon. The table was then joined to the building footprint layer via a
Spatial Join, associating each building with its mean roof inclination. Based on these values,
a new attribute field was added to the building layer and populated using Field Calculator:
buildings with an average slope under 20° were classified as having flat roofs (coded as
1), whereas those with an average slope of 20° or greater were classified as sloped roofs
(coded as 2). Finally, the building footprints (now categorized by roof type) were clipped
by neighborhood boundaries (Clip tool) to allow analysis of roof typology distribution in
each area. This information on roof typology directly informs the potential for green roofs,
since flat roof surfaces are generally suitable for supporting green roof installations. By
identifying the proportion and area of flat roofs in each neighborhood, the relative potential
for green roof implementation across the municipality could be estimated (Figure 7). It
should be noted that this classification represents a GIS-based screening of roof slope only
and does not account for structural load-bearing capacity, waterproofing conditions, or
ownership constraints, which would require on-site verification before implementation

Legend
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Land Use very low density urban sites
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B e abric (SL > o 11300: soated B ot use
S Structures :
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Figure 6. Land use map of the Iasi municipality based on Urban Atlas 2018 Data.
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Figure 7. Geospatial analysis of roof type distribution within the Iasi municipality.

2.3. Validation of OSM

To evaluate the reliability of NextGIS Data building footprints, a validation was con-
ducted against official cadastral records available for the Copou neighborhood. This com-
parison was motivated by the need to quantify the uncertainty associated with volunteered
geographic information (VGI) and to ensure methodological robustness for subsequent
analyses. Both datasets (OSM and cadastral footprints) were reprojected into the national
coordinate system, Stereo 70 (EPSG:3844), and clipped to the Copou boundary to ensure
strict spatial comparability. The analysis focused on three quality dimensions commonly
applied in spatial data validation:

Completeness—the proportion of cadastral building area captured by OSM;
Correctness—the proportion of OSM building area overlapping cadastral data;

Areal consistency—assessed through the Jaccard similarity index, expressing the ratio of
intersection to union area between the two datasets.

The results (Table 1) show that OSM building footprints are relatively consistent
with the corresponding cadastral data. The completeness index was 0.68, indicating that
the cadastral database captures roughly two-thirds of the building footprints present in
OSM. Correctness reached 1.04, suggesting that most OSM footprints align closely with
cadastral buildings, even slightly exceeding them. The overall Quality Index (Jaccard
index) was 0.69, confirming a moderate spatial agreement between the two datasets. These
results demonstrate that, although OSM data are not fully up to date compared with
cadastral records (which are updated almost in real time), the differences are moderate
and do not compromise their applicability for neighborhood-scale analysis. The identified
discrepancies mainly reflect missing buildings in cadastral data and small horizontal offsets
(average ~2.5 m), which are consistent with previous VGI quality assessments.

In Romania, the official cadastral database does not yet fully capture the existing
building stock, as the national cadastre implementation is still ongoing. Consequently,
cadastral data provide only a partial representation of on-the-ground reality. A comparison
with OSM shows that the number and spatial extent of buildings in the field often exceed
those registered officially (by approximately 30%). This underlines the valuable potential
of crowdsourced datasets as a complementary source for enhancing and validating official
records, particularly in rapidly developing urban areas.
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Table 1. Validation of OSM building footprints against cadastral data in Copou (m?).

Indicator Formula Value (m?)
A_OSM (m?) Building area from OSM 600,057.5294
A_CAD (mz) Building area from the cadastral data 390,752.5670
A_INT (m?) Intersection OSM N cadastral 406,192.6012
Completeness A_INT/A_OSM 0.68
Correctness A_INT/A_CAD 1.04
Quality Index A_INT/(A_OSM + A_CAD—A_INT) 0.69
3. Results

3.1. Photovoltaic Potential

The assessment of rooftop solar radiation highlights marked contrasts among neigh-
borhoods. As illustrated in Figure 8A, rooftops in Copou predominantly fall into the higher
radiation classes, represented by darker colors. Large contiguous areas of rooftops exceed
the 114 W/m? threshold, confirming that approximately 73.6% of the roof area is suitable
for PV installation. The presence of wide institutional and residential buildings, coupled
with relatively open surroundings, explains the dominance of high-exposure zones. Bu-
cium (Figure 8B) presents a contrasting situation, with only about 14% of rooftop surfaces
meeting the thresholds for high annual radiation suitability. Although well-illuminated
patches can still be identified across both residential and agricultural fringes, the overall
share of suitable rooftops remains comparatively low. The map shows a continuous pat-
tern of suitable roofs, indicating limited shading from nearby vegetation or topographic
obstacles. Moara de Vant (Figure 8D) displays alternating well-exposed and shaded zones.
While certain clusters of rooftops receive high radiation, other sections appear fragmented,
with scattered low-value patches. This spatial variability results in a medium share of
suitable roofs, highlighting the influence of mixed urban and semi-rural morphology. By
contrast, Ticau (Figure 8C) stands out as the least favorable area. The hillside topography
and irregular street orientation produce large patches of rooftops in lower radiation cat-
egories, clearly visible in lighter tones on the map. Figure 8E compiles the legends used
in Figure 8A-D, enabling consistent interpretation and visual comparison across neigh-
borhoods. In summary, Section 3.1 reveals a clear spatial pattern: Copou and Bucium
concentrate the most favorable conditions for rooftop PV, with large, contiguous areas
of well-exposed rooftops, while Ticau remains the least suitable due to its topographic
constraints and unfavorable orientations.

Beyond the spatial visualization of solar radiation (Figure 8A-D), Table 2 presents
summary statistics of annual rooftop insolation per neighborhood. The results emphasize
substantial contrasts in mean values and total roof areas exceeding the suitability threshold
(>1000 kWh/m? /year).

Table 2. Solar radiation statistics per neighborhood.

Neighborhood %(e‘i;llﬂll{;lg/i\é{letz)n Total Roof Area (m?) Area 21(?(;1)i tli“l/’\}lellirz?\f{ear (m?)
Copou 1050 558,660 41,1000
Bucium 1193 369,594 52,799
Moara de Vant 1009 93,900 7163
Ticdu 1027 69,100 960

Note: Mean and total radiation values derived from the Area Solar Radiation tool in ArcGIS Pro (2023). Threshold
for photovoltaic suitability set at >1000 kWh/ m2/ year.
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Figure 8. (A) Average annual rooftop solar radiation in the Copou neighborhood (W/m?). Darker
shades indicate rooftops receiving higher levels of incoming solar radiation, highlighting areas
most suitable for photovoltaic (PV) deployment. (B) Average annual rooftop solar radiation in
the Bucium neighborhood (W/ m?). Rooftops above the 1000 kWh/ m?/ year (=114 W/ m?) thresh-
old are considered suitable for PV installation. (C) Average annual rooftop solar radiation in the
Ticdu neighborhood (W/m?). Suitability is concentrated on unobstructed, south-facing rooftops.
(D) Average annual rooftop solar radiation in the Moara de Vant neighborhood (W/m?). Light-
colored rooftops correspond to lower solar exposure, reducing PV suitability. (E) Legend for fig-
ures (A-D). Average annual rooftop solar radiation (W/ m?) for the neighborhoods of Copou, Bu-
cium, Moara de Vant, and Ticau. Darker shades represent rooftops receiving higher solar radia-
tion, with the suitability threshold set at >1000 kWh/m?/year, indicating areas most favorable for
photovoltaic deployment.

The LISA cluster map (Figure 9) highlights statistically significant local patterns in
the distribution of rooftop solar radiation across lasi neighborhoods. High-high clusters,
mainly located in Bucium and Copou, confirm the spatial concentration of high photo-
voltaic potential. By contrast, low—low clusters were found in peripheral districts with
less favorable topographic and urban conditions. A small number of high-low and low-
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high outliers indicate localized deviations, such as well-exposed buildings surrounded by
shaded areas. The prevalence of clustered rather than random patterns reinforces the con-
clusion that rooftop photovoltaic suitability is spatially structured and strongly dependent
on neighborhood morphology. To better illustrate the comparative distribution of photo-
voltaic suitability across neighborhoods, Figure 10 summarizes the share of rooftop areas
considered appropriate for PV installations. The graph clearly confirms the dominance of
Copou, with nearly four-fifths of its rooftops suitable for solar deployment, followed by
Bucium at lower levels. Moara de Vant and Ticau register moderate shares. This visual
synthesis reinforces the neighborhood-level contrasts already described in Figure 8A-D.

Legend
LISA_Radiation

High-High cluster
I High-Low outlier
I Low-High outiier

Low-Low cluster

Not significant
I No neighbors

sixteen neighborhoods
3 of the municipality of
Tasi L 1 1 1 | 1 1 1

5 Kilometers

Figure 9. LISA cluster map of rooftop solar potential in Iasi.
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Figure 10. Photovoltaic suitability by neighborhood.

3.2. Land Use Structure

The distribution of land use categories provides further context for interpreting PV
potential and greening options. In Copou (Figure 11A), land use is balanced between
residential areas, institutional campuses, and extensive green spaces. The map highlights
large zones of public facilities and parks, which create buffers around buildings and reduce
shading effects. This mix explains the favorable conditions for solar exposure, with many
rooftops unobstructed and well illuminated.
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Figure 11. (A) Land use distribution in the Copou neighborhood based on Copernicus Urban Atlas
2018 data. Classes include various densities of residential fabric, industrial/commercial areas, and
urban green spaces. (B) Land use distribution in the Bucium neighborhood derived from Copernicus
Urban Atlas 2018 data. Functional categories highlight residential, industrial, and green areas
relevant for planning green infrastructure. (C) Land use distribution in the Ticau neighborhood
derived from Copernicus Urban Atlas 2018 data. Thematic classes include residential fabrics of
varying density, industrial zones, and green urban areas. (D) Land use distribution in the Moara de
Vant neighborhood using Copernicus Urban Atlas 2018 data. Spatial categories indicate prevailing
land use functions and constraints for PV and green roof adoption. (E) Legend for figures (A-D).
Land use categories from Copernicus Urban Atlas 2018, including continuous/discontinuous urban
fabric, industrial /commercial areas, and green urban areas. Colors represent functional land classes
that contextualize renewable energy and green infrastructure potential at the neighborhood scale.
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Bucium (Figure 11B) is characterized by agricultural land and dispersed residential
units, visible as broad patches of open space in lighter tones on the map. This dispersed
settlement pattern minimizes obstacles between buildings, which translates into lower
shading and enhanced PV suitability. The visual contrast between cultivated fields and
isolated housing plots underlines the suburban character of the district. Moara de Vant
(Figure 11C) shows a fragmented mosaic of land uses. Low-density housing is interspersed
with agricultural plots and open fields, producing a heterogeneous but less shaded envi-
ronment. This pattern, visible in alternating residential and agricultural polygons, favors
solar exposure by ensuring that many rooftops are surrounded by open space rather than
other tall structures. In Ticau (Figure 11D), a dual pattern is evident: the southern part is
dominated by compact residential development, while the northern sector contains forests
and agricultural land. This sharp contrast, highlighted on the map by dense residential
classes transitioning into extensive green and agricultural categories, directly affects both
rooftop solar exposure and the availability of potential areas for greening interventions.
Figure 11E provides the legend for the land use maps, ensuring consistent interpretation of
categories across neighborhoods. Overall, Section 3.2 emphasizes that neighborhoods with
dispersed land use, such as Bucium and Moara de Vant, benefit from open surroundings
that favor rooftop solar exposure.

3.3. Roof Typology and Green Roof Potential

Roof type distribution further differentiates the neighborhoods and directly influ-
ences the feasibility of green roof adoption. In Ticau (Figure 12A), flat rooftops represent
only about 11.9% of the total building stock, one of the lowest shares across the city. By
contrast, Copou concentrates the highest proportion of flat rooftops, providing the most
favorable conditions for potential green roof implementation. The map highlights clear
clusters of flat-roofed structures, shown in uniform polygons, that are concentrated in
low-rise residential and mixed-use areas. These surfaces are particularly well-suited for
retrofitting with green roofs, as they combine sufficient load-bearing capacity with easy
accessibility. The spatial concentration of these rooftops suggests the possibility of creating
contiguous “green corridors” at the neighborhood scale. To evaluate the robustness of the
roof classification, a sensitivity analysis was carried out by recalculating the slope-based
typology under three thresholds: 15°, 20°, and 25°. The results showed that lowering the
threshold to 15° slightly increased the share of flat roofs, while raising it to 25° reduced this
share. However, the differences remained within X-Y%, confirming that the overall spatial
patterns and neighborhood-level conclusions are not dependent on a single slope criterion.
This confirms that the classification of flat versus pitched roofs is highly stable, and that
the methodological choice of 20° as the primary threshold does not significantly affect the
results (Table 3).

Table 3. Sensitivity analysis of roof classification under alternative slope thresholds (15°, 20°, and 25°).

Compared Thresholds % of Buildings Reclassified
15-20° 0.06%
20-25° 0.00%
15-25° 0.06%

Nevertheless, the presence of institutional buildings with larger footprints provides
opportunities for targeted interventions that could complement solar installations. In
summary, Section 3.3 emphasizes the decisive role of roof typology in shaping the potential
for green roof adoption. Copou emerges as the most favorable neighborhood, with concen-
trated clusters of flat rooftops supported by apartment blocks and institutional buildings.
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Figure 12. (A) Roof typology distribution in the Ticau neighborhood, derived from DSM-based
slope analysis. Flat rooftops (slope <20°) are highlighted as preliminarily suitable for green roof
retrofitting, while sloped rooftops (>20°) are classified as unsuitable. (B) Roof typology distribution
in the Moara de Vant neighborhood, derived from DSM-based slope analysis. Flat rooftops (slope
<20°) are highlighted as preliminarily suitable for green roof retrofitting, while sloped rooftops (>20°)
are classified as unsuitable. (C) Roof typology distribution in the Bucium neighborhood, derived
from DSM-based slope analysis. Flat rooftops (slope <20°) are highlighted as preliminarily suitable
for green roof retrofitting, while sloped rooftops (>20°) are classified as unsuitable. (D) Roof typology
distribution in the Copou neighborhood, derived from DSM-based slope analysis. Flat rooftops
(slope <20°) are highlighted as preliminarily suitable for green roof retrofitting, while sloped rooftops
(>20°) are classified as unsuitable.

To better illustrate the comparative distribution of green roof suitability across neigh-
borhoods, Figure 13 presents the share of rooftops preliminarily identified as favorable for
green roof retrofitting. The graph highlights Copou as the most suitable neighborhood,
with nearly half of its rooftop area classified as appropriate. Bucium and Moara de Vant
follow at lower but still significant levels, while Ticau records only marginal suitability.
This synthesis reinforces the neighborhood-level contrasts described in Figure 12A-D,
showing that opportunities for green infrastructure are unevenly distributed across Iasi’s
urban fabric.
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Figure 13. Distribution of green roof suitability across lasi neighborhoods (%).

To complement the geospatial patterns illustrated in Figure 12A-D, Table 4 quantifies
the distribution of flat versus sloped roofs across the neighborhoods. This statistical evi-
dence highlights the proportion of roof area technically feasible for green roof installation.

Table 4. Distribution of roof slopes per neighborhood.

Neighborhood Flat Roofs (<20°) m? Sloped Roofs (>20°) m? % Flat Roofs % Sloped Roofs
Copou 260,608 m? 107,043 m? 70.9% 29.1%
Bucium 93,383 m? 53,361 m? 63.6% 36.4%

Moara de Vant 22,797 m? 11,569 m? 66.3% 33.7%

Ticau 1859 m? 13,915 m? 11.9% 88.1%

Note: Roof slope classification based on Zonal Statistics analysis of the DSM. Flat roofs <20° are considered
technically feasible for green roof implementation.

Beyond the individual analyses of solar radiation and roof typologies, it is essential to
provide a comparative overview of photovoltaic and green roof suitability at the neighbor-
hood level. Table 5 summarizes the share of rooftops suitable for PV installation (radiation
>1000 kWh/m? /year) and for green roof retrofitting (flat roofs <20°), highlighting differ-
ences in implementation potential across lasi’s urban neighborhoods.

Table 5. Comparative photovoltaic (PV) and green roof potential in Iasi neighborhoods.

Neighborhood % I())‘f/RS(?oi;it‘(])Jlilx}l"ea) Green Roof Suitability (%)
Copou 73.6 46.6
Bucium 14,3 10.1
Moara de Vant 7.6 53
Ticau 2.8 1

Note: PV suitability was assessed based on rooftops with average annual solar radiation above the threshold of
>1000 kWh/m? /year (=114 W/m?). Green roof suitability was defined as the share of flat rooftops (slope <20°)
relative to the total building stock in each neighborhood.

As presented in Table 5, the comparative assessment reveals that the neighborhoods
of Iasi display differentiated potential for photovoltaic (PV) integration and green roof
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development, with no single district outperforming across all indicators. Copou emerges
as the most advantageous area for renewable energy deployment, with over 73% of its
rooftop surfaces suitable for PV systems, complemented by a notable potential for green
roof installations (46.6%). Bucium demonstrates a balanced profile, combining moderate PV
suitability (14.3%) with a relatively significant green roof potential (10.1%), thus represent-
ing a district where both interventions could be jointly pursued. Moara de Vant registers
comparatively lower suitability values, yet still retains a measurable capacity for PV (7.6%)
and green roofs (5.3%), highlighting the possibility of targeted small-scale interventions.
By contrast, Ticau ranks lowest in both categories, with only 2.8% of rooftop area suitable
for PV and 1% for green roofs, indicating limited applicability of these measures.

This neighborhood-level analysis underlines the importance of adopting spatially
differentiated strategies for urban sustainability. By tailoring interventions to the specific
strengths of each district, local authorities and planners can maximize both renewable
energy production and ecological co-benefits, thereby contributing to a more resilient and
sustainable urban fabric in Iasi.

4. Discussion
4.1. Neighborhood-Level Patterns

The results of this geospatial analysis provide a nuanced understanding of how solar
energy potential and green roof suitability vary across the urban fabric of lasi. Distinct land
use patterns and building characteristics in each neighborhood influence these opportu-
nities, leading to notable divergences in renewable infrastructure potential. For example,
the Copou neighborhood stands out with approximately 73.6% of its total roof area iden-
tified as suitable for photovoltaic installations, exemplifying how residential-dominated
districts can substantially contribute to clean energy generation in cities. This finding
corroborates previous studies suggesting that urbanized environments harbor consider-
able untapped capacity for renewable energy integration [37]. Other neighborhoods of
the city show much lower proportions of solar-suitable rooftops, highlighting the need
to address local constraints and encourage innovative solutions (e.g., facade-mounted
panels or community solar projects) [38]. Similarly, the potential for green roof imple-
mentation varies widely—from only a few percent in some districts to about 1% in others
(as observed in Ticau)—indicating that urban form and existing roof structures signifi-
cantly affect feasibility. These variations underscore the importance of context-sensitive
planning, where sustainability strategies are tailored to each neighborhood’s physical and
functional characteristics.

4.2. Validation and Robustness of Results

Validation against cadastral records in the Copou neighborhood revealed moderate
discrepancies in the OSM dataset: approximately 7% of buildings were missing, and the
total footprint area differed by about 5.4%. These deviations affect both completeness and
areal consistency but remain within the range of errors commonly reported in the validation
of volunteered geographic information. Importantly, their influence on photovoltaic and
green roof estimates is limited: the propagation of these discrepancies results in variations
of less than X% at the neighborhood scale, confirming that the overall conclusions remain
robust despite data imperfections. The robustness of the LISA results was further verified
by testing alternative distance thresholds, which consistently produced similar clustering
patterns. This consistency indicates that the detected spatial dependence of photovoltaic
potential is not an artifact of methodological choices, but rather reflects genuine structural
characteristics of the urban fabric.



Appl. Sci. 2025, 15, 10786

18 of 22

4.3. Policy and Planning Implications

In interpreting these results, it is important to consider both theoretical implications
and practical applications. Theoretically, this study reinforces the concept that integrating
renewable energy technologies and nature-based solutions into urban planning can yield
synergistic benefits for energy efficiency and environmental quality [39-41]. Practically,
the mapping of high-potential areas serves as a strategic guide for policymakers and city
planners [42]. By focusing investments and supportive policies on neighborhoods such
as Copou (for solar panels) or Ticau (for green roofs), municipal authorities can achieve
more impactful outcomes [43]. At the European level, these municipal actions align with
European Union initiatives to promote solar energy adoption and climate neutrality [44,45].

4.4. Future Research Directions

Looking forward, the findings of this study open several avenues for future research.
One recommended direction is to conduct longitudinal studies on the actual impacts of in-
stalling photovoltaic systems and green roofs in high-potential neighborhoods—monitoring
indicators such as energy generation, reductions in carbon emissions, improvements in
stormwater management, and building thermal performance over time. Such studies
would provide empirical evidence of long-term benefits and any unintended consequences,
thereby strengthening the case for these interventions. Additionally, further research could
explore community perceptions and social acceptance of green roofs and solar panels,
especially in historical or densely populated urban areas, since public support is crucial
for the success of sustainability initiatives [46,47]. Another pertinent research avenue is to
examine the synergistic effects of combining multiple green city technologies; for instance,
deploying solar panels on green roofs or integrating energy storage and smart-grid demand
response systems at the neighborhood level [48-50]. Investigating how different land use
types (residential, commercial, industrial) can be optimally coordinated with renewable
energy infrastructure would also enhance holistic planning of eco-friendly urban districts.

5. Limitations

This study has limitations that should be recognized. Firstly, the use of the AW3D30
DSM with a spatial resolution of 30 m is a constraint for roof-scale analysis. Many ur-
ban buildings have plan dimensions smaller than 30 m, so individual pixels may capture
not only rooftops but also adjacent features such as roads, vegetation, or water surfaces.
This mixed-pixel effect can reduce the precision of slope and solar radiation estimates at
the building level, although the dataset remains suitable for exploratory municipal-scale
analysis. At this resolution, detailed roof geometries and local shading effects cannot be
captured, which most likely leads to an overestimation of the roof area suitable for PV
installation. Second, building footprints obtained from NextGIS Data and local datasets
vary in completeness and positional accuracy, which can introduce errors in the delineation
of individual structures. Third, although the Copernicus Urban Atlas 2018 provides a
standardized dataset for European cities, its land use classifications may not fully reflect
the latest local conditions at the neighbourhood scale. Therefore, the results should be inter-
preted primarily as indicative of general urban models, rather than as precise building-level
assessments. Future research could reduce these uncertainties by using higher-resolution
data sources, such as airborne LiDAR or UAV-based photogrammetry, which allow for a
much more accurate representation of roof surfaces and shading effects. A limitation of this
study concerns the validation of photovoltaic suitability with real installation data. While
cadastral records were available for testing the accuracy of building footprints, no official
datasets on existing rooftop PV systems in Iasi were accessible from local authorities or
the national energy regulator. Furthermore, a query of the NextGIS Data database using
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Overpass Turbo confirmed that no installations are currently mapped for the municipality.
This lack of open geospatial data on actual PV deployment constrained the possibility of di-
rectly cross-checking the modeled suitability with observed installations. Consequently, the
validation relied on indirect methods (cadastral comparison, sensitivity analyses), which,
although robust, cannot fully substitute for empirical verification of solar adoption patterns.
Future work should seek to integrate official records of rooftop PV deployment as they
become available, in order to ground-truth and refine the suitability assessment for Iasi.

Uncertainties in OSM completeness, DSM resolution, and the temporal mismatch be-
tween 2018 land use and 2023 solar radiation inputs may propagate into the final suitability
estimates. Sensitivity tests on slope thresholds and DSM resolution showed that while
absolute values vary, relative neighborhood patterns remain stable. Therefore, the results
should be interpreted as indicative trends rather than exact figures.

6. Conclusions

This study highlights the heterogeneous distribution of sustainability opportunities
across the neighborhoods of lasi. The comparative analysis shows that Copou clearly dom-
inates in terms of photovoltaic potential, with almost four-fifths of its rooftop area suitable
for solar installations. Moreover, Copou also emerges as the most favorable neighborhood
for green roof implementation, given its extensive share of flat rooftops that combine
structural capacity with accessibility. Bucium follows at a lower but still meaningful level,
offering balanced opportunities for both PV and selective green roof retrofits. Moara de
Vént presents more moderate values, with potential for targeted interventions rather than
large-scale deployment, while Ticdu ranks lowest across the indicators analyzed. Taken
together, these findings demonstrate that no single neighborhood excels uniformly across
all sustainability metrics; rather, each district exhibits a unique combination of strengths.
Copou stands out as the primary candidate for both PV deployment and green roof strate-
gies, Bucium supports mixed interventions, and Moara de Vant provides opportunities
for localized enhancements. This integrated neighborhood-level framework offers ur-
ban planners and local authorities valuable guidance for tailoring renewable energy and
green infrastructure measures to specific urban contexts, thereby maximizing both energy
production and ecological co-benefits.
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Abbreviations

. ArcGIS spatial analysis tool that calculates incoming
Area Solar Radiation T . ]
solar radiation (insolation) from a raster surface.

ALOS World 3D 30 m—a 30 m resolution global Digital Surface Model

AW3SD30 dataset developed by JAXA.
CO, Carbon dioxide (a greenhouse gas).
. European Union’s Earth observation program providing satellite data

Copernicus . .
(e.g., Urban Atlas land use information).

DSM Digital Surface Model (elevation model representing ground surface
including buildings/vegetation).

GIS Geographic Information System, a computer system for capturing,
analyzing, and displaying geographically referenced data.

GPKG GeoPackage—an open standard geospatial data format
(stored as a SQLite database with a .gpkg extension).

LCZ Local Climate Zone, a standard classification of urban/rural landscapes
based on surface structure and cover, used for local climate analysis.

m? Square meter (unit of area).

PV Photovoltaic (relating to the conversion of sunlight into electricity).

GIS tool for performing map algebra, i.e., cell-based mathematical
Raster Calculator .
operations on raster datasets.

. . GIS operation that combines attribute data of two spatial datasets
Spatial Join . ) ) )
based on their spatial relationship.

W/m? Watt per square meter (unit of solar irradiance or power per area).
GIS analysis method that calculates statistical summaries of a raster’s

Zonal Statisti
onat Statisties values within defined zones (e.g., mean value per building footprint).
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Abstract

This manuscript introduces a river segmentation method and explores the impact of human
interventions through a long-term study of total nitrogen, total phosphorus, chemical
oxygen demand, and biochemical oxygen demand. An indicator linking parameter con-
centrations to the river’s flow rate was used to assess the development of the examined
parameters. The analysis spanned from 2011 to 2022, considering both seasonal and yearly
variations. Normal probability plots served as statistical tools to evaluate whether the data
followed normal distributions and identify outliers. The proposed segmentation divided
the Bahlui River into four segments, each defined by anthropogenic stressors. It was found
that, due to human activity, each river segment could be viewed as an “independent” river.
This supports the idea that river segments can be analyzed separately as distinct compo-
nents. The proposed segmentation approach represents an alternative approach in river
water quality research, moving from traditional continuous system models to fragmented
system analysis, which better reflects the reality of heavily modified river systems. The
study’s findings are important for understanding how anthropogenic modifications affect
river ecosystem functioning in the long term.

Keywords: dam fragmentation; hydraulic discontinuity; anthropogenic stressor; nutrients;
organic load

1. Introduction

Building dams, regardless of their purpose, will inevitably affect in-stream ecological
processes, as well as downstream natural hydrology and hydrochemistry. According to
a 2016 study by Van Cappellen and Maavara, more than half of the world’s streams and
rivers are crossed by dams, and they estimated that by 2030, this figure could increase to
90% [1]. A few years later, in 2020, 1.2 million barriers, including weirs, dams, barrages,
sluice gates, ramps, bed sills, culverts, and fords, were counted only for Europe’s rivers
and streams [2]. Globally, the number of free-flowing rivers is steadily decreasing due
to land use, climate change, and increasing water and hydropower demands [3]. River
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damming creates physical barriers that fragment rivers and obstruct the natural movement
of matter and energy [4-6]. The presence of multiple dams on a single river stream or its
main tributaries leads to river fragmentation and, consequently, to consistent flow alter-
ation [7,8]. Numerous studies discuss how dams affect the hydrology and hydrochemistry
of rivers [4,6-15]. The hydro-chemical regime is greatly affected by natural fluctuations in
river flow, such as seasonal changes, and by human activities that typically involve dis-
charge control [8]. Unfortunately, dam construction is not the only anthropogenic stressor
on rivers; urban runoff, agricultural practices, WWTP plants, and industrial discharges all
significantly contribute to changes in nutrient loads and COD and BOD dynamics [16-20].
A free-flowing river has a natural flow regime that allows for the continuous transport of
nutrients, organic carbon, and sediments [3]. In contrast, an anthropogenically stressed
(fragmented) river [16] has transport discontinuities caused by abrupt changes in flow
patterns, sediment retention [21], organic matter accumulation, nutrient cycling [14,22],
WWTP discharge [23], and so on.

Damming’s main effect on nutrients and organic matter is to increase their hydraulic
retention time (HRT). The longer the HRT time, the higher the chance of biogeochemical
and physical transformations that lead to nutrient consumption [11]. Barriers affect water
quality monitoring by creating spatial differences in COD and BOD measurements. Due
to pollutant buildup or flow changes, upstream areas may exhibit different features than
downstream areas [20]. Due to fragmentation, different river segments process organic
matter and nutrients in various ways. The different segments of a river may experience
different levels and types of pollution because of land use, urbanization, and industrial
activities, and each segment may have unique hydrological features that affect its biogeo-
chemical cycling [7]. Therefore, analyzing independent river segments can show how
fragmentation affects nutrient transport, COD and BOD dynamics, and other factors. Such
an approach, which involves examining individual segments and comparing them with the
entire river system, might provide a more accurate assessment of human impacts. There are
very few works that assume that each segment of a fragmented river can behave indepen-
dently [24-26], even though concepts like river continuum [27] and serial discontinuity [28]
are not new and have been thoroughly defined in the literature. Dam-fragmented rivers
are thoroughly examined throughout their whole length, and various analysis have been
made regarding sediment transport [14,15,21,29-33], nutrient fluxes [1,4,14,15,33-35], water
quality [20,36-38], and ecosystem impact [28,39,40].

With 17 dams in its hydrographic basin, the Bahlui River is one of Romania’s most
hydro-technically engineered rivers. Our previous study highlighted the effectiveness of
these dams in managing streamflow and reducing the impacts of droughts and floods [41].
However, we could not find a statistical relationship between the river’s nutrient loads
and discharge. The data did not support the initial hypothesis that there would be at
least a seasonal association between river discharge and nutrient flow, except for a few
weak correlations in specific sampling areas. In this work, an equation that links river
flow rate to nutrient loads and two relevant water quality chemical indicators (COD and
BOD) was employed for this new approach of examining river segments as “independent”
watercourses. This study considered the following four river segments separated by a
series of anthropogenic stressors: Parcovaci Dam, Tansa Dam, Podu Iloaiei Dam, and the
Tasi Waste Water Treatment Plant (WWTP).

The following aspects underline the novelty of this work:

- Unlike previous studies that focus on water quality and typically examine the Bahlui
River as a unified hydrological system, this work introduces a novel conceptual
framework that treats river segments as individual watercourses.
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- Anthropogenic stressors delimit the analyzed river segments. This segmentation
approach allows for understanding how human interventions create localized impacts
that do not necessarily propagate throughout the entire river system.

- For each segment, water quality indicators are linked with the river’s discharge in an
integrated flow—nutrient—pollution analysis.

- The seasonal and annual variations across each segment are presented for twelve years,
offering a detailed view of how fragmentation affects long-term water quality patterns.

This research contributes to a better understanding of anthropogenic impacts by
providing a comprehensive viewpoint on the transport of nutrients and dynamics of COD
and BOD in a fragmented river. Examining the seasonal and yearly changes in nutrients
and organic pollutants in separate river segments offers specific benefits, especially in
understanding hydrological effects and the ecological impacts of river fragmentation.

2. Materials and Methods

2.1. Research Area, Anthropogenic Amendments, and Segmentation Strategy
2.1.1. Research Area

The main characteristics of the Bahlui River are well described in the literature [41-46].
In brief, the Bahlui River, which is 119 km long, has a catchment area of 2025 km? and a
hydrographical network of 3100 km. It is the main tributary of the Jijia River. The primary
water source of the Bahlui River is runoff from precipitation; in the upstream area, some
small tributaries are fed by groundwater. Therefore, as is common for rain-fed rivers, the
river’s discharge varies significantly throughout the year (seasonal variation) [42]. The
annual precipitation in the river’s basin is approximately 500 mm. Therefore, it is important
to note that only 30% of the hydrographic network has a permanent flow [42,45]. The
average discharge ranges from 2.8 m3/s to 4 m?®/s, but it can reach up to 600 m3/s (with
the highest recorded during floods in 1932) and fall to complete depletion during extended
drought periods [47]. To manage these significant fluctuations in discharge flow, often
accompanied by heavy floods, 17 dams have been constructed in the Bahlui River basin
over the past century. More information about the river’s tributaries and the hydrotechnical
infrastructure in the Bahlui River system can be found in our previous work [41].

2.1.2. Anthropogenic Amendments

The hydrographic basin of the Bahlui River has experienced significant human interfer-
ence over the past century. The 17 dams built between 1964 and 1988 provide hydrotechnical
management for about 70% of the river basin [41,48]. Between 2010 and 2013, during the
European Project “Water-course regulation of Bahlui River, County of lasi”, the riverbed
was regularized for a length of approximately 11 km, which crosses the city of lasi [43].
Furthermore, over recent decades, the possibility of implementing new projects related
to the development of recreation areas along the urban section of the Bahlui River has
been heavily debated [49]. Therefore, the Bahlui River can be considered as one of the
most anthropized rivers in Romania. Table 1 provides detailed information about the
anthropogenic barriers directly related to this study.

The Parcovaci accumulation (denoted A1) is situated on the main course of the river,
in the upper part, in a highly forested hilly area. From a geological point of view, the
primary materials are clays with intercalations of sands, sandstones, and limestones [50].
The Péarcovaci dam (Figure S1) is an earth dam built between 1978 and 1984 and put
into operation in 1984 [51]. It is classified as a homogeneous earth embankment; the
construction materials are fine, dusty, alluvial clayey, and clayey deluvials [52]. Initially, the
main functions of this accumulation were the flood protection of downstream localities and
the water supply of the town of Harlau. The average discharge of the Parcovaci reservoir is
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0.424 m3/s [42]. Since 2000, according to Law no. 5 of 6 March 2000 regarding the approval
of the National Territorial Planning Plan-Section Ill-protected areas [53], modified by the
Emergency Ordinance no. 49 of 31 August 2016 [54], the Parcovaci accumulation has been
a protected area for several species of local ichthyofauna.

Table 1. The reservoirs considered in this study, with some constructive details.

. . Dam Canopy Normal Storage =~ Water Surface, Year of
Reservoir Name Coordinates Watercourse Elevation, m Length, m Capacity, m3-10° m2.10% Completion
Accumulation 47°27'19" N .
Parcovaci (A1) 26°48'47" E Bahlui 25 290 2.75 48 1984
47°17'30" N .
Tansa Lake (A2) 27°4'49" E Bahlui 14.2 4890 6.79 289 1974
Accumulation 47.196842° N
Podu Tloaiei (A3) 27191161° E Bahluet 14.1 640 3.699 240.9 1964

The Tansa dam (denoted A2) is classified as a homogeneous embankment made from
local materials (clay soils) [52]. The Tansa Lake (Figure S2) sedimentary blanket is composed
of a layer of brown and grey clay, underlain by Sarmatian deposits consisting of alternating
marls and fine sands [55]. The Tansa dam was built on the Bahlui River between 1971 and
1976, becoming operational in 1975. The lake is a multi-purpose reservoir, being used for
flood protection, as drinking water supply for the Belcesti village, as an irrigation source
for farms in the area, and for fish farming [56]. The average discharge of the Tansa dam is
0.839 m3/s [42].

The Podu Iloaiei Accumulation Lake (denoted A3 and presented in Figure S3) is
located on the Bahluet River, which is the main tributary of the Bahlui River, at a distance
of 2.5 km upstream of the confluence with the Bahlui River and 400 m upstream from
the town of Podu lloaiei [57]. The dam has operated since 1964 and is made of local
materials, predominantly yellow dusty clays of a homogeneous type [52]. Alluvial soils,
carbonated alluviums, soils rich in sodium sulphates, meadow clayey, maroon substrates,
and gray soils represent the hydrographic basin [57]. The main functions of Podu Iloaiei
Dam Lake include (i) flood protection by controlling the Bahluet River water flow rate;
(ii) supplying the water volume required for fish farming; and (iii) acting as a water
source for irrigating an agricultural area of 526-10* m? [58]. The lake water is evacuated
in the winter time [57,59], hence the area and volume of the lake can vary considerably
throughout the year. The average discharge of the Podu Iloaiei dam ranges from 0 (in
winter) to 1.02 m3/s [58].

According to the Romanian Government Decision no. 663 of 14 September 2016
on establishing the regimes of protected natural areas and designating special avifauna
protection areas as an integral part of the European ecological network Natura 2000 in
Romania, the Sarca-Podu Iloaiei accumulation was declared a special avifauna protection
area [60].

Additionally, on the fourth section of the river, there is also the Iasi Waste Water
Treatment Plant (WWTP), which significantly impacts the river discharge after crossing
the Iasi municipal area. The lasi WWTP (Figure S4) has been developed in stages since
1968 [61]. It is located in the Holboca commune, in the area of the Dancu district, and
uses the Bahlui River as effluent. The WWTP daily discharge varies between 2.2 m®/s
and 4.033 m3/s [62] and can reach up to 8 m3/s and above during heavy rains [61]. Since
the daily amount of urban wastewater remains relatively constant—mainly depending
on the number of residents and not on rain or groundwater sources—the daily discharge
capacity of the lasi WWTP is medium-high and stays fairly steady compared to the river’s
flow rate. During heavy rain, when urban runoff is also collected, the WWTP’s daily
discharge capacity doubles. In some situations, especially during extended droughts, the
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Accumulation

500 m

Al

Iasi WWTP’s maximum discharge capacity can surpass the average flow rate of the Bahlui
River [47].

2.1.3. Segmentation Strategy

The accuracy of the study heavily depends on segment selection, but identifying
relevant local boundaries is not always easy. For example, Zhang et al. divided the Shaying
River into the following three segments: upstream, middle stream, and downstream [26].
Shehab et al. used a Digital Elevation Model to identify the boundaries required to di-
vide the Tigris River into eight zones [63]. Nardini et al. described four approaches for
river segmentation, including (i) manual segmentation based on expert judgement; (ii)
segmentation based on image recognition using artificial intelligence and machine learning
algorithms; (iii) segmentation based on statistical analysis; and (iv) segmentation based on
logical or heuristic algorithms [64]. An equivalent for the term “segment” is the concept
of “reach”, described and critically analyzed by Parker et al. [65]. A reach is commonly
defined as a convenient subdivision, which may be any length of river with fairly uniform
characteristics, the length between gauging stations, or the length of a watercourse between
any two defined points [66].

In this study, river segmentation was based on expert judgment, considering the
main anthropogenic stressors (previously described), how they interfere with the river’s
natural course, and land use. Manual dam-based segmentation establishes clearly defined
boundaries that match actual physical and hydrological breaks in the river system. Unlike
arbitrary geometric divisions, dams cause real discontinuities in flow, sediment transport,
and water quality. This method aligns segmentation with the physical processes that govern
river behavior.

Accordingly, four reaches were designated for further analysis (Figure 1, Table 2). Due
to anthropogenic impact, each segment can be treated separately as an “independent” river.
The selected river segments and the decision support (the form of human control) for each
choice are briefly presented in the following paragraphs.

Parcovaci

52
A2

Belcesti

S3

Tansa Lake

Podu lloaiei

S4

Jijia

Bahluet
Podu lloaiei A3

1 e
Accumulation I i IASI WWTP
S5

119 km

Figure 1. Bahlui River fragmentation: main anthropogenic amendments and sampling locations (not
to scale).
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Table 2. Brief characterization of the Bahlui River selected segments.

Segment No. 1st Segment 2nd Segment 3rd Segment 4th Segment
Range 51-52 52-S3 S3-54 54-56
Length (km) 11.5 37.5 40 30
Anthropogenic Al Al, A2 A2, A3 A3, Ad
elements
. . . Indirect dam
inlet Natural Direct dam controlled Direct dam controlled
controlled
Reach
S tfjacm Direct dam Natural, influenced
outlet controlled Direct dam controlled  Indirect dam controlled by the lasi
WWTP discharge
Vineyards, orchards, Agriculture, . .
Land use Forest, aquaculture agriculture, aquaculture, pastures, Agriculture, highly

urbanized area

and pastures animal farms

In Figure 1, A1-A4 represent the considered anthropogenic modifications, as follows:
A1l = Parcovaci Dam; A2 = Tansa Dam; A3 = Podu Iloaiei Dam; and A4 = Iasi WWTP. The
green dots, S1 and 56, represent the river’s spring and the river’s end at the confluence
with the Jijia River, resepectively. The red dots 52-S5 indicate the sampling locations.

River Spring-Parcovaci Dam (51-52). The first reach is between the river spring (S1)
and sampling site S2, including the Parcovaci accumulation (Figure 1), and features a largely
undisturbed riparian ecosystem. The anthropogenic element of control is the Parcovaci
dam, which manages the river’s discharge and supplies inflow to the second segment
(52-S3). This entire reach is located in a forested area with minimal to no agricultural
or urban disturbances. While aquaculture may influence the nutrient levels, this is well
managed, as the Parcovaci accumulation has been designated as a protected area.

Parcovaci Dam-Tansa Dam (S2-S3). The stream flow in the second segment is fully
controlled, with the inlet by the Parcovaci dam and the outlet by the Tansa dam. There
is a relatively low urban impact through the Harlau WWTP that services the small town
of Harldu, which is crossed by the Bahlui River. The rural land use includes vineyards,
orchards, non-irrigated arable fields, and pastures [67].

Tansa Dam-Podu Iloaiei Dam (S3-54). The Tansa dam discharge directly controls the
entrance to the third reach, while the exit is indirectly regulated by the Podu Iloaiei dam,
which manages the flow rate of the Bahluet River, the main tributary of Bahlui. Sampling
site 54 is located downstream of the river’s confluence. Before entering the Podu Iloaiei
accumulation, the Bahluet River passes through two towns, Targu Frumos and Podu lloaiei.
Land use in this section of the Bahlui River primarily consists of pastures and arable fields,
both irrigated and non-irrigated. Aquaculture, along with some pig and poultry farms
(which operate periodically), are potential sources of nutrients and organic matter. Both
the Belcesti WWTP and Podu Iloaiei WWTP utilize this river segment, directly or indirectly,
as their effluent source.

Podu Iloaiei Dam-lasi WWTP (54-56). The Podu Iloaiei dam indirectly controls the
inlet flow of the fourth river segment. Since the dam is drained during winter, the river flow
rate varies significantly, impacting the transport of nutrients and organic matter. Sampling
site S5 is located downstream of the Iasi WWTP. The outlet flow is heavily influenced by
the Iasi WWTP, which handles municipal wastewater and urban runoff during rainfall.
This last segment of the river passes through a relatively small agricultural area, a region of
pastures, and the rapidly expanding metropolitan area of lasi.
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2.2. Sampling Sites, Monitored Parameters, Analyzed Period

The four sampling sites, denoted S2, S3, 5S4, and S5 in Figure 1, were extensively
described in our previous work [41]. Water samples were collected according to a specific
seasonal or annual schedule. The National Administration of Romanian Waters provided
all the data analyzed during this study. The monitored parameters included the river flow
rate and the nutrient flow indicated by total nitrogen, total phosphorus, and the level of
organic pollution, as shown by chemical oxygen demand (COD) and biochemical oxygen
demand (BOD). The analyzed period ranged from 2011 to 2022 for the S2, S4, and S5
sampling sites and from 2015 to 2022 for S3.

2.3. River Load Calculation Approach Methods: Theoretical Background, Selected Equation,
Statistical Analysis

A river’s “instantaneous load” with a particular constituent is commonly defined as
the result of the water discharge and the concentration of that constituent as they pass
through the stream cross section [68]. The total amount and/or the flow rate of a particular
component (pollutant, nutrient) that is transported by the river in a given period can be
calculated by knowing its “instantaneous load.” These definitions can be expressed using
Equation (1) [68-70], as follows:

e e enom.
F = / Li(t)dt = k- /ti Ci(1)-Q(t)-dt M

where F; is the amount/flow rate of the component “I” transported during the monitored
time interval; ¢; and #; represent the beginning and ending times of the measurements; C;

"y
1

represents the concentration of the “i” component at the time ¢, while Q; represents the
river’s discharge at the time ¢; and the constant k is used to adjust the measurement units
(when necessary).

Naturally, the length of the monitored period, the sampling frequency, and accuracy
are critical to the precision of the load estimation [71]. There are additional factors that can
influence the accuracy of the calculation; some of these are fairly predictable, like the succes-
sion of seasons with rainy and dry periods, while others are less or not at all predictable, like
heavy rains accompanied by floods or prolonged drought periods, which are frequently
associated with climate change phenomena [72]. In addition to these natural interfer-
ences, human activity can also have a direct impact on the river loads through damming,
aquaculture, discharges from WWTPs, land use, and other actions [7-9,16,41,73,74].

Over the years, several methods have been developed to estimate the contaminant
loads in rivers and solve Equation (1) [69,75,76]. In a recent study, Zhang and cowork-
ers [76] identified the following three categories of methods for estimating river loads:
(i) interpolation algorithms, which use interpolations between measured concentrations;
(ii) ratio methods, using the ratio of the average load to the average flow; and (iii) regres-
sion methods, which establish a regression relationship between concentration and flow to
estimate loads.

In this work, the method of weighted averages [77,78] was applied to estimate the
annual discharge of nutrients, as well as COD and BOD fluctuations. The approach falls
under the category of interpolation algorithms, and Equation (2) describes the yearly load
of a particular component.

n

T C.-O;
Fi :Kx'Qi'Zlinl IQQI

i=1 1

where the constant K, is used to correlate the measure units and the considered period, e.g.,

(2)

for a year, K, considers a value of 366 days, for a month, 30 days, and for a season, 91 days.
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To visually represent the data and assess normal distributions, normal probability
plots (NPPs) were used. When such graphs display a nearly straight line, it is relatively
safe to assume that the data follow a normal distribution. Additionally, it is easy to
visually identify the presence of skewness, outliers, or other nonlinear anomalies that
suggest unexpected events. In addition to the visual inspection, NPPs provide specific
parameters such as the p-value, mean, and standard deviation, with the p-value being
the most commonly used in actual statistical analysis. To determine whether the data are
normally distributed, a significance level of 0.05 is used. A p-value less than or equal to this
significance level suggests that the data do not follow a normal distribution. Conversely,
a p-value greater than the significance level indicates a high probability that the data do
follow a normal distribution [79].

The calculations were performed using Microsoft Excel, while the NPPs were gener-
ated using the Minitab® Statistical Software Version 21.2 (Minitab, LLC, 2022, State College,
PA, USA). The overall workflow of the steps performed in the current work is presented in
Figure 2.

m
Select relevant data
i
m

Complete database

Generate Normal
Probability Plots

Identify the
anthropogenic
stressors Conclusions
T — _— _——

[ ][ ]

Figure 2. Steps of the performed analysis.

3. Results and Discussion
3.1. Fragmentation Impact on Nutrient Dynamics and Organic Pollution Load: Seasonal Variation

Seasonal monitoring can reveal short-term changes in nutrient levels and spikes in or-
ganic pollution caused by factors such as weather events, agricultural runoff, and accidental
spills. These may be missed in annual reports due to data averaging. Additionally, seasonal
analysis helps to distinguish between natural cycles and human impacts, providing a
comprehensive view of water quality dynamics.

3.1.1. River Spring-Parcovaci Dam (51-52)

The first river segment (Figure S5) runs through a forested area; the main controlling
factor is the discharge from the Parcovaci dam. The main tributaries along this part of the
river are Bahluetul Mic, Valea Mare, and Valea Cetatuiei.

The presence of nitrogen and phosphorus in this initial segment is attributed to natural
sources. This aligns with the findings in the literature, where Duchesne et al. studied how
nutrients transfer seasonally from forest canopy leaves to lake water [80]. Table 3 presents
the seasonal evolution of total nitrogen (N1) and total phosphorus (Pr) for the considered
interval (2011-2022). The seasons are represented by numerical designations and their
corresponding names to maintain the standard sequence of seasons in all tables and figures.
The river annually carries an average of 4.47 tons of Nt. This amount varies greatly each
year, ranging from 0.74 tons to 12 tons. Notable extreme loads are recorded in 2011 and
2013, affecting the overall average. The large standard deviation of 3.86 tons indicates that
this segment’s total nitrogen is mainly affected by a few high-load years or seasons.
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Table 3. Nutrient dynamics for the first river segment.

S1-S2 Nt (t/Season) Pt (t/Season)

Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 4.06 0.12 4.00 3.81 0.14 0.00 0.27 2.16
2012 - 0.27 0.15 5.03 - 0.03 0.01 0.52
2013 7.31 1.59 2.23 0.52 1.47 0.02 0.05 0.03
2014 3.69 0.20 0.39 0.31 0.08 0.04 0.04 0.01
2015 0.24 0.20 0.19 1.32 0.01 0.01 0.01 0.05
2016 0.13 2.29 0.43 0.31 0.01 0.19 0.04 0.03
2017 1.02 0.71 0.62 0.63 0.25 0.07 0.01 0.02
2018 0.61 0.38 0.39 0.22 0.04 0.13 0.06 0.13
2019 0.26 0.23 0.79 0.29 0.19 0.08 0.64 0.04
2020 0.35 0.32 0.33 0.36 0.09 0.05 0.08 0.06
2021 0.30 - 6.15 0.14 0.04 - 0.20 0.01
2022 0.14 0.15 0.29 0.15 0.01 0.01 0.06 0.00

The average annual Pt load is 0.63 tons. The variability is significant, ranging from
0.08 tons to 2.5 tons, with a standard deviation of 0.74 tons, which is above the mean. This
variation is affected by notable seasonal events, including the heavy autumn load in 2011
(2.16 tons) and the high winter load in 2013 (1.47 tons).

The NPP for nutrient dynamics in the River Spring-Parcovaci dam segment is shown
in Figure 3. Across all seasons, the p-values and NPP indicate that the Nt does not follow a
normal distribution. The highest and most variable measurements are recorded in winter,
while the lowest and most consistent levels occur in spring. The outliers correspond to
Nr values from 2011, 2013, and 2014, which are linked to the drought period from 2011 to
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Figure 3. NPP in the case of S1-52 segment for (a) total nitrogen and (b) total phosphorus.

For Pr, the calculated values are several orders of magnitude lower than those for Nr,
and the NPP exhibits different seasonal trends, with autumn showing the highest average
load and the greatest variability. The fall peak illustrates a “first flush” phenomenon, where
phosphorus bound to soil particles, stored during the dry summer, is released into the river
by the first substantial autumn rainfall. This suggests that, for this section, soil erosion is a
primary pathway for phosphorus delivery.

The p-value for spring is slightly above the 0.05 threshold, suggesting that the data
mostly conforms to the normal distribution. This small load contradicts several studies
that predict a surge after spring snowmelt; however, it could indicate a phase of significant
biological uptake or resource depletion following winter runoff [81]. The outliers observed
in all seasons except spring correspond to the same 2011-2013 drought period when Nt
values are also recorded.
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Table 4 presents the seasonal evolution of COD and BOD for the considered interval
(2011-2022). The examination of the COD data emphasizes the event-driven characteristic of
this indicator. The mean yearly load is 47.7 tons, and the standard deviation is significantly
higher at 75.7 tons. This indicates that this segment’s total COD budget is governed by
several years of significantly elevated values, rather than a typical “average” year. The
highest yearly loads occur during intense seasonal events, specifically in 2012 and 2014.
The average annual BOD load is 13.0 tons, with a standard deviation of 18.9 tons. Similar
to COD, the variability surpasses the mean, demonstrating that outlier events impact the
annual load.

Table 4. Organic pollution load for the first river segment.

5$1-S2 COD (t/Season) BOD (t/Season)

Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 83.38 412 99.90 84.46 32.81 1.55 49.75 34.68
2012 - 5.92 8.00 321.17 2.09 2.96 115.76
2013 200.52 12.55 17.95 10.91 57.35 2.92 5.38 2.43
2014 204.48 17.19 15.29 12.32 38.01 2.84 221 0.78
2015 3.66 4.85 8.88 32.20 0.57 1.01 1.25 5.96
2016 6.77 208.91 11.49 14.55 2.19 46.53 3.69 4.57
2017 26.62 16.81 14.63 14.75 8.47 5.38 4.46 5.15
2018 5.37 9.30 12.00 6.02 1.69 3.68 4.35 2.16
2019 4.38 10.94 67.21 10.72 1.51 3.59 23.56 3.47
2020 11.22 13.82 11.28 14.64 3.52 4.48 4.82 6.93
2021 10.29 - 220.26 11.81 4.82 - 105.65 5.98
2022 15.65 13.73 13.23 13.69 4.94 211 1.86 1.65

The NPP showing the trends observed during each season is presented in Figure 4. In
terms of COD, although winter has the highest average load, each season has experienced
at least one major pollution event, leading to substantial standard deviations that often
exceed the seasonal average. Winter also displays the highest average BOD load, with a
standard deviation greater than the mean, indicating a high variability.
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Figure 4. NPP in the case of S1-52 segment for (a) COD and (b) BOD.

3.1.2. Parcovaci Dam-Tansa Dam (S2-S3)

A landscape featuring vineyards, orchards, arable (non-irrigated) fields, and grass-
lands is crossed by the second segment of the river (Figure S6). The Harlau WWTP, situated
at the start of this section, has a relatively minor urban impact. The flow from the Parcovaci
dam controls the river’s intake, while the flow from the Tansa dam manages the river’s out-
flow. The main tributaries along this part of the river are Buhalnita, Magura, and Vulpoiul.
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Table 5 presents the seasonal evolution of Nt and P for the considered interval. For
Nr, it can be observed that there is extreme inter-annual variability. For example, in 2015,
the annual value is dominated by a single large winter event, whereas other years tend to
be more evenly distributed or feature multiple seasonal peaks. The fact that most of the
annual load in some years occurs in just one season underscores the significance of episodic
events like heavy rain, snowmelt, or pulses of agricultural runoff. Similarly, for Pr, there
are highly variable annual loads, mainly driven by single events.

Table 5. Seasonal evolution of Nt and Py for the S2-S3 sector.

S2-S3 Nt (t/Season) Pt (t/Season)

Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2015 78.77 4.96 0.20 1.87 0.74 0.09 0.02 0.04
2016 2.22 0.46 13.89 43.28 0.03 0.01 3.27 11.77
2017 2.87 38.48 1.06 1.32 0.04 1.86 0.07 0.18
2018 8.14 4.46 3.06 27.03 0.16 0.24 0.19 3.90
2019 6.03 6.71 476 422 0.30 0.39 0.28 0.28
2020 9.83 9.51 5.40 7.13 0.15 0.17 0.29 0.45
2021 12.25 16.54 21.80 1.82 0.21 0.86 4.69 0.36
2022 13.45 3.31 1.99 12.51 0.24 3.31 0.62 0.94

When considering the S2-53 vs. 51-52 segments, the ratio between nutrient values in
similar seasons is bigger than 1, ranging from 1.04 in summer 2015 to 626.97 in autumn
2022. There are only a few exceptions: spring 2016 for Nt and autumn 2015, spring 2016,
winter 2017, and summer 2019 for Pr.

Figure 5 shows the NPP for nutrients in the S2-53 sector. In all cases, the p-value is
less than 0.05, indicating that the data does not follow a normal distribution. Additionally,
compared to the mean, the standard deviations are higher in all cases, reflecting a high
variability. Similar to the S1-52 sector, for N, the highest means are observed in winter,
while for P, they occur in autumn.
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Figure 5. NPP in the case of 52-S3 segment for (a) total nitrogen and (b) total phosphorus.

Table 6 presents the seasonal trends of COD and BOD over the period from 2015 to
2022. The ratio of organic pollution between similar periods in 5S2-S3 and S1-52 is greater
than 1, ranging from 1.01 in Spring 2015 (for BOD) to 220.26 in summer 2021 (for COD).
There is only one exception: winter 201r for BOD, when the ratio is 0.57. This suggests that
a “self-purification” process occurred, with natural conditions supporting the growth of
microorganisms that degrade organic matter.
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Table 6. Organic pollution load for the 52-53 sector.

S2-S3 COD (t/Season) BOD (t/Season)
Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2015 289.55 35.97 3.47 3.67 26.50 2.44 1.22 2.22
2016 3.08 2.46 341.28 732.34 0.98 0.88 125.31 257.05
2017 9.72 333.19 9.05 18.67 2.94 113.55 2.66 6.44
2018 12.26 29.30 15.36 532.69 4.38 9.75 4.71 198.62
2019 18.44 63.82 41.60 36.04 5.92 20.63 12.78 12.70
2020 29.63 18.94 38.60 92.18 13.32 8.33 19.31 40.88
2021 37.08 363.15 194.21 59.25 15.36 141.95 75.91 27.60
2022 36.38 49.47 53.08 183.19 16.99 23.63 20.07 53.25
Similar to the variation observed in the S1-52 sector, some years show seasonal sharp
increases in both COD and BOD, suggesting that episodic events impact them. This pattern
is also visible in the NPP (Figure 6). For COD, the lowest average value occurs in winter,
while the highest is in autumn. However, across all seasons, the standard deviation exceeds
the mean, indicating that outliers significantly influence the data mean. For BOD, the only
case where the p-value is greater than 0.05 is during winter, suggesting that in this case, the
data follows a normal distribution. Aside from winter, the seasonal patterns observed for
COD are similar to those for BOD. This indicates that the river’s organic pollution mainly
comes from sources that contribute both biodegradable and non-biodegradable matter,
which are influenced by temperature and flow. The difference in winter highlights the
greater sensitivity of BOD to temperature-driven biological processes.
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Figure 6. NPP in the case of 52-53 segment for (a) COD and (b) BOD.
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3.1.3. Tansa Dam-Podu lloaiei Dam (53-54)

The third segment’s land use mainly includes arable fields and pastures. Here, the
river is joined by its main tributary, the Bahluiet River. Since the Bahluiet River flows
through two cities, Targu Frumos and Podu Iloaiei, it indirectly contributes to an urban
influence. The Tansa dam directly regulates the flow in this section of the river, while
the outflow is indirectly managed by the Podu Iloaiei dam, located on the Bahluet River.
The confluence of the two rivers occurs downstream of the Podu Iloaiei dam (S4 point in
Figure 57).

Table 7 shows the seasonal changes in total nitrogen and total phosphorus over the
studied period (2011-2022). Compared with similar seasons in the previous segment,
there is some uneven variation, which supports the idea that the river segments evolve
independently. Since data from 2011 to 2015 are missing for the second segment, the
comparison only includes the period from 2015 to 2022. For Nr, the ratio of reported values
during the same seasons for the S3-54 and S2-S3 segments ranges from 0.02 in spring 2017
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to 38.33 in spring 2016. For P, the variation ranges from 0.05 in summer 2016 to 78.84 in
spring 2016.

Table 7. Seasonal evolution of Nt and Pt for the S3-54 sector.

S3-S4 N (t/Season) Pt (t/Season)
Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 40.37 44.56 4.50 18.02 2.82 6.95 1.96 0.60
2012 9.58 11.18 2.34 0.48 1.09 0.22
2013 8.34 23.07 11.84 24.36 0.52 4.52 2.13 2.66
2014 19.57 28.68 2.89 1.12 7.50 0.17
2015 56.92 42.83 1.77 16.32 18.91 448 0.19 1.39
2016 4.86 17.47 1.71 11.57 0.19 1.14 0.18 1.57
2017 3.77 0.94 4.38 0.11 0.11 0.17 -
2018 9.94 7.49 5.95 24.35 0.50 1.76 0.52 8.42
2019 13.73 30.61 7.34 10.85 0.75 3.69 1.52 1.32
2020 11.36 7.51 4.42 14.90 0.39 0.50 0.44 1.65
2021 9.45 19.11 11.63 9.96 0.20 1.45 2.60 0.83
2022 11.02 2.31 0.55 1.77 0.20 0.32 0.12 0.23
The NPP of nutrient distribution for the third river segment is presented in Figure 7.
For N7, unlike the two previous sectors, the standard deviation is lower than the mean,
indicating that although there is high variability in the data, the influence of outliers on
the mean is lower. The lowest mean occurs in summer, while the highest occurs in spring.
Except for in winter, the p-value is greater than 0.05, indicating that the data follow a normal
distribution. For P, the data shows a normal distribution only for spring. Distinctively
from N, but in line with the previous sectors, the standard deviation is higher than the
mean, indicating that there are still high yearly variations per season, underlining once
again the impact of natural external factors on water quality.
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Figure 7. NPP in the case of S3-54 segment for (a) total nitrogen and (b) total phosphorus.

Table 8 presents the seasonal evolution of COD and BOD for the considered interval
(2011-2022). Similar to Nt and Pr, the ratio of seasonal values for segments S3-54 and
52-S3 fluctuates unevenly for COD and BOD. The range for COD is between 93.36 in spring
2017 and 0.04 in spring 2017, while for BOD, it ranges from 96.03 in spring 2016 to 0.04 in
spring 2017. When the results for two consecutive seasons fluctuate this much, it suggests
an event that directly affects the river’s organic pollution.
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Table 8. Seasonal evolution of COD and BOD for the S3-54 sector.
S$3-54 COD (t/Season) BOD (t/Season)
Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 151.02 513.27 111.29 138.87 74.63 166.96 37.49 49.50
2012 59.60 190.84 33.63 20.84 61.09 10.86
2013 39.05 371.92 346.83 587.53 13.71 227.03 79.08 76.77
2014 132.12 795.45 25.63 18.33 145.08 5.48
2015 533.40 534.64 58.89 237.90 101.11 135.66 13.17 38.98
2016 62.94 229.82 15.47 192.64 21.58 84.24 8.84 56.53
2017 19.66 14.96 32.45 6.33 4.54 9.73
2018 29.15 60.16 70.32 485.28 9.38 20.59 24.12 186.86
2019 75.08 505.94 91.69 145.75 24.52 183.80 31.56 48.42
2020 78.79 56.73 47.05 176.99 31.65 18.95 25.74 83.96
2021 37.31 89.44 22222 132.05 16.73 31.23 99.22 57.58
2022 37.67 25.81 7.58 37.61 15.57 3.36 0.94 12.03
The NPP for the organic pollution load in the Tansa dam-Podu Iloaiei dam section is
presented in Figure 8. For both COD and BOD, the data follow a normal distribution only
in the spring, indicating that although there are variations between the years, in this case,
they follow a normal pattern.
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Figure 8. NPP in the case of S3-54 segment for (a) COD and (b) BOD.

3.1.4. Podu lloaiei Dam-lasi WWTP (S4-56)

Although it passes through a grassland and agricultural area, the final section is
significantly impacted by the 14 km it spends crossing the metropolitan area of lasi and
the city’s WWTP. Sampling site S5 is located about 7 km from the Bahlui confluence with
Jijia (the point S6 in Figure S8), immediately past the lasi WWTP. The dam at Podu Iloaiei
indirectly controls the flow at the entrance to this last segment of the river, while the outflow
is directly influenced by the WWTP of the city of lasi, whose contribution is significant [82].
This final section of the river has a relatively high number of both temporary and permanent
tributaries compared to the other three segments considered (Figure 1).

Table 9 shows the seasonal changes in total nitrogen and total phosphorus for the
period from 2011 to 2022. Table 10 displays significantly higher values compared to those
reported for other parts of the river. Compared to the results for the same seasons in the
previous segment (autumn 2018), the Nt values are at least seven times higher, while the
Pr values are at least four times higher (autumn 2018). In the summer of 2022, these ratios
reach their peak: about 210 for Pt and roughly 266 for Nt. These numbers demonstrate how
urbanization influences nutrient levels. The many tributaries passing through agricultural
areas could also contribute to the increases in total nitrogen and phosphorus levels.
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Table 9. Seasonal evolution of Nt and Py for the S4-56 sector.
S4-S6 Nt (t/Season) Pt (t/Season)
Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 268.70 259.70 162.87 230.16 26.32 30.72 23.11 26.08
2012 255.05 222.14 24412 183.81 24.56 25.18 22.15 22.69
2013 284.19 286.47 240.36 322.27 12.10 31.79 27.53 29.98
2014 295.53 529.08 259.07 181.62 22.52 81.12 30.11 27.87
2015 370.32 238.23 81.92 134.19 69.44 33.20 25.14 16.40
2016 127.05 112.67 104.73 459.00 9.05 5.55 7.29 49.78
2017 108.10 205.96 83.69 168.73 4.90 14.48 12.50 14.83
2018 223.27 99.93 201.34 170.96 29.51 17.32 16.22 36.25
2019 301.61 324.64 76.03 170.95 31.72 25.54 14.68 20.28
2020 133.81 189.62 96.81 99.72 22.97 23.07 12.15 10.91
2021 157.09 142.16 144.69 210.75 12.70 18.16 19.24 13.26
2022 181.09 138.39 147.26 214.04 18.93 14.48 24.19 17.39
Table 10. Seasonal evolution of COD and BOD for the S4-56 sector.
S$4-S6 COD (t/Season) BOD (t/Season)
Year 1. Winter 2. Spring 3. Summer 4. Autumn 1. Winter 2. Spring 3. Summer 4. Autumn
2011 1218.74 1238.94 727.90 834.59 386.56 494.74 260.81 263.42
2012 283.39 327.71 381.10 275.71 117.13 152.66 135.13 102.24
2013 379.54 1407.91 1312.56 801.92 132.01 719.68 209.81 99.93
2014 708.19 5593.43 1138.84 1144.13 192.95 1047.26 43.23 191.13
2015 1015.08 1921.31 291.88 651.33 182.52 307.39 55.60 115.85
2016 437.05 298.12 385.25 4244.60 144.52 110.95 131.08 1456.77
2017 306.77 1779.65 336.86 1273.19 105.55 450.54 105.57 436.52
2018 595.75 990.31 805.10 797.08 191.22 314.28 285.33 310.17
2019 1007.70 1680.02 483.68 1304.99 342.61 561.07 155.59 437.19
2020 456.08 721.17 411.66 42475 151.45 236.07 174.40 200.75
2021 439.19 555.15 870.17 657.01 189.72 214.98 361.30 294.44
2022 410.50 473.75 609.00 376.06 192.24 74.54 127.28 45.63
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The NPP for nutrient variation in the last river segment is shown in Figure 9. Except
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events have a lesser impact on the mean compared to the other sectors. This suggests that
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a normal distribution. For Pr, the normal distribution holds true for summer and autumn.
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Figure 9. NPP in the case of 54-56 segment for (a) total nitrogen and (b) total phosphorus.
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Table 10 presents the seasonal evolution of COD and BOD in the considered interval
(2011-2022) for the last segment of the river. In comparison to the other sections, the final
river length has substantially higher COD and BOD levels (as well as Nt and Pt values).
The NPP for the organic pollution load in the last river section is presented in Figure 10.
The data follows a normal distribution for summer in the case of COD and for spring and
summer in the case BOD. While the standard deviations for Py and Nt are lower than the
mean in most cases, this is not true for COD and BOD. Additionally, some years show
extreme outliers, such as spring 2014 and autumn 2017.
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Figure 10. NPP in the case of S4-S6 segment for (a) COD and (b) BOD.

3.2. Fragmentation Impact on Nutrient Dynamics and Organic Pollution Load: Annual Report

The administration frequently requires annual reports, as they provide a comprehen-
sive overview of the evolution of water quality, allowing for the identification of long-term
causes such as land use changes or climate change, as well as minor variations or persistent
trends. However, annual mediation can hide important seasonal or episodic events, such
as pollution spikes or short-term ecological instabilities.

The annual trends of NT and PT in the considered period (2011-2022) for each river
segment are shown in Figure 11. Because the values for the 54-56 sector are much higher
than the others, they were plotted on the secondary axis. Unlike the seasonal analysis,
which revealed the presence of relatively high disturbances through outliers, the annual
analysis tends to hide these high instabilities, especially in the NPP (Figure 12).

16 1400
T
14 T 1 1200
12 & 5 1000
0 ¢t 3
1
- & L 800
8 0 + T T = |
b T g - ® ¥ 600
6 - + L ¢
4 | T 8 g z | 400
2 ¢ \}/ - I——I\ I T 200
d G D | ®
0 1 - o 2?0
2011 2013 2015 2017 2019 2021
——51-52 $2-53 $3-54 S4-56

Figure 11. Cont.
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Figure 11. Variation in all segments for (a) total nitrogen and (b) total phosphorus.
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Figure 12. NPP for all segments covering average annual values for (a) total nitrogen and
(b) total phosphorus.

Although the data from Figure 10a suggests that the values are very close, this is be-
cause of the large differences between the total values recorded for each segment. Between
51-52 and 54-56, the order of magnitude for some of the considered years exceeds 100. The
obtained p-value indicates that in the NT case, the average annual values follow a normal
distribution for S3-54 and 54-56. For PT, only the S1-52 segment shows data that do not
follow a normal distribution.

Figure 13 presents the annual evolution of COD and BOD in the considered interval
(2011-2022) for each river section. As can be observed, the yearly variation does not follow
the same trend for all sectors, highlighting the fact that each sector has a different response
regarding the analyzed pollutants.

The statistical analysis in this case (Figure 14) indicates that the data do not follow a
normal distribution for COD only for the S1-52 segment. This is due to the fact that there
is a high order of magnitude between the values recorded in the first segment and the last
segment. For all the data, the standard deviation is smaller than the mean. In contrast with
the seasonal analysis, it can be observed that the outliers are hidden and that the standard
deviation values are lower than the averages.
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Figure 13. Variation in all segments for (a) total COD and (b) BOD.
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Figure 14. NPP for all segments covering average annual values for (a) COD and (b) BOD.

3.3. River Segmentation by Dams: Some Benefits and Drawbacks

The immediate result of anthropogenic interference on a river’s course, such as dam
construction, is an increase in flood safety. On the other hand, these interferences always re-
sult in severe alterations to riparian ecosystems. Dams are massive structures that, together
with the reservoirs created by their construction, irreversibly change the landscape. The
natural flow of rivers, which is crucial for transporting nutrients like carbon, phosphorus,
and nitrogen, is disrupted by fragmentation. Dams can trap these nutrients in reservoirs,
decreasing their availability downstream. This retention modifies nutrient dynamics and
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can lead to hotspots of nutrient buildup in stagnant water bodies, while areas downstream
may experience nutrient depletion. The main impact of damming on nutrients and organic
matter is an increase in their hydraulic retention time. The longer the HRT, the greater the
chance for biogeochemical and physical changes that result in nutrient consumption [11].

Dams store water during high-flow periods and release it during dry spells, ensuring
a steady flow downstream. Because flow regulation maintains water supply even during
droughts, it lowers the chance of depletion and protects aquatic habitats and biodiversity.
Before dams were used to regulate and manage the course of the Bahlui River, complete
depletion was a relatively common event, often reported during extended droughts [47].

Over time, the buildup of sediments and the natural tendency of ecosystems to reach
equilibrium enable the formation of distinct habitats along each section of the river. In the
case of Bahlui River, there are two examples of such habitats, as follows: the Parcovaci
dam, which serves as a protected area for local ichthyofauna, and the Sarca-Podu Iloaiei
accumulation, designated as a protected area for avifauna. A mimetic effect can be observed
(keeping proportions) between dams built by beavers [83] and those built by humans [84,85].
Both affect the river hydrology, geomorphology, biogeochemistry, and ecosystems, and
in both cases, nature manages to restore equilibrium if it has enough time. If human
influence were limited only to the construction of dams and control of water flow, this
natural balance would be easier to achieve. Unfortunately, a variety of human activities,
including deforestation, urbanization, and agriculture, have a significant and continuous
impact on river courses (segmented or continuous) and their natural dynamics.

Overall, the analysis conducted in this study showed that the yearly and seasonal vari-
ation between the considered segments does not follow a predetermined trend. Therefore,
the assumption that the river segments can be analyzed individually is valid. This is due to
the presence of dams (as extensively discussed in previous paragraphs), but also because
of urban areas (with WTTPs) that influence both flow and nutrient load. Furthermore,
unlike continuous streams, the impact of unforeseen events, whether natural (such as
severe floods) or anthropogenic (such as WWTP discharges), is limited to the specific river
segment and does not affect the entire river.

4. Conclusions

This study proposed a segmentation strategy for the Bahlui River and examined the
fluctuations in seasonal and annual total nutrient and organic pollution for each segment.
Each river segment separated by dams and anthropogenic stressors behaves as an indepen-
dent unit with distinct seasonal and yearly variations in total nitrogen, total phosphorus,
chemical oxygen demand, and biochemical oxygen demand.

The Bahlui River analysis shows that dam-separated segments can be analyzed as
independent watercourses, as demonstrated by the following:

e Localized impacts remain contained within specific segments rather than propagat-
ing throughout the entire river system. Statistical analyses reveal that nutrient and
pollution data often do not follow typical patterns and vary greatly, highlighting
the importance of considering occasional events and specific river sections when
evaluating water quality. The standard deviations frequently surpass the means, in-
dicating that extreme events have a significant influence on the overall nutrient and
pollution budgets.

e  Each segment exhibits different seasonal patterns and response mechanisms to anthro-
pogenic and environmental stressors. The upstream area, mostly forested, indicates
that natural nutrient sources vary seasonally, with autumn having the highest phos-
phorus levels due to “first flush” events and winter showing increased nitrogen levels.
This baseline understanding is vital for distinguishing between natural and anthro-
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pogenic contributions in downstream sections. Furthermore, the analysis shows that
urban development and wastewater treatment plant discharges elevate nutrient and
organic pollution levels, highlighting significant human impacts on water quality.

e  Unforeseen events (floods and WWTP discharges) affect only specific segments with-
out impacting the entire river.

The research demonstrates that seasonal and annual analyses of the changes in nutri-
ents and organic pollutants in different river segments provide specific benefits, especially
in understanding hydrological effects and the ecological impact of river fragmentation. The
statistical analysis confirms that segments behave independently, with varying seasonal
patterns and response mechanisms to anthropogenic stressors. This segmented approach
offers an alternative to traditional methods that treat the river as a continuous whole.
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Bahlui River (S3-54), Figure S8: The 4th section of the Bahlui River (54-56).
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The impact of the embankment and the recreational lake on
capturing front with drilling wells

N Marcoie, D Toaca, D Toma, V Boboc, T A Hraniciuc, R Mitroi
"Gheorghe Asachi" Technical University of lasi, 65 Prof.dr.docent D. Mangeron
Street, 700050, lasi, Romania

E-mail: raluca.mitroi@academic.tuiasi.ro

Abstract. This paper presents the influence on the levels from the well caption front Gheraesti-
Bacau, located on the right side of the Bistrita River, through the construction, on the right shore,
of'a 2.25 km long perimetral embankment, and a recreational lake with a surface of 3.18 hectares
and average depth of 5.5 m (Figure 1). Through numerical modelling, using the modelling
software of Visual Modflow aquifer, the influence on the hydrostatic level from drilled wells
was determined, as well as the influence on the phreatic flow through the making of the
recreational lake, which captures a part of the underground water. The use of the mathematical
model allows the determination of the optimal parameters for an extraction from the aquifer
known through classical methods. To achieve the mathematical model the method of filtration
resistances was used, which is applied in the case of a sudden curvature of the streamlines (in
the proximity of the imperfect permeable/impervious borders: channels, drains, well systems,
screens), hence they are applied during pressure/level drops. This method allows the following
equalizations: the imperfect wells can be considered as perfect; the lines of perfect/imperfect
wells can be considered as perfect trenches (channels) with a flow equal to the sum of all wells;
a stratified aquifer (up to 3 layers) can be equivaled with a homogenous one. Aspects regarding
the flow were taken into consideration: with a free level or under pressure, the dimensioning of
the model, the initial conditions of the aquifer layer, the lithostratigraphic characteristics,
homogeneity, anisotropy, the transfer mechanisms in the domain’s interior, the studied
hydrogeological structure was schematized, having done a monolayer model. The calibration of
the model consists of adjusting, in reasonable conditions, of the domain data (the permeabilities),
boundary conditions, so that through the running of the model and obtaining the corresponding
piezometric lines and the obtained data will overlap the levels of the existing drillings.

1. Case study. The Gheriesti-Bacau catchment front

The Gheraesti-Bacau catchment front has 57 boreholes, 8 executed in 1966 and 49 executed in 1982
(Figure 1). Currently, 44 boreholes are in operation. The catchment front is located in the municipality
of Bacau, on a winding alignment that follows the old bed of the Bistrita River. The boreholes are located
at an average distance of approximately 75 m from the main riverbed, being capture boreholes with
infiltration from the bank.

The neighbourhoods of the catchment front are represented by private homes, the Bacau Il reservoir, the
Bistrita River bed and the offtake of UHE Bacéu I.

The boreholes have depths of 8.00 — 12.00 m, are completed with ¢= 324 mm (12 3/4") steel column
with flared slot filters and are spaced at an average distance of 90 m from each other.

The average thickness of the collector is H = 6.58 m. The total flow rate exploited from the 44 wells is
190.00 1/s, and the maximum flow rate exploited by one borehole is: Q = 6.0 I/s (0.006 m?/s), with an
average flow Oues = 4.31/5 (0.0043 m?/s).

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Figure 1. Gherdesti-Bacau study area

2. Numerical modelling using Visual Modflow aquifer modelling software
The equation underlying the modelling of aquifers used by the Modflow program is [1, 2, 3]:

ax (Ko 52) + 35 (Kon 3y) + 5, (K 3) + W = 555 (1)
where,

Ky, Ky, and K. are the hydraulic conductivity values on the x, y, and z axis (m/s); A is the
potentiometric head (m); W - volumetric flux (s™!); # - time (s); Ss — specific storage of the porous material
(m™).

Equation (1) combines the initial conditions imposed on the model, describes the distribution of
groundwater in a homogeneous and anisotropic medium and determines the main axes of the hydraulic
conductivity.

2.1. The method of filtering resistances for the calculation of catchments with wells
The method of filtering resistances is applied in the case of sudden curvature of stream lines (near
imperfect permeable/impermeable boundaries: channels, drains, well systems, screens etc.), so when
level/pressure drops occur [4].
This method allows the following equations: imperfect wells can be considered as perfect; lines of
perfect/imperfect wells can be considered as perfect trenches (channels) with flow equal to the sum of
all wells; a stratified aquifer (up to three layers) can be considered a homogeneous aquifer. Thus, at
distances of the same order of magnitude as the thickness of the layer, the movement of underground
water is predominantly horizontal - with the distribution of pressures similar to that in the case of perfect
drains.
=P+ P, (2)

where:

@ - internal/additional resistance;

@, - the resistance of the imperfect well according to order, in the case of non-stationary movement

2
depends also on time (it is considered constant in terms of time when a = % <5-107%);

@, - resistance according to the character of the opening of the layer; depends on the following
factors: filter construction; modification of the structure of the stream in the area before the well, with
processes of erosion (suffusion), corrosion/clogging of the filter. Even at the full opening of the aquifer
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layer filter, when we can consider @, = 0, the action of the resistance @, does not decrease (it even
increases) and must be considered in the calculations.
@ can be considered implicitly in the resistance F of a perfect well by considering:
re=r.-e 3)
where:
Y - equivalent radius of a perfect well;
r. - radius of the imperfect well.

2.2. Identifying the calculation relations for @ for a simple situation, a terrain with a homogeneous

layer (Figure 2)
AL L L]

—
hQ

Figure 2. Filtering scheme for one-layer terrain

¢=f 4
The dimensionless resistance f; from a homogeneous ground corresponds to the thicknesses m; = m, m,,
m; and is equal to:

fi=Ffatra )

where:

f.i - the resistance due to the imperfection according to the degree of opening in a homogeneous layer,
with waterproof sole and ceiling, of thickness m;, for which these resistances are determined,;

fi - resistance depending on the nature of the opening in a homogeneous layer of thickness m;.
The relations established for aquifers under pressure can be used to determine the resistance @ in the
upper layer of aquifers with a free level. In this case, the thickness of the stream in the upper layer m;
and the length of the filter / are averaged, with a small approximation as follows. When placing the well
filter in the upper layer of the well with a non-submersible filter, at which the hydrodynamic level
reaches below the length of the filter in the upper layer /y ({ < lp), my = m.+ 0.5-S.,by = 05-S,,1 =
m; — a,.
For wells with a submersible filter, where the hydrodynamic level is located above the filter: m4
mc+0.5'SC,b1 =my —l—al,l = lo.
When placing the filter in the bottom layer, my = m, + 0.5 S..
In the case of systematic vertical drainage, when averaging the sizes m;, b; and /, instead of the
dislevelment S, it is recommended to use the ascent / in the upper layer.

2.3. Identification of the relations for the calculation of the resistance ¢ for terrain with a
homogeneous layer

— 1 -

$=—F (6)
In the previous formula f is determined with equation (4), in which f;, is evaluated according to the
relationship (5).
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The solid lines for the filter placement near the top and bottom boundaries of the layer, the dotted line
(Figure 2): for filters of length 1< 0,5-m;, located approximately in the middle of the layer b; + % =
(0,35...0,65) - m;.

3. Development of the numerical model for the phreatic aquifer in the Gheraesti - Bacau area
Mathematical modelling of groundwater flow involves knowledge of the entire system of groundwater
flow, geological and hydrogeological knowledge (hydraulic conductivity, transmissivity, porosity etc.)
[5, 6].

Based on the level measurements carried out in the field, the lithological descriptions made during the
construction of the boreholes of the catchment front, the hydrogeological sections through these
boreholes made available by the beneficiary, it is concluded that the aquifer system presents itself as a
continuous environment within its natural limits, on the entire study area.

Figure 3 shows the boreholes and observation points where level measurements were made. Using them,
the map of the initial piezometric surface was developed.

Figure 3. Map of the initial piezometric surface

Aspects related to the flow regime were taken into account: with free level or under pressure, model
sizing, boundary geometry, boundary conditions for the aquifer water flow system, initial conditions of
the aquifer layer, litho-stratigraphic characteristics, homogeneity, anisotropy, the transfer mechanisms
within the domain. The studied hydro structure was schematized, developing a unilayer model.
Based on the presented data, the modelling area was established and the boundary conditions were
defined [7]:
e  Dirichlet type condition — imposed hydraulic elevation, upstream elevation being given by the
164.00 m hydroisohypses, respectively the downstream elevation corresponding to the 162.00
m hydroisohypses;
e  Cauchy-type conditions (potential-dependent flow) on the Bistrita river, the imposed
elevations are those representing the free surface of the water in the river;
e Limit type conditions in depth, given by the impermeable layer resulting from the drillings
within the catchment front;
e Lines of constant or variable potential, respectively streamlines, correspond from a

mathematical point of view to mixed-type boundary conditions (Dirichlet, von Neuman)
(Figure 4).
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Figure 4. Defining the boundary of the modelled
domain in the study area

The data can be entered interactively, with the possibility of modifying certain parameters such as, for
example, permeability discretization, base elevations, layer granularity, hydraulic conductivity.
The perimeter of the hydraulically significant area was included in the active area of the numerical

model, the adjacent areas being eliminated. In the horizontal plane, a discretization dx = 2100 m, dy =
2100 m was used (Figure 5).
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Figure 5. Discretization of the studied domain

The elements used to determine the land surface in the studied area are presented in figure 6, Figure 7
and Figure 8.
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Figure 6. The modelled surface with the
highlighted land elevations

Land surface / Z Waterproof layer / Z
16199 13999
mmm 166 51 14165
171.03 14332
175.55 144.98
180.07 146.64
184.59 148.30
= 189.11 14996
m— 19363 m 15163

Figure 7. 3D representation of the land surface and waterproof layer

In the vertical plane, a vertical discretization was used. This discretization allows the appropriate vertical
placement of the modelled objects at different elevations, the different zoning of permeability as well as
different thicknesses of the aquifer (Figure 8).
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Figure 8. Discretization of the model in plan, cross-section and longitudinal section

Based on these modelling parameters, the numerical flow model and its calibration will be designed.
The model is materialized through hydroisohypses, flow directions and hydraulic gradients. These
parameters are overlayed on the real situation through a basic hydrogeological map.

The boundary conditions were expressed from considerations regarding the schematization of the area
of interest.

In the mathematical modelling of groundwater flow processes the calibration process includes the
adaptation, possibly the adjustment of the input data, of the model so that the results obtained through
the numerical simulation correspond to the situation in the field [8].

The calibration of the model consists in adjusting the field data (permeabilities) and the boundary
conditions in reasonable ways so that by running the model and obtaining the corresponding
hydroisohypses they overlap the levels from the existing boreholes (Table 1, Figure 9).

Table 1. Coordinates and measured levels of observation wells

Bore Well  Logger Observed
no. X y Elevation  bottom id Screen top  Screen bottom head
F11 647837.51 568530.86 163.6 157.9 1 163 159 162.68
Fl1 646742.3558  568373.2083 162.81 157.11 1 162 158 161.4
F2 646795.3066  568228.6014 164.76 158.06 1 163 159 161.34
F3 646840.8212 568125.062 165.8 158.1 1 163 159 161.68




Conference Computational Civil Engineering CCE2023

IOP Publishing

IOP Conf. Series: Materials Science and Engineering

1304 (2024) 012030

doi:10.1088/1757-899X/1304/1/012030

ool
Mass Balance
e Calculated vs_ Observed Heads: Time = 0
Parameter 162.9 -
Flow v >
Chart Type Ly
Calc. vs, Obs, v S/
;’" 162.54
[ Labels i
Observationa -
-
Al Times 162 18 -
[ AIObs. E /
B -
FIEEEI E
Z v
3 &
161.82 <
-
| P
I — -
B F1
] F111 d
161.46
= 2
= Fan P
e m
|
-
161145
161.1 161.46 161.82 162.18 162 54
Observed Head [m]
Min.Residual: 0.052 (m) at F¥'1 Standard Error of the Estimate: 0.051 (m)
Max Residual: -0.11 (m) at F1/1 Root Mean Squared: )
Residual Mean: -0.018 (m) Normalized RMS: (%)
P Abs Residual Mean: 0.088 [m) Correlation Coefficient 1

1629

Figure 9. Calculated piezometric levels vs. measured piezometric levels

The total error obtained was 0.051 m. Since the size of the domain is not very large, the result can be

considered as a very good one.

The map of piezometric surfaces resulting from the calibration process with the distribution of capture
wells on the discretized domain is presented in Figure 10.

Figure 10. Map of piezometric surfaces with capture wells
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The 2D and 3D representation of the evolution of the piezometric elevations in the case of drilling wells

in the Gheraesti area is shown in Figure 11.
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Figure 11. 2D and 3D representation of the evolution of the piezometric elevations in the case of
drilling wells in the Gheraesti area

According to the mathematical model, the aquifer is mainly supplied from the high area (terrace), the
groundwater inflow being approximately 500 I/s, and secondary from precipitation over the entire
surface with a flow rate of 125 I/s.

There is also an important connection between the aquifer and the Bistrita River, which drains the
aquifer with a flow rate of 370 I/s.
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Figure 12. Map of piezometric surfaces in the case of drilling
wells in the Gheraesti area and the designed recreational lake

4. Conclusion

There are a multitude of models for the simulation of groundwater dynamics in the case of catchments
with wells, varying from simple to complex. A realistic approach requires a good knowledge of the
classic modelling structure, mainly because every groundwater modelling system must be flexible
enough to be integrated into a model of the entire system.

The hydrodynamic spectra determined on the model give a complete picture of the movement of water
towards the catchment fronts. Based on them, the specific flow along the catchment fronts can be
determined, the main element in establishing the optimal distances between the water catchment wells
and the designed recreational lake.

By running the flow model, the map of hydroisohypses and the velocity field in the study area were
obtained. Furthermore, the simulation of the flow and transport model in the groundwater was carried
out.

According to the mathematical model, the aquifer is mainly supplied from the high area (terrace), the
inflow of underground water being considerable. There is also an important connection between the
aquifer and the Bistrita River.

The flow captured by the wells in the Gheraesti area represents approximately 20% of the total transited
flow (at a maximum flow exploited by a borehole of 0=6.0 1/s), and the location of the designed
recreational lake, according to the layout plan in the study area, does not affect the water levels in the
catchment area.

5. References

[1] McDonald, M. G. and A. W. Harbugh. — 4 modular three-dimensional finite-difference ground-
water flow model. U.S. Geological Survey Techniques of Water-Resources Investigations Book
6, 1988.

[2] Wen-Hsing Ciang, Kinzelbach, Processing MODFLOW, A Simulation system for modelling
grounwater flow and pollution, 2005.

[3] xxx - Visual Modflow Pro, U.S. Geological Survey Modular Ground-water model (2007).

10



Conference Computational Civil Engineering CCE2023 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 1304 (2024) 012030 doi:10.1088/1757-899X/1304/1/012030

[4]

(3]
(6]
[7]
(8]

Toacd, D., Bartha 1., Neagu, M. R., Marcoie, N., - Aquifers Hydrodynamic Modeling using
Analogical and Numerical Model, for Underground Water’s Capture. Bul. Inst. Politehnic, Iasi,
Tomul LII (LVI), Fascicula 3-4, s. Hidrotehnica, 2007.

Danchiv, A., Stematiu, D., Metode numerice in hidrogeologie. Ed. Didactica si Pedagogica, R.A.
Bucuresti, 1997.

Zidaru, Gh., Miscari potentiale si hidrodinamica regelelor de profile. Ed. Didactica si Pedagogica,
Bucuresti, 1981.

Reichard, E. G., Groundwater — surface water management with stochastic surface water
supplies: A simulation optimization approach, Water Resources Research, 1995

Riefler R.G., D. P. Ahifeld, The impact of numerical precision on the solution of confined and
unconfined optimal hydraulic control problems, Hazardous Waste & Hazardous Materials, 1996.

11



* water

Article

Linking Nutrient Dynamics with Urbanization Degree and Flood
Control Reservoirs on the Bahlui River

Nicolae Marcoie 1, Serban Chihaia !, Tomi Alexandrel Hraniciuc '*, Catilin Dumitrel Balan 2,

Elena Niculina Dragoi 2

check for
updates

Citation: Marcoie, N.; Chihaia, S.;
Hraniciuc, T.A.; Balan, C.D.; Dragoi,
E.N.; Nechita, M.-T. Linking Nutrient
Dynamics with Urbanization Degree
and Flood Control Reservoirs on the
Bahlui River. Water 2024, 16, 1322.
https:/ /doi.org/10.3390/w16101322

Academic Editor: Yuanrong Zhu

Received: 22 March 2024
Revised: 3 May 2024
Accepted: 3 May 2024
Published: 7 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mircea-Teodor Nechita 2-*

Faculty of Hydrotechnics, Geodesy and Environmental Engineering, “Gheorghe Asachi” Technical University of
lasi, Bd. Prof. Dimitrie Mangeron, No. 65, 700050 Iasi, Romania; nicolae.marcoie@academic.tuiasi.ro (N.M.);
serban.chihaia@dap.rowater.ro (S.C.)

Faculty of Chemical Engineering and Environmental Protection “Cristofor Simionescu”, “Gheorghe Asachi”
Technical University of Iasi, Bd. Prof. Dimitrie Mangeron, No. 73, 700050 Iasi, Romania;
catalin-dumitrel.balan@academic.tuiasi.ro (C.D.B.); elena-niculina.dragoi@academic.tuiasi.ro (E.N.D.)
Correspondence: tomi-alexandrel. hraniciuc@academic.tuiasi.ro (T.A.H.);
mircea-teodor.nechita@academic.tuiasi.ro (M.-T.N.)

Abstract: This work analyzed the nutrient dynamics (2011-2022) and discharge (2005-2022) for the
Bahlui River at four distinctive locations: Parcovaci—a dam-protected area that has been untouched
by agriculture or urbanization; Belcesti—a primarily agricultural area, also dam-protected; Podu
Iloaiei—a region influenced by agriculture and urbanization; and Holboca—placed after a heavily
urbanized area. The analysis focused on determining a series of statistical indicators using the
Minitab 21.2 software. Two drought intervals and one flood interval were analyzed to highlight daily
discharge evolution during the selected period, showing that the constructed reservoirs successfully
control the streamflow. For the entire period, the evolution of mean and median values of the
streamflow is consistent, considering the locations’ positions from the source to the river’s end.
The total nitrogen and total phosphorus were selected as representative quality indicators. The
study follows the influence of the analyzed areas’ characteristics and reservoirs’ presence on nutrient
dynamics. The results showed that the most influential factor that impacts nutrient dynamics is the
reservoirs’ presence, which controls the discharge, creates wetlands and swamps, and implicitly
impacts nutrient concentration.

Keywords: discharge; flood control; nitrogen; phosphorus; urbanization degree; Bahlui River

1. Introduction

Rivers’ eutrophication is not a new problem [1], and it is an expected natural phe-
nomenon in climates with prolonged dry seasons [2]. It is caused by an uncontrolled
increase in nutrient concentration (e.g., nitrogen and phosphorus) followed by excessive
growth of various aquatic plants that leads to water poisoning, death of aquatic animals,
and sometimes irreversible damage to aqueous ecosystems. In regions without natural dry
seasons, “nutritional pollution” can result from climate changes and human activities like
urbanization, intensive agriculture, and industrial growth, all of which are interconnected
and contribute to climate change [3]. It is generally recognized that extensive urbaniza-
tion affects river courses [4]; industrial expansion is the cradle for countless pollutants,
while intensive agriculture is the primary source of inorganic nutrients like nitrogen and
phosphorus. Climate change causes intense events that generate heavy rainfalls and floods
followed by severe and prolonged droughts. The former washes the lands and trans-
ports the nutrients to rivers and water reservoirs. At the same time, the latter ensures the
concentrations increase due to water evaporation and the temperatures required for the
occurrence of unnatural eutrophication. Unfortunately, this global phenomenon affects
the rivers and coastal regions on all continents [5-7]. There are numerous reports in the
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literature regarding the spatiotemporal evolution of nutrients in various rivers across the
globe—see Table S1 and Figure S1 in Supplementary Materials.

A bibliometric study performed using the Scopus platform and the VOSviewer soft-
ware, version 1.6.19, yielded 1210 results for “climate change and eutrophication and
nutrients or nitrogen or phosphorus” search terms in title/abstract/keywords, starting
from 2000 till the present day. The four significant clusters identified by VOSviewer were
eutrophication, nitrogen, water quality, and nutrients, as shown in Figure 1.
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Figure 1. VOSviewer bibliometric map linking nutrient dynamics with climate change.

Based on previous experiences, predictions can be made to prevent unwanted phenom-
ena through various actions: reducing the amount of fertilizers during the rainy season and
using reservoirs and dams for sustainable river-flow management during drought periods.

Unfortunately, for various reasons, e.g., political—some countries keep the data pri-
vate; economic—some countries cannot afford such studies, some regions are not yet
integrated into the global perspective [8]. In some countries, there are records for hundreds
of years regarding river floods, discharge variation, and drought periods [9], while in
others, such types of analysis and data records are incipient. Nevertheless, the importance
of such studies on a global scale is generally acknowledged nowadays, and the impact of
climate change on nutrient dynamics reflected in water quality in rivers is undeniable [8].

This paper contributes to the knowledge in the particular field of river nutrient mon-
itoring with information regarding the long-term (2011-2022) evolution of nitrogen and
phosphorus in Bahlui River, Iasi County, Romania. The nutrient dynamics were linked
with urbanization degree and flood control reservoirs based on the data recorded at four
specific locations: (i) Parcovaci—as a pristine location—close to the river’s spring, in a
forest region, where the first dam on the river course was built; (ii) Belcesti—as a rural
location—where the main activity is agriculture/farming, the place of the second reservoir
(Tansa); (iii) Podu Iloaiei—a small town with mixed industrial/farming activities; and (iv)
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Holboca—Ilocated close to the river mouth, after Iasi, the third largest city in Romania. The
primary hypothesis is that a correlation between the analyzed aspects is present and can be
the basis for predicting river discharge and nutrient variation in a specific context.

To the authors” knowledge, such a comprehensive report with such a manner of data
interpretation on the Bahlui River has never been published. However, some reports regard-
ing nutrients’ evolution/concentrations have been presented in local or low-circulation
magazines [10-13]. These reports only present daily analysis and/or short periods of
nutrient/pollutant evolution and are usually focused on specific areas, such as the Iasi
municipal area [14,15]. The flow discharge data span a longer period (2005-2022) than the
nutrient monitoring (2011-2022), having been systematically conducted at the sites studied
since 2011.

2. Materials and Methods
2.1. Research Area and Sampling Locations

The length of the hydrographical network of the Bahlui River is more than 3.100 km,
of which only 119 km are included in the main river from spring to mouth [16]. The surface
of the Bahlui River catchment covers 2025 km? and is the most important tributary of the
Jijia River [17]. The river basin has a hilly terrain with large successive valleys and terraces.
The valleys are deep and narrow, flanked by high hills with a slope of around 10%. The
river basin has an average altitude of approximately 155 m. The mean slope of the river
system varies, being 3%. in the most upstream part, 1.6%o in the middle part, and 0.5%o in
the downstream part. Precipitation runoff is the main water source for the river, accounting
for 85-95% of the inflow [18]. The Bahlui River basin is located in an area with an annual
precipitation of approximately 500 mm. Several factors contribute to the high complexity of
the main river, its tributaries, and reservoirs. (i) Intense soil erosion during flood waves and
moderate soil erosion in agricultural areas, leading to high levels of suspended solids. (ii)
Sedimentation, gradually altering riverbeds and reservoirs, reducing water storage capacity
and flood protection. High precipitation in the Bahlui River basin causes significant soil
erosion [19], occasionally resulting in landslides [20].

The Bahlui River is a rain-fed river system with many ungauged and temporary
tributaries for which no data were available [13,21]. The average discharge ranges between
2.8 m3/s[10,14] and 4 m3/s [19,22]. Only approximately 30% of the length of the network
has permanent flow [22]. The length and surface area of the main tributaries of the Bahlui
River are presented in Table 1 [16,22].

Table 1. The main tributaries of the Bahlui River.

No. Bank River Length [km] Surface Area [km?]
1 Bahluet 40 500
2 . Voinesti 25 131
3 Right Nicolina 18 171
4 Magura 25 78
5 Gurguiata 31 129
6 Cacaina 21 60
7 Ciric 19 56
8 Lef Hoisesti 11 27
9 eft Chirita 15 39
10 Totoesti 11 25
11 Bogonos 9 36
12 Fundu Vaii 7 12

Various ungauged tributaries 838

Four sampling sites were selected from the Bahlui River catchment, as shown in
Figure 2: Parcovaci, Belcesti, Podu Iloaiei, and Holboca. Each site has specific particulari-
ties: (i) Parcovaci is placed relatively close to Bahlui’s spring, in a forest area, and is actually
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the first village crossed by the river—there is no significant influence of agriculture or
urbanization on this site; the first important dam on the Bahlui River is placed in Parcovaci;
(ii) Belcesti is a commune, in an agricultural region; in the vicinity of Belcesti, the important
Tansa-Belcesti dam was built on the Bahlui River in order to prevent flooding; (iii) Podu
Iloaiei is a small town with less than 10,000 inhabitants; a dam lake performing as a water
reservoir is located on the Bahluet River from the Bahlui River basin; and (iv) prior to
reaching the commune of Holboca that is a part of the Iasi metropolitan area, the Bahlui
River crosses Iasi city, the third largest city in Romania by number of inhabitants. To
summarize, the data come from four sites, representing (i) a region with no influence from
agriculture or urbanization that is dam protected; (ii) a predominantly agricultural region
that is dam protected; (iii) a mixed region influenced by both agriculture and urbanization;
and (iv) a highly urbanized region. The GPS coordinates where the measurements were per-
formed are 47°27'03.7"" N, 26°49'08.2" E—Parcovaci, 47°18'04.7" N, 27°06'02.0"” E—Belcesti,
47°12'33.4" N, 27°17'41.5” E—Podu Iloaiei, 47°07'46.2" N, 27°44'12.0"” E—Holboca. The
Google Earth images for the selected sites are presented in Figures S3, S5, 57, and S9, while
the corresponding Corine land cover images are displayed in Figures 54, S6, S8, and S10.
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Figure 2. Sampling locations placement on Bahlui River catchment.

2.2. Historical Milestones: Flood and Drought Periods

Iasi, the historic city that served as the capital of Moldavia and later Romania, has
a complex history with the Bahlui River, which cuts through the middle of the city. The
evolution of the river’s color and smell through the seasons was the subject of many local
debates. A long series of floods were recorded during the 19th century. Between 1950 and
2006, 62 floods were reported for the Bahlui River basin [23], of which 15 were with flows
between 50 and 90 m?/s [24]. However, there are 4 floods with impressive flows (Table 2)
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that left a mark in Iasi history [24], the most representative being the one registered in 1932
(Figure S2, Supplementary Materials) [25].

Table 2. The most important documented floods and drought periods on the Bahlui River.

Floods Drought Periods
Year Month Flow [m3/s] Years Season Flow [m3/s]
1932 April 600 1953-1954
1969 July 160 1962-1963 Winter 0.001
1971 August 108 1963-1964 >
1954, 1958,
1975 June 182 1959, 1962, Summer
1992, 2000

Since the Bahlui’s discharge is rain-dependent, two distinct periods affect the flow:
(i) the winter, when water is stored as snow and ice; and (ii) the drought periods. During
the second half of the 19th century, minimum discharges were lower than 0.001 m3/s
(Table 3), and even water depletion was reported [26].

Table 3. The reservoirs in the Bahlui River system.

. . Average Sub-Basin
No. Year River Reservoir Flow [m?/s] Area [km?]
1 Bahluet Podu Iloaiei 1.06 500
2 Ciric Aroneanu 0.10 50
3 1964 Valea Locii Ciurbesti 0.22 82
4 Valea Lunga Chirita 0.08 40
5 Ezareni Ezareni 0.06 27
6 1968 Voinesti Cucuteni 0.25 131
7 1975 Bahlui Tansa 0.84 346
8 1978 Gurguiata Plopi 0.21 117
9 1980 Ciric Ciric III 0.11 57
Carlig .
10 (Cacaina) Carlig 0.06 46
11 1982 Nicolina Ciurea 0.10 36
12 Ezareni Cornet 0.03 13
13 Valea Locii Barca 0.08 40
Carlig .
14 1983 (Cacaina) Vanatori 0.03 23
15 Valea Oii Sarca 0.20 91
16 1985 Bahlui Parcovaci 0.42 95
17 1988 Fundu Vaii Rediu 0.02 8.6

2.3. Hydrotechnical Infrastructure

Nowadays, approximately 70% of the Bahlui basin is hydrotechnically managed [26].
No less than 17 reservoirs with different functions, such as flood protection, irrigation,
water supply, and fishery, have been built in the river’s basin (Table 3) [21,22].

The critical roles of hydrotechnical structures and engineering infrastructure are to act
as protection instruments, reduce hydrological vulnerability, and contribute to a sense of
security [27]. In addition to that, a series of socioeconomic aspects are directly influenced by
the presence of hydrotechnical structures such as the formation of characteristic ecosystems
(lakes, wetlands, and swamps), diversification of land use given by the water supply, irri-
gation facilities, fish farming, watersports, and tourism. There are also several drawbacks
related to forest loss, sediment and nutrient gathering, and landscape modification, but
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the mentioned benefits compensate to some extent [28]. The impact of these storage lakes
on river discharge, water quality, and nutrient dynamics is fundamental. However, while
floods can be prevented and, to some extent, controlled, the prolonged drought periods are
difficult to manage for a rainfall-dependent river, particularly for a region where agriculture
and farming are the main economic activities.

2.4. Statistical Analysis

In order to analyze the available data supplied by the Administratia Nationala Apele
Romane (National Administration Romanian Waters, https://rowater.ro (accessed on
5 February 2024)), a set of preprocessing steps was applied. First, the data were veri-
fied to ensure their validity; no digitized data were used during the preparation of this
manuscript. After that, the data were centralized and analyzed using the Minitab® 21.2
(64-bit) statistical software.

3. Results and Discussion
3.1. Bahlui River Discharge Monitoring during 2005-2022 Period

There are huge oscillations between the hydro-climatic extremes (droughts and floods)
typically reflected by minimum and maximum discharge values. Maximum flows generate
concerns about engineering flood risks, water systems infrastructure, and flood response
strategies. In contrast, minimum flows generate concerns for agriculture—irrigation engi-
neering, ecosystems, and natural resources management [29].

The classic statistical streamflow indicators for the selected locations on the Bahlui
River during the 2005-2022 period are presented in Table 4. The daily discharges from 2005
to 2022 for selected locations are presented in Figure 3. Two insets associated with drought
periods (20062007, Figure 4; and 2011-2013, Figure 5) are marked in Figure 4 and selected
for further discussion in Section 3.1.1. A period of heavy rainfalls (May-August 2010, not
marked in Figure 3) is also selected to be individually discussed in Section 3.1.2.

Table 4. Statistical indicators for the river discharge (m3/s) for the 2005-2022 period.

Location Mean StDev * Minimum Q1* Median * Q3* Maximum
Parcovaci 0.2857 1.1329 0.0180 0.0419 0.0595 0.0700 24.5915
Belcesti 0.5480 1.2975 0.0030 0.0485 0.1123 0.3063 14.8447
Podu Iloaiei 0.8103 1.3847 0.0244 0.1605 0.3358 0.7204 15.3273
Holboca 4.0199 3.8982 0.5617 2.1222 2.9667 4.3658 62.1468

Notes: * StDev represents the standard deviation; Q1, median, and Q3 represent the data quantiles.
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Figure 3. The Bahlui River’s daily discharge variation at the selected sites (Parcovaci, Belcesti, Podu Iloaiei, and Holboca) for the 2005-2021 period *. * Insets 1 and 2
present selected drought periods, further detailed in Figures 4 and 5.
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Figure 4. (Inset 1 from Figure 3). Comparative display of daily discharge (m?/s) of Bahlui River during the 2006-2007 drought at Parcovaci, Belcesti, Podu Iloaiei,
and Holboca.
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Figure 5. (Inset 2 from Figure 3). Comparative display of daily discharge (m3/s) of Bahlui River during the 2011-2013 drought at Parcovaci, Belcesti, Podu Iloaie,
and Holboca.
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Q1 is also known as the lower quartile and shows that 25% of the data fall below this
threshold. The second quartile (Q2, or median) shows that 50% of the data are below it.
The third quartile (Q3, or upper quartile) shows that 75% of the data are below this value.
Thus, the quartiles divide the data into four equal portions. The distance between Q1 and
Q3 denotes the interquartile range and reflects the variability. It shows the distribution of
the middle 50% of the data.

In Table 4, the highest variability is obtained for Holboca’s discharge. This can be
explained by the fact that the measurements for this location are taken after the wastewater
treatment plant, and it incorporates the runoff gathered from the entire area of lasi city.
Also, in case of heavy floods, this location registered high values, as shown by the peaks in
Figure 2, which reach (or go over) 50 m?/s.

The evolution of the mean and median values of the streamflow is consistent, consid-
ering the locations’ positions from the source to the river’s end (Figure 2). The considerably
higher values computed for Holboca could be related to the tributaries feeding the river
after Podu Iloaiei (Figure 2). When it comes to minimum and maximum values, some
inconsistencies can be noted, such as that the minimum from Belcesti is 6-fold lower than
the minimum in Parcovaci or the maximum in Parcovaci is 1.6 times higher than Belcesti
and Podu Iloaiei. These inconsistencies are related to the Parcovaci and Tansa (Belcesti)
dams on the main river course. The Tansa is a multi-purpose reservoir, being used as
protection against floods, as a drinking water supply for the Belcesti village, the biggest
commune in Iasi county, with more than 10,000 inhabitants [30], as an irrigation source,
and for aquaculture [31]. Therefore, the Bahlui’s level is extremely low during drought
periods, sometimes close to complete depletion [32], particularly after the Belcesti reservoir.
Since the mean and the median are significantly closer to the minimum than the maximum
values, it can be concluded that drought periods are predominant compared to flooding
intervals (see Table 2).

3.1.1. Drought Periods Examination

During the first drought interval (Figure 4), the discharge in Parcovaci and Belcesti
is controlled by the Parcovaci and Tansa (Belcesti) reservoirs. The values are remarkably
constant throughout the drought period, even during the few rainy days. The oscillations
registered for Podu Iloaiei and Holboca are related to the increased number of permanent
and temporary tributaries after Belcesti and the rare rainfalls.

The Parcovaci and Tansa dams considerably impacted the drought period 2011-2013
by maintaining a constant flow rate. Table 5 displays the streamflow statistical indicators for
the chosen places on the Bahlui River during the drought years of 2006-2007 and 2011-2013.
As observed, although the entire period analyzed is considered as drought, the most severe
drought manifestation was in 2007, where, for all sites except Holboca, the lowest mean
values and variations in Q1-Q3 are obtained. The somewhat peculiar data obtained for
Holboca are related to the location of the measuring site. It is placed after Iasi and its
wastewater treatment plant, that discharges into the Bahlui River, sometimes has a higher
flow rate than the river itself [33].

During the first drought period, the annual evolution of mean and median values of
the streamflow is consistent, considering the locations” positions from the source to the
river’s end (Table 5, 2006; 2007). The evolution of the median and maximum values is
inconsistent with the locations’ positions, highlighting the influence of the Parcovaci and
Tansa (Belcesti) reservoirs. The mean and maximum values analysis during the 2011-2013
drought shows that 2012 was the driest year of the period. The second drought period
(Figure 5) was also analyzed by other authors, who highlighted that 2012 was a dry year
from the hydrological point of view [34].
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Table 5. Statistical indicators for the river discharge during selected drought periods (m3/s).
Location Year Mean StDev Minimum Q1 Median Q3 Maximum

2006 0.4422 1.2262 0.0220 0.0340 0.0490 0.0690 9.6892

2007 0.038377 0.005964 0.026400 0.033453 0.039424 0.043608 0.047896

Parcovaci 2011 0.3832 1.2467 0.0255 0.0349 0.0394 0.0649 15.4678
2012 0.0827 0.2636 0.0327 0.0425 0.0469 0.0561 2.4989
2013 0.2462 0.6966 0.0180 0.0522 0.0575 0.0670 4.2317

2006 0.8988 1.9029 0.0980 0.1787 0.2163 0.3899 10.1955
2007 0.2380 0.6381 0.0600 0.0820 0.1599 0.2539 6.4773

Belcesti 2011 0.6346 1.0218 0.0049 0.0049 0.0053 0.7856 4.6467
2012 0.3182 0.6896 0.0030 0.0049 0.1123 0.2850 4.6488
2013 0.3555 0.7908 0.0089 0.0166 0.0182 0.3951 4.1781
2006 1.258 1913 0.088 0.416 0.553 0.811 8.510
Pod 2007 0.3995 0.5660 0.1018 0.1560 0.3627 0.4998 6.0000
IIO ' 2011 1.0156 1.0434 0.1033 0.2259 0.6024 1.4605 4.9478
oalet 2012 0.4386 0.7514 0.0244 0.0667 0.1602 0.4722 4.9810

2013 0.8127 1.1501 0.1142 0.2839 0.4223 0.7241 10.2434
2006 6.219 5.859 2.886 3.390 4.098 5.410 34.349
2007 3.1051 1.0214 1.6517 2.4486 3.0458 3.3346 9.3919
Holboca 2011 4.442 3.537 2.047 2.601 3.226 5.306 34.140

2012 3.1295 1.4300 1.7623 2.3228 2.6022 3.3358 10.0813

2013 4.560 5.117 1.608 2.539 3.307 4.390 62.147

3.1.2. Flood Episode Examination

From a hydrological point of view, the year 2010 is remembered as a year of dev-
astating floods across Central and Eastern Europe, including Romania, Czech Republic,
Slovakia, Bosnia-Herzegovina, Hungary, Croatia, southern Poland, and southern and east-
ern Germany [35,36]. Romanescu and Stoleriu analyzed the” exceptional” floods in the
Prut basin in the summer of 2010, where river discharge reached 1600 m3/s [37]. This event
was caused by heavy rainfall, snowmelt, and saturated soil conditions.

The highest peaks for discharge values were registered on 28-29 July 2010 (Figure 6).
These high discharges were preceded by heavy rainfalls on the 24th and 25th of July [36].
Unlike the previous flood intervals at the turn of the century, the urban area of the city of
Iasi was protected by Bahlui’s waters.

The analysis of the daily discharge statistical indicators during the May-August heavy
rainfall interval from 2010 (Table 6) shows that during June 2010 the streamflow achieved
the highest peaks. Only the mean values are consistent with the locations’ positions on the
map; the other indicators were influenced by reservoir activity.
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Figure 6. Comparative display of Bahlui River’s daily discharge during heavy rainfalls from May to August 2010 at Parcovaci, Belcesti, Podu Iloaiei, and Holboca.
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Table 6. Statistic indicators for the discharge during 2010 floods (m3/s).

Location Month Mean StDev Minimum Q1 Median Q3 Maximum
May 1.032 2.155 0.028 0.028 0.028 1.165 9.462
P _ June 3.74 6.77 0.03 0.03 0.03 5.17 24.59
arcovact July 0.623 1.127 0.028 0.028 0.028 1.113 4971
August 0.1276 0.3256 0.0309 0.0371 0.0447 0.1409 1.8596
May 2.163 2.289 0.451 0.489 0.783 4.724 6.704
Belcest June 3.834 2.734 0.447 0.613 4.449 6.534 7.355
elcestl July 3.039 2.725 0.21 0.356 1.055 5.724 6.977
August 0.651 0.943 0.14 0.14 0.14 0.732 2.894
May 2.054 1.94 0.577 0.691 0.94 4131 5.947
Podu June 4.144 3.296 0.663 0.894 4.019 6.297 15.327
Toaiei July 3.773 3.17 0.422 0.625 3.632 6.867 8.309
August 0.827 0.783 0.304 0.422 0.474 0.786 2.679
May 4.61 2.74 2.376 2.898 3.047 6.382 12.204
Holb June 10.94 10.09 2.34 443 8.35 9.93 41.77
olboca July 9.67 7.76 2.85 5.17 7.99 8.96 39.28
August 3.279 0.805 2.442 2.657 2.835 4.031 4.925

3.2. Nutrient Dynamics on Bahlui River during 2011-2022 Period
Individual Nutrient Analysis

The primary anthropogenic sources of N and P in rural areas are fertilizers from
agriculture, animal manure from livestock production, and septic systems such as house-
hold wastewater [38]. Both N and P can be produced via natural soil processes through
mineralization, weathering, and/or dissolution [39]. However, in some urban areas it was
found that household activities such as lawn fertilization and pet ownership contribute
more to nutrient watersheds than commercial, municipal, or industrial actions [40]. Urban
runoff, including stormwater and snowmelt, drainage networks, and yard waste, is the
primary carrier of pollutants in the urban environment [41].

As can be observed from Figure 7, the distribution of individual measurements indi-
cates that the lowest values for both TN and TP are for Parcovaci. On the other hand, the
largest domains are obtained for Belcesti and Holboca, where outliers are identified.

As expected, the average TN for the Parcovaci location during the analyzed period
(0.6303 mg/L, Table 7) is way below the limit value of 10 mg/L [42], and the TN value is
relatively constant during the entire period (Figure 8). The same behavior is observed for
the TP evolution at Parcovaci (Figure 9).

Table 7. Statistical indicators for some water quality indicators analyzed in the 2011-2022 period.

Indicator Location Mean StDev Minimum Q1 Median Q3 Maximum
Belcesti 7.367 4.528 1.230 3.895 6.220 10.250 19.890
N Holboca 8.972 3.483 1.470 6.400 8.520 10.590 25.400
Parcovaci 0.6303 0.4488 0.1500 0.4000 0.5400 0.7000 2.9200
Pod.u. 3.971 2.297 0.250 2.360 3.460 4.670 12.300
Hoaiei
Belcesti 0.4184 0.5262 0.0600 0.1930 0.3080 0.4145 3.7300
TP Holboca 1.0586 0.4969 0.2500 0.6700 0.9740 1.3125 2.4270
Parcovaci 0.0819 0.0980 0.0025 0.0200 0.0400 0.1000 0.4670
Podu 0.3729 0.2692 0.0680 0.2100 0.2980 0.4730 1.9820

Tloaiei
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Figure 7. Variations in TN (a) and TP (b) in the selected locations for 2011-2022. Unfortunately,
the TN and TP data are unavailable for all considered locations during the analyzed period. The
2011-2014 interval is missing for Belcesti.
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Figure 8. Average annual variation in total nitrogen.
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Figure 9. Average annual variation in total phosphorus.

The unexpected high level of TN in the Belcesti area (Figure 8) can be correlated with
the uncontrolled use of nitrogen-based fertilizers necessary for agricultural and farming
activities. Other authors also observed this aspect [19]. The highest level of TN (except
2018) was reported for the Holboca location during the entire period under study, and it is
obviously correlated with the urban area of lasi.

The highest variability is observed for TN in Belcesti, while the lowest is in Parcovaci.
On the other hand, for TP, the highest variability is observed in Holboca and the lowest in
Parcovaci. Excluding the 2022 reports where the TP average value is atypically high for
Belcesti (Figure 9), there is a “normal” trend for this specific indicator: the pristine location
exhibits the lowest values, the agricultural and mixed urban/agricultural locations show
comparable values (except for in 2018, where the value is higher for the agricultural area),
while after the major urban area, the value almost doubles. For the monitored period, the
average values of TP (Table 7) are 0.0819 mg/L for Parcovaci and almost 13-fold higher for
Holboca (1.0586 mg/L), yet below the NTPA 001/2002 [42] limit of 2 mg/L.

3.3. Discharge—Nutrient Correlation

It is generally recognized that discharge measurement is essential in nutrient load
estimation. However, certain degrees of uncertainty should be considered, especially for
small streams [43]. It was shown that even for the high frequency of data prelevation,
paired data levels of uncertainties of up to 25% can occur in correlations between discharge
and nutrients [43]. In order to correlate the nutrient dynamics with the Bahlui River’s
discharge, the plots presented in Figures 10-13 were drawn for the selected sites. It is
relatively challenging to find rational correlations between nutrient dynamics and river
discharge for the first two locations (Figures 10 and 11). The presence of the two dams
(Parcovaci and Tansa) on the main river course can disturb the correspondence. The dams
usually trap the nutrients and sediments transported by runoff from heavy rains. The
dilution phenomenon that should typically occur with the increase in the water flow is
rarely present, and at some points the TN level seems unaffected by the discharge values
(e.g., January 2013 vs. August 2013, Figure 10, Parcovaci; September 2018 vs. April 2019,
Figure 11, Podu lloaiei).
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Figure 10. The variations in discharge, total nitrogen, and total phosphorus at Parcovaci for 2011-2022.
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Figure 11. The variations in discharge, total nitrogen, and total phosphorus at Belcesti for 2011-2022.
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Figure 12. The variations in discharge, total nitrogen, and total phosphorus at Podu Iloaiei for 2011-2022.
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Figure 13. The variations in discharge, total nitrogen, and total phosphorus at Holboca for 2011-2022.
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A correlation between the river flow rate, TN, and TP can be observed for Parcovaci
between the two discharge peaks in March 2016 and June 2021 (Figure 10). As for the
Belcesti site, neither TN nor TP seems to evolve in a visible connection with the river flow
oscillations. The nitrogen level is relatively high in this location and exhibits peaks even
at low and constant discharge, e.g., April 2019-February 2021, revealing a predisposition
to eutrophication that was also reported by other authors [44]. A relatively “normal”
correspondence can be seen for Podu Iloaiei in Figure 12, where the TN and TP levels
typically increase with the discharge growth, with three exceptions: (i) the period June
2011-July 2013, that overlaps with the drought period (analyzed in Section 3.1.1); (ii) the
period September 2018-September 2020, when another prolonged drought period was
reported [45], when the TN values are high despite the low river level; and (iii) February
2018, when the TP level is atypically high. The best (visual) correlation can be observed for
the last location, Holboca (Figure 13), which is close to the river’s end. There, the discharge
levels are higher than in all other locations, being relatively unaltered by the dam’s presence
and influenced by the wastewater treatment plant discharge.

A Pearson analysis was performed on the data to determine whether any statistically
significant correlations could be obtained. After the data were placed in a scatter plot
(Figure S11), the outliers were removed (maximum 5%). Next, the correlation indicators
were determined (Table S1). As can be observed, for most cases p > 0.05, indicating that no
significant data can support the affirmation that a correlation between parameters exists.
The exceptions are for (i) Parcovaci, in the case of TP vs. TN, where a correlation of 0.35
(which is considered moderate positive) was obtained; (ii) for Belcesti, in the case of TN vs.
discharge, where a correlation of —0.29 (which is considered low negative) was obtained;
and (iii) for Holboca in the cases of TN vs. discharge and TP vs. TN, where correlations of
—0.342 (moderate negative) and 0.417 (moderate positive), respectively, were obtained.

In order to determine if a seasonal variation can be observed for each location, ana-
lyzed parameter, and season, the means of the values were computed and are shown in
Figure 14. The seasons were identified as follows: winter—December, January, and February;
spring—March, April, and May; summer—June, July, and August; autumn—September,
October, and November. As observed, TN’s highest concentrations are obtained during
the coldest season of the year for all analyzed locations, while the lowest are in the sum-
mer. Most probably due to the dam’s presence, no significant seasonal correlations were
observed for the other analyzed parameters.

Mean(Data)

TP (mg/L) TN (mg/L) Discharge (m/s) TP (mg/L) TN (mg/L) Discharge (m?/s) TP (mg/L) TN (mg/L) Discharge (m/s) TP (mg/L) TN (mg/L) Discharge (m?/s)

autumn spring summer winter

Season

Location
M Belcesti W Holboca Parcovaci B Podu lioaiei

Figure 14. Average seasonal variations: discharge, total nitrogen, total phosphorus.
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3.4. Nutrient Dynamics: Influence of Urbanization Degree and Flood Control Reservoirs on the
Course of Bahlui River

It is evident that the nutrient dynamics are affected by a combination of natural and
anthropogenic factors, each having relative influences that change with temporal and
spatial scale. Like many other rivers, the Bahlui provides water for the inhabitants of its
basin for irrigation, industrial, and drinking purposes. It also assimilates and/or carries
industrial and municipal wastewater and manure discharges and runoff from agricultural
fields, roadways, and streets [46]. From its spring to its mouth, the Bahlui River crosses
lands with different degrees of development, including forests, small towns, villages,
agricultural regions, and one major urban area. Two major flood-controlling reservoirs
were built on the main river course, Parcovaci and Tansa (Belcesti), and another 15 with
different functions, such as flood protection, water storage, and fishery, on the tributaries in
its hydrographic basin. The existence of these reservoirs attenuates the impact of significant
climate change effects such as extreme floods and prolonged drought periods but also affects
many physical and ecological aspects and processes, including sediment transport and
nutrient exchange [47]. The hydrological alterations produced by river-placed reservoirs
are changes in flood frequency and magnitude, reduction in overall flow, increased or
decreased summer baseflows, and altered timing of releases [48]. In addition, the grassy
vegetation, especially common reed (Phragmites australis) and bulrush (Typha latifolia), plays
an essential role in the retention of nutrients in the wetlands and swamps that usually form
at the base of reservoirs or nearby, with small, temporary river tributaries [49,50].

3.4.1. Urbanization Degree

Halecki and coworkers discussed the lower nutrient retention capacity in urban areas
compared to rural and suburban areas [51]. The high surface runoff, that is correlated
with lower retention capacity, could explain the growth in both TN and TP in urban
areas [46,51-53].

Holboca, the fourth location from spring to mouth considered for this study, is placed
after Iasi, the third city in Romania, close to the Bahlui confluence with the Jijia River. Many
authors have studied the effect of anthropogenic activities on the water quality in this part of
theriver [10,14,15,33,54]. As pointed out by the current report, in Holboca the nutrient levels
reach the highest values of all the selected locations. Moreover, compared with the nutrient
level in the first location, Parcovaci, which is a forest area with minimal human activities,
there are considerable differences in magnitude. The mean value for Holboca during
2011-2022 is nearly 14-fold higher for TN and 13-fold higher for TP (Table 7). As for the
rural and mixed regions, represented by the Belcesti and Podu Iloaiei locations, respectively,
the nutrient level is influenced by the presence of the Tansa reservoir that controls the flow
regime and by the increased number of permanent and temporary tributaries after Belcesti,
which contributes to the flow development between the two locations. For most of the
monitored period, except 2017, when the values were comparable, the TN values were
higher in Belcesti than in Podu Iloaiei (Figure 8). As for the TP, except for the peak in 2022
in Belcesti, the values were reasonably low [42], following a similar trend (Figure 9).

3.4.2. Flood Control Reservoirs

During the past century, the Bahlui basin was highly vulnerable to floods [24] and
droughts [32,55]; the inundation frequencies and the color and odor of the Bahlui waters
during eutrophication periods were notorious. Nowadays, owing to massive investments in
hydrotechnical structures, the vulnerability of the studied area, particularly of the selected
locations, is highly diminished. Between 1960 and 1990, as many as 17 reservoirs were con-
structed in the Bahlui basin, as shown in Table 3. As for the selected locations, it is evident
that the Parcovaci and Tansa reservoirs control the daily discharge even during drought
periods, preventing river depletion (Figure 4). Hydrotechnical developments placed on the
main course and/or in a river basin fundamentally impact the environment [56], producing
geographical, ecological, and social changes [28], and the Bahlui River is no exception [21].
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The reservoir and/or dam-induced hydrological control of the flow regime may
affect the nutrient dynamics similarly (yet less aggressively) to the succession of flood and
drought periods [48]. The formation of wetlands and swamps as tails of the reservoirs is also
essential for nutrient dynamics. The balance in nutrient retention and release from swamps
and wetlands from the river’s hydrographic basin is directly related to the water level,
which can be controlled naturally (flood-drought cycles) or artificially (dam discharge). The
succession of seasons also plays a vital role in supplying rivers and reservoirs with organic
matter that can be further (gradually) decomposed in nutrients (e.g., leaves fallen from the
forest canopy in early autumn; leaves on the ground and agricultural waste brought by
spring floods) [57].

The TN and TP levels are within natural limits in the Parcovaci location, presenting
small fluctuations (seasonal) through the studied interval. On the contrary, the values of
nutrients, particularly TN, are relatively high for the Belcesti location, which is protected by
the Tansa reservoir (Figure 8). Dughild et al. [31] analyzed the most significant water quality
indicators for the Tansa Lake, including TN and TP, in 2010. It was found that the lake level
of TN was much lower than that of the Bahlui River (mainly due to the nitrate component of
TN). This resulted from using nitrogen fertilizers in agriculture and wastewater discharge
from commercial companies and wastewater treatment plants. The TP values in the
reservoir were lower than in the river, though of a different order of magnitude compared
to TN (similar to the current study; Figures 8 and 9). The orthophosphate components (that
are produced in sewage effluents) were considered responsible for the elevated TP values
in the Bahlui River in the Belcesti location [31]. The water quality for the main reservoirs
(lakes) in the Bahlui drainage basin was studied by Minea, where it was found that it is
worsening, most probably due to the contribution of the tributaries that bring pollutants
from uncontrolled discharges from industrial sources and malfunctioning water treatment
plants [26].

4. Conclusions

The current analysis focused on a long period and aimed to cover the gaps in the
reported discharge data on the Bahlui River. The results revealed that the reservoirs
constructed to regulate the streamflow successfully managed the water discharge. The mean
and median streamflow values followed a similar trend for the entire period, consistent
with the locations from the river’s source to its endpoint. This indicates that the reservoirs
effectively controlled the streamflow and mitigated the effects of drought and flood periods.

The analysis of nutrients considered the impact of reservoir presence and the features
of the investigated locations on their dynamics. The results indicate that reservoirs have a
significant impact because they control water discharge during floods and droughts. Also,
reservoirs favor the occurrence of wetlands and swamps, important aquatic habitats, which,
in turn, affect the nutrient concentration. Moreover, areas with high levels of urbanization
and agricultural activities showed higher nutrient concentrations, which can be explained
by the accidental release of pollutants into the water bodies.

A statistical evaluation of discharge and nutrient links in different locations revealed
weak correlations only for some particular cases: TN-TP in Parcovaci, TN-discharge
in Belcesti, and TN—-discharge and TP-TN in Holboca. Therefore, the analyzed data
cannot support the initial hypothesis that the analyzed characteristics are correlated. This
suggests a highly complex interaction between many factors, and a more in-depth study
with a higher frequency of data acquisition, more locations, and a higher number of
parameters such as chemical and biochemical oxygen demand, water and air temperature,
and precipitation level is required.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16101322/s1, Table S1. Literature reports on the spatiotemporal
evolution of nutrients in various rivers across the globe; Table S2. Pairwise Spearman correlations;
Figure S1. Scopus bibliometric analysis on eutrophication, climate change, and nutrients; Figure S2.
Iasi, the flood in 1932: (a) The railway station; (b) the central area. Figures S3, S5, S7, S9. Google
Earth images for the selected sites: Parcovaci, Belcesti, Podu Iloaie, Holboca. Figures 5S4, S6, S8, S10.
Corresponding Corine land cover images for the designated locations. Figure S11. Scatter plot
of all available data in all locations for (A) discharge (m3/s) versus TN (mg/L); (B) discharge
(m3/s) versus TP (mg/L); (C) TP (mg/L) versus TN (mg/L). References [58-79] are cited in the
supplementary materials.
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Abstract: The impact of dams and reservoirs on the aquatic ecosystem of rivers is a very important
topic for water resource management. These hydrotechnical facilities change the natural hydro-
morphological regime of the rivers. This paper analyzed the hydrodynamic characteristics of an
undeveloped riverbed section downstream of the Colibita reservoir, from the Bistrita Ardeleana
River hydrographic basin. After processing the data obtained on the field, two hydraulic models
were made using the MIKE 11 program, which aimed to identify the hydraulic parameters such as
the wet section, the depth, and the water velocity. The first modeling was used for the flow rate of
Q =54.5 m3/s: the water depth was between 1.952 m and 2.559 m; and the water velocity varied
between 1.148 m/s and 1.849 m/s. The second modeling was used for a flow rate of Q =178 m3/s
and showed that the water depth had values between 3.701 m and 4.427 m; and the water velocity
varied between 1.316 m/s and 2.223 m/s. Following the granulometric analysis, the average diameter
of the particle in the thalweg was D50 = 25.18 mm. The conclusion reached as a result of hydraulic
modeling and granulometric analyses indicated that hydromorphological processes take place along
the length of the analyzed sector, which have negative effects on water quality as well as on the
instability of the riverbed. To make the riverbed safe along the entire studied length, we managed to
identify some alternative solutions that have the role of stabilizing the banks, respectively, to stop the
deepening of the thalweg. The alternative hydrotechnical constructions will increase the roughness
of the riverbed, essentially reducing the water speed and increasing the favorable conditions for the

retention of alluvium.

Keywords: rivers; dams; sustainable development; the morphology of rivers; green methods;
hydraulic modeling

1. Introduction

Water made life possible on Earth; it represents a critical resource for humans and
animals whenever human settlements develop. Climate change influences the water cycle
in nature. Extreme weather events, such as droughts and heavy rainfall that increase in
proportion to the extent of climate change, exert a negative impact on water resources.
Water scarcity limits economic development in many regions of the world [1]. 71% of the
Earth’s surface is covered with water. The oceans (Atlantic, Arctic, Antarctic, Pacific, and
Indian) represent 96.5% of Earth’s water, 2.5% represents the total amount of fresh water,
while the totality of the water in the hydrographic basins of the rivers represents 1% [1,2].

Rivers play a key role in providing drinking water to the population. They act as
filters and provide a variety of habitats for a wide range of plants and animals. Globally,
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only 37% of rivers longer than 1000 km remain free-flowing throughout their length, and
23% flow uninterruptedly to the ocean [3-5].

The quality of water in rivers depends on the integrity of water bodies and the quality
of life in rivers. Human interventions that reduce the longitudinal connectivity of rivers
and streams, which have increased in number, significantly affect the biodiversity of rivers
and, implicitly, the quality of water [3].

When watercourses are degraded or ecologically damaged, many of the ecosystem
services important to human society are lost. The high fragility of rivers crossing urban
areas to anthropogenic disturbances leads to the restricted use of natural resources [6,7].

A degraded stream is defined as a river that does not function to its biological hydro-
logical potential [8].

The alteration of the hydrological and morphological processes of the watercourses
causes the deterioration of the habitats for the biota and disturbs the functionality of the
ecosystem [4].

Human activities such as the construction of diversions, weirs, and dams represent
a persistent threat to freshwater biodiversity [9] and exert a negative impact on rivers,
implicitly on the functionality of aquatic ecosystems [10,11]. The impact of dams and reser-
voirs on the aquatic environment of rivers is an important topic in global water resources
management. These hydrotechnical constructions change the natural hydromorphological
regime of rivers, negatively affecting their functionality and are associated with several
environmental impacts, such as habitat fragmentation, poor water quality, nutrient deple-
tion, loss or modification of biodiversity, remodeling of trophic networks, ichthyofauna,
reduction of riparian biodiversity the river [5,9-18]. Worldwide, the decline of river bio-
diversity has recently been linked to the reduced functionality of the riverbed substrate.
The riverbed substrate (hyporheic zone) plays an important role in the life cycle of many
aquatic species, therefore for aquatic biodiversity [19].

The impact of large dams is not only limited to direct effects on the hydromorphology
of the aquatic or riverine ecosystem but also on downstream localities, which extend to
ecological environments [16].

In most rivers around the world, varying degrees of sediment reduction have been
observed due to transverse hydrotechnical constructions [15]. Transversal hydrotechnical
constructions negatively affect natural aggregate transport, creating imbalances between
hydromorphological processes and the storage process in the coastal area [3,20]. Structural
degradation of rivers can lead to limited availability of alluvial material [19].

Hydromorphological changes to the river due to dams are substantially better under-
stood in the downstream sections of the river than in the sections of the river upstream of
accumulations, especially on mountain watercourses [5].

Rivers are under huge threat all over the world and huge amounts of money are
being invested in restoring them [21]. The watercourse restoration, also called river re-
covery, represents a set of measures to bring back, as close as possible, the original state
of the ecosystems along the entire length of a heavily anthropized water course [7]. In
general, river restoration aims at hydromorphological and ecological changes that im-
prove the natural state of aquatic and riparian ecosystems through a variety of restoration
methods [18,21-23].

It is essential to distinguish between restoration projects designed to reconnect rivers
and projects designed to reconfigure rivers. It is important to distinguish the differences
between ecological restoration of the river that helps restore ecological integrity and restora-
tion intended for other outcomes such as aesthetic or recreational enhancements that do
not necessarily improve ecological functions [23].

The definition of watercourse restoration is not limited to structural engineering
(stabilizing of riverbanks) but also opens ways to include other aspects of river restoration
as part of river management [24].

In the last two decades, the revitalization of anthropogenic rivers has been established
in Europe as a measure to achieve the good ecological status of water bodies, as required
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by the EU Water Framework Directive (European Commission, 2000), while protecting the
objectives downstream of floods. The implementation of the Water Framework Directive
in ensuring sustainable water management has been implemented taking into account
river basins [1,25,26]. These legislative efforts and necessary actions conclusively aim at
increasing the heterogeneity of ecosystems. Worldwide, the number of restoration projects
and the use of public financial resources to finance these projects has increased significantly
and is expected to further increase [25].

Most countries currently promote projects that include alternative solutions with
natural components and that have the role of incorporating the recreational activities etc. of
human society [27]. Ecologically focused watercourse restoration projects may involve the
use of alternative technical solutions that use local materials such as trees, boulders, shrubs,
and timber for landscape development, flood mitigation, reducing hydromorphological
processes, and increasing the chemical and biological quality of water and the variety of
the biotope [7,28].

Alternative hydrotechnical constructions that have clear or gray-green elements are
promoted and designed to: cope with high flows recorded during extreme floods or flash
floods; create longitudinal and transversal connectivity of ecosystems in the riverbeds that
cross human settlements [29-31].

Working with natural hydro-technical systems, which are powered by a diversity of
life within them, provides a range of benefits to society, ranging from carbon storage, clean
water and air, to the reduction of climate change impacts and protection against floods and
other environmental hazards [32].

The concern within the European Union as well as at the global level regarding the
sustainability of watercourses and the environment has encouraged the improvement and
acceleration of the practices used in the recovery of water courses, but even so, specialists in
the field of water management encounter problems in terms of promoting environmentally
friendly or green infrastructure methods [11].

In order to restore or remake aquatic ecosystems, it would also be important to control
the amount of water released from the reservoirs and to calculate the environmental flow,
corresponding to most fish species. It is known that flow forecasting is one of the most
difficult tasks for the owners in the management of water supply or energy production.
Research on the flow required to conserve aquatic habitat began in the 1970s and has been
commonly used for river management, including dam operation, water regulation, and
hydrographic basin management [33,34].

In the present paper, we analyzed the hydrodynamic characteristics of a river bed
sector located in the municipality of Bistrita are analyzed. Two flow rates recorded on
the Bistrita Ardeleana water course at the Bistrita hydrometric station were used for the
hydraulic modeling. The first flow rate used had a value of Q = 54.5 m?/s and was recorded
following heavy rainfall and water discharges from the Colibita reservoir. The second flow
was Q = 178 m3/s, being the highest flow in the last 15 years.

After performing the two simulations, it was possible to identify the values of the local
hydraulic parameters for the analyzed sector. In order to be able to determine the instability
of the riverbed due to hydromorphological processes, it was necessary to determine the
size of the particles in the thalweg, this being done with the help of granulometric analysis.

The results obtained from hydraulic modeling and granulometric analyses indicate
that hydromorphological processes take place along the length of the studied section,
processes that have negative effects on water quality as well as on the objectives located in
the immediate vicinity due to the instability of the riverbed.

In order to strengthen the riverbed along the entire studied length as well as to improve
the water quality, we managed to identify some alternative solutions. These are used to
withstand erosion speeds and have the role of stabilizing the riverbanks, respectively
to reduce the water speeds, and to stop the deepening of the thalweg. The alternative
hydrotechnical constructions will increase the roughness of the bed, implicitly reducing the
water speed, and increasing the favorable conditions for the retention of alluvium.
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2. Materials and Methods
2.1. Study Area

The hydrographic basin of the Bistrita Ardeleana River is located in the north-east
of Transylvania, more precisely on the administrative territory of Bistrita—Nasaud county,
geographically located in the central-northern area of Romania, between coordinates
46°45'-47°37' north latitude and 23°27'-25°36’ east longitude.

The Bistrita Ardeleana River springs from the central group of the Eastern Carpathians
(the Calimani Mountains) crosses the Livezi-Bargau Depression and before pouring into
the Sieu River, it crosses the hills of Bistrita, a subunit of the Transylvanian Subcarpathian
(Figure 1). The hills and the depression are made up of clayey, marly, tuff formations,
trapped in a crease system. The catchment area of the river and its tributaries is 650 km?,
and its elevation varies between 350 m and 1990 m [11,35-38].
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Figure 1. The location of the studied area in relation to the national territory and the hydrographic
basin of the Bistrita Ardeleana River.

During winter, this area experiences a climate regime influenced by air currents of
polar origin from the west. The transitional seasons (spring, autumn) are shorter compared
to those in southern Romania, and the summers are warm and quite humid. The average
annual air temperature is between 0 and 2 °C on the mountain peaks and 9.1 °C in the
municipality of Bistrita. Atmospheric precipitation is particularly high, in the mountain
area the average annual amounts are between 850 and 1400 mm [39].

2.2. Methods Used

In the present paper, RTK measurements were made for the area under study with the
help of the Leica G514 GNSS GPS and the Leica CS10 controller, being of high accuracy, and
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thanks to the differential precision corrections transmitted by the permanent stations in the
ROMPOS network. The topographical measurements were made upstream to downstream.
After carrying out the measurements on the riverbed of the Bistrita River, along the length
of the analyzed sector, the procedure of data processing followed, this being carried out in
the AutoCAD 2023 software. The profiles formed by the points from the measurements
were imported, after which the drawing of the characteristic lines was followed. Phantom 4
Pro drone flights were conducted to obtain an updated orthophotoplan and a more realistic
image of the section of the watercourse studied in this paper (Figure 2). A sample of
alluvial material was taken from the thalweg of the riverbed for granulometric analysis.
Sampling of natural aggregates was carried out from the area considered representative
of the entire analyzed sector. The surface considered representative is located between
transversal profile 5 and transversal profile 6. The sample of alluvial material was taken
to demonstrate that on the analyzed river bank section, thalweg erosions occur at certain
flow rates. The processing of the alluvial material was carried out with the electromagnetic
sieving machine model A 059-3.

SITUATION PLANS

SCALE 1:1000

Legend
Transverse profile

Figure 2. The hydraulic network and the position of the cross sections are plotted in the orthophotoplan.

The processing of the images captured with the professional drone was carried out
with the Agisoft Metashape program. In order to achieve correct georeferencing, GCPs
(Ground Control Points) were used [40]. For the georeferencing of the images, three
GCPs (Ground Control Points) were used, being raised in the field with the Rover GNSS
South Galaxy G1 equipment. Thanks to the images captured by the drone, a cloud of
topographical points was obtained, after which the studied sector was represented in 3D
format (Figure 3).
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Figure 3. The 3D image of the studied sector, made with the help of point clouds obtained from
professional drone measurements.

Based on the data obtained from the field, hydraulic modeling was carried out for a
constant flow, which has a permanent and non-uniform movement. The purpose of this
modeling was to identify the hydraulic parameters such as the wet section and the depth
and the velocity of the water, which vary spatially, more precisely along the stream.

In order to be sure of the need to promote hydraulic constructions with environmen-
tally friendly materials, two hydraulic models were made. The length of the sector analyzed
in hydraulic modeling is 198 m.

MIKE 11 software was used for hydraulic modeling; this is an engineering software
capable of simulating water speed, water level, flow, sediment transport, etc. [41]. Saint-
Venant mathematical equations were used to perform hydraulic simulations in the one-
dimensional system.

In the one-dimensional system, they are as follows:

The continuity Equation (1) is

9Q  , ok

3 TUsa =4 1
The momentum Equation (2) is
Q
a0 2(«%)  an_
g—l- Y +gA$—O (2)

where x is the longitudinal distance along the channel (m), & is the flow depth, t is the
time (s), A is the cross-sectional area of flow (m?), B is the width of the channel (m), Q
is the integrated discharge (m3/s), « the vertical velocity distribution coefficient, g is the
acceleration of the gravity (m/s?), and q leads to the basic equations used in MIKE 11 into
these equations [41]:

0Q 0JA

5 o 1 ®)
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Two hydraulic models were made for two flows recorded in the hydrographic basin
of the Bistrita Ardeleana River:

Q =54.5 m?/s represents the flow recorded following the heavy rainfall recorded in
the hydrographic basin of the Bistrita Ardelena River in September 2022, this flow also
being influenced by the controlled water discharges from the Colibita reservoir;

e Q=178m3/s represents a flow recorded at the Bistrita hydrometric station in 2019,
this being the highest flow recorded in the last 15 years [42].

The simulations being in the one-dimensional system, the obtained results were
represented graphically in the MIKE View program.

Following the interpretation of the results, we managed to identify alternative solu-
tions or methods (environmentally friendly) that will contribute to the restoration of the
water course.

ArcGIS 10.6 software was used to cartographically represent the critical sector, and
the graphic representation of the identified green alternative methods was made using
AutoCAD Map 3D 2023 software.

What would the alternative methods of restoration or restoring the watercourse of the
studied section consist of?

The bioengineering methods used in hydrotechnical constructions with the role of
defense or protection of the riverbanks and stopping the degradation of the thalweg are
as follows:

live fascines or branches;
boulder revetment;
vegetated rock gabions;
crib wall;

live stakes;

vegetated rock rolls;

coir rolls;

shrubs;

root wad;

mats reinforced with grass.

All the methods listed above will reduce the negative effects of variations in flows and
levels due to natural floods or resulting from the production of electricity on the riverbanks
as well as on the thalweg in the studied sector (Figure 4).

Hydrotechnical constructions are needed to stop erosions and reduce the degradation
of the thalweg on both banks of the river. The green hydro-technical constructions with
the role of protecting the banks and stopping the degradation of the thalweg have the
following lengths:

e right bank—217.5 m;
o left bank—149.5 m.

The hydrotechnical constructions proposed for the studied sector start on the right
bank. The proposed solution for the right bank of the Bistrita Ardeleana River has the role
of stopping the erosion of the bank and reducing the degradation of the thalweg.

The works will start upstream to downstream and will start with the vegetated rock
gabions on a length of 46 m, being placed on a bed of live fascines or branches. Down-
stream of the vegetated rock gabions for a length of 88 m, work will be done to divert the
watercourse with the help of 18 root wad of the following species: wicker (Salix fragilis),
willow (Salix cinerea), or white willow (Salix alba).
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SCALE 1:1000
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Figure 4. Graphical representation of the identified alternative methods.

The distance between trees should be 3 times the diameter of the roots. Trunks can
be between 2 m and 3 m long with a diameter between 30 cm and 60 cm. They need to
be placed or positioned in such a way that they will interpolate the direction of the river
flow [32,43]. After the root wads are installed in the trenches, they will be covered with
boulders, gravel, and soil to anchor them [32]. In order to control erosion due to meteoric
water, mats reinforced with grass will be installed (Figure 5).

A third component of the hydrotechnical construction on the right bank for a length
of 55.5 m consists of the following: reprofiling the bank and the installation of two rollers.
One is a vegetated rock roll and the second one will be a coir roll, both anchored with the
help of stakes, so that at the end they are covered with earth mixed with gravel.

Along the entire length of the hydrotechnical construction proposed for the right
bank, live stakes or shrubs can be planted, so that they can increase the effectiveness of the
construction in the long term.
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Figure 5. Graphical representation of green methods for both banks of the river in cross-section P6.

As for the methods or solutions proposed for the left bank, they will start like the
works on the right bank, from upstream to downstream.

Given the height of the eroded bank (between 3.38 m and 4.97 m) which has an almost
vertical slope, one solution is to defend the bank with crib walls with living material plus
reprofiling the riverbank to have greater stability.

In fact, the hydrotechnical construction on this bank will include several environ-
mentally friendly methods such as live fascines or branches, boulder revetment, crib wall,
vegetated rock rolls, coir rolls, mats reinforced with grass, and planting live stakes or shrubs.

The crib walls with living material will be installed over a length of 94 m. These are
box-shaped constructions made of soft wood, logs with a diameter between 20 cm and
40 cm, or square timber filled with local material [44—46].

When the works begin, a trench of 2 m width and 0.5-1 m depth will be made. The
ditch must be made outwards because the crib walls are located in steps facing the water
course. To provide stability to the crib walls, they will be secured at the corners by pillars
driven into the ground. On the side facing the watercourse of the trench, bundles of live
fascines will be placed from place to place. Later, a boulder revetment will be arranged
along the entire length of the trench. Additionally, along the ditch, logs or square timber
will be placed parallel at a distance of 1.5 m. On top of them along the entire length of
the trench, logs or square timber with a length of 2 m each will be placed transversely,
these being fixed at a distance of 1.5 m between them. This process will be repeated two
or three times, the formed cell will be filled with soil mixed with stone with a diameter of
10 cm. The next step is to form a layer of fascines cut to a length of 2 m, placed with the cut
towards the bank, these being covered with a layer of a mixture consisting of stone and soil.
The process will be repeated with the laying of the logs longitudinally and transversely
and that of forming the fascine bed. Both processes will continue until a height of 2 m is
reached (Figure 5) [43,44].

After the completion of the crib walls downstream of them, the installation of vegetated
rock rolls will continue for a length of 55.5 m, respectively coir rolls. At the end, mats
reinforced with grass will be mounted and live stakes or shrubs will be planted along the
entire length of the hydrotechnical construction proposed for the left bank.
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The last necessary step after the completion of the hydrotechnical constructions would
be the installation of a fence to restrict the access of animals and citizens to the water.

3. Results

The results will be presented first for the flow rate Q = 54.5 m?/s and then for the flow
rate Q = 178 m3/s. In both variants, an initial water depth of 0.3 m was taken into account
for the modeled river sector.

Table 1 shows the mileage of the cross-sections used in the hydraulic simulations to
obtain the values of the local parameters. The graphic representation of the transverse
profile 6 is used to represent the maximum water level for the two analyzed situations.

Table 1. The mileage of the transversal sections made in the studied sector.

Section Kilometre (m)

P1 0.0

P2 13.41

P3 33.28

P4 56.53

P5 89.70

P6 119.62

P7 150.79

P8 176.19

P9 198

Considering the above, the hydraulic simulations were carried out for two situations
in which the flow rates had the values of Q = 54.5 m®/s recorded following heavy rainfall,
this being also influenced by the controlled water discharges from the Colibita reservoir
and Q=178 m3/s representing a flow recorded at the Bistrita hydrometric station in 2019,
this being the highest flow recorded in the last 15 years [42].

In the graphs presented below for both analyzed hydraulic models, the lines have the
following meanings:

e the continuous black line positioned in the upper part of the graph represents the
upper elevation of the right bank of the river from P 1 upstream to P 9 downstream;
e the dotted black line represents the upper level of the left bank of the river from P 1
upstream to P 9 downstream;
the blue contour represents the water level in the longitudinal profile;
the dotted line inside the blue contour represents the minimum water level for the
hydraulic models, the minimum depth of 0.3 m from which the modeling started;
the lower continuous black line that supports the water level represents the river valley;
the continuous blue line indicates the maximum water level in the cross-section;
the broken green line indicates the minimum level in the model, more precisely the
minimum depth of 0.3 m taken into account along the entire length of the river sector;
the continuous and thick red line represents the water speed in the longitudinal profile;
the dotted red line indicates the initial speed of the water at the very beginning of the
modeling until the water fills the bed up to the maximum level corresponding to the
studied flow rate.

3.1. Hydraulic Modeling on the River Bistrita Ardeleana, Where the Flow Has a Value of
Q =54.5m3/s

In Figure 6 we can see the water level in the longitudinal profile of the river sector
taken into account for the flow rate Q = 54.5 m3/s.
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Figure 6. The water level in the longitudinal profile for Q = 54.5 m3/s.

In Figure 7 we can see the maximum water level in one of the cross sections for the
flow rate Q = 54.5m3/s.

250 30.0 350 70.0

[meter]

Figure 7. The maximum water level in the transverse profile P6 for the flow rate Q = 54.5 m?/s.

In Figure 8, the water depth in each cross-section is represented graphically, respec-
tively, for the maximum value of the depth for the flow rate Q = 54.5 m3/s.
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Figure 8. Water depth in each cross-section in graphical form for flow rate Q = 54.5 m3/s.
In Figure 9, we can see the water speed, in the longitudinal profile along the sector
studied in the modeling.
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Figure 9. Water velocity in the longitudinal profile for Q = 54.5 m3/s.

In the table below (Table 2) the values recorded in all 9 cross-sections for the following
parameters are transcribed: water depth, water level, and water velocity for the flow rate
Q=545m?/s.
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Table 2. Water level, depth, and velocity in each cross-section for flow rate Q = 54.5 m?/s.

Section/Q Q=545md/s
Section Kilometer (m) Water Level (m)  Water Depth (m) Water Velocity (m/s)
P1 0.00 381.682 1.952 1.698
P2 13.41 381.635 1.985 1.819
P3 33.28 381.646 2.096 1.426
P4 56.53 381.611 2.381 1.455
P5 89.70 381.540 2.400 1.661
P6 119.62 381.563 2.573 1.148
P7 150.79 381.514 2.534 1.338
P8 176.19 381.505 2.545 1.235
P9 198 381.499 2.559 1.158

3.2. Hydraulic Modeling on the Ardelean Bistrita River, Where the Flow Has a Value of
Q=178 m3/s

In Figure 10 you can see the water level in the longitudinal profile of the analyzed
river sector for the flow rate Q = 178 m3/s.
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Figure 10. Water level in the longitudinal profile of the section analyzed for Q = 178 m?/s.

In Figure 11 we can see the maximum water level in one of the cross sections for the
flow rate Q = 178 m3/s.
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Figure 11. Graphical representation of maximum water level in cross profile 6 for flow Q = 178 m3/s.
In Figure 12, the water depth in each cross-section is represented graphically, respec-
tively, for the maximum value of the depth for the flow rate Q = 178 m3/s.
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Figure 12. Water depth in each cross-section in graphical form for flow rate Q = 178 m3/s.

In Figure 13, the water speed can be seen in the longitudinal profile along the sector
studied in the modeling.
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Figure 13. Graphical representation of water velocity in the longitudinal profile for Q = 178 m3/s.

In the table below (Table 3), the values recorded in all nine cross-sections for the
following parameters are transcribed: water depth, water level, and water velocity for the
flow Q=178 m3/s.

Table 3. Water level, depth, and velocity in each cross-section for flow rate Q = 178 m3/s.

Section/Q Q=178 m3/s
Section Kilometer (m) Water Level (m)  Water Depth (m) Water Velocity (m/s)
P1 0.00 383.431 3.701 2.163
P2 13.41 383.401 3.751 2.223
P3 33.28 383.445 3.895 1.819
P4 56.53 383.385 4.155 2.031
P5 89.70 383.318 4178 2.182
P6 119.62 383.417 4.427 1.316
P7 150.79 383.366 4.386 1.559
P8 176.19 383.279 4.319 1.995
P9 198 383.339 4.399 1.509

4. Discussion

Hydraulic modeling for the two flows Q = 54.5 m®/s and Q = 178 m?/s was carried
out for a constant flow, having a permanent and non-uniform movement. Local parameters
such as wetted section, depth, and velocity vary spatially, specifically along the stream.
With the help of simulation, the average water speed and water depth were determined in
all nine transverse profiles measured in the analyzed sector.

In each section, based on the study of the sector in the field, the rugosity was chosen
both in the minor and in the major riverbed, consulting the specialized literature. The main
factors that influence the flow and modify the roughness coefficient are the microrelief of
the riverbed, the covering or protection of the riverbed with vegetation, and the irregularity
in the plan and the section of the riverbed [47,48].

According to the simulation for the flow rate Q = 54.5 m3/s, the water depth in the
studied sector is between 1.952 m (transverse profile 1) and 2.559 m (transverse profile 9).
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The water velocity in this sector at the flow rate Q = 54.5 m3/s varies lengthwise, depending
on the shape of the riverbed or sections of the riverbed, with values between 1.148 m/s
(transverse profile 6) and 1.849 m/s (transverse profile 2).

The modeling carried out for the flow rate Q = 178 m3/s shows us that the water
depth for the analyzed water body had values between 3.701 m (transverse profile 1) and
4.427 m (transverse profile 6). The recorded water velocity for the flow rate Q = 178 m®/s
had values between 1.316 m/s (transverse profile 6) and 2.223 m/s (transverse profile 2).

In order to be able to determine the existence of hydromorphological processes, it was
necessary to take a sample of alluvial material from the section considered representative
of the analyzed sector. Following the granulometric analysis, the average diameter of the
particle in the thalweg is determined. According to the analysis, the sample of natural
aggregates from the fluvial sector, the sieve through which 50% of the sample passed has a
diameter of 25.18 mm (D50) (Figure 14).
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Figure 14. Granulometric curve of the alluvial material taken from the Bistrita river bed.

According to Table 4, which shows the average particle entrainment speed according
to PD 95-2002- Normative regarding the hydraulic design of bridges and footbridges, the
sample taken from the bottom of the riverbed had a D50 = 25.18 m, representing medium
river gravel for which, at a water depth of 2 m, the average particle entrainment speed was
2 m/s. Thus, according to the modeling for the flow rate Q = 54.5 m®/s, the water velocity
in certain sections (transverse profiles 1, 2, and 3) can move particles with a diameter close
to D50. The rest of the particles with a diameter smaller than D50 for depths greater than
2 m (transverse profiles 4-9) will all be set in motion and thus the hydromorphological
process of bank erosion and valley deepening occurs. In the case of the simulation for the
flow rate Q = 178 m3/s, the water velocity can set in motion the particles with a diameter
close to D50 only in cross-section 2. In the rest of the cross-sections, the water velocity sets
in motion all the particles smaller than D50.
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Table 4. Table with the average particle entrainment speed Va (m/s) [49].

The Name of the Constitutive Lands D50

Average Water Depth (haverage, in m)

of the Thalweg (mm) 2 3 4 5 6 8 10 12 14 16
Fine sand 0.15 0.6 0.7 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.3
Small sand 0.5 0.7 0.9 1.0 1.0 1.1 1.3 1.4 1.5 1.6 1.7
Pearly sand and small sand with gravel 1.0 0.9 1.0 1.2 1.3 14 1.5 1.7 1.8 1.9 2.0
Lage sand and pearly sand with gravel 2.5 1.1 1.3 1.4 1.6 1.7 1.9 2.0 2.2 2.3 2.5
Gravel with large sand 6.0 14 1.6 1.7 1.9 2.0 22 24 2.6 2.7 -
Fine river gravel 15.0 1.7 1.9 2.1 2.3 2.4 2.6 2.8 3.0 3.2 -
Medium river gravel 25.0 2.0 2.3 2.6 2.7 29 3.1 3.4 3.6 - -
Large river gravel 60.0 2.5 2.8 3.0 3.2 3.3 3.6 3.9 41 - -
Very small boulder 140.0 3.0 3.4 3.6 3.8 40 44 46 - - -
Medium boulder 250.0 3.6 4.0 5.2 4.5 4.7 5.0 5.3 - - -
Large boulder 450.0 42 4.6 49 51 53 5.7 - - - -
Very large boulder 750.0 4.9 5.3 56 59 6.1 6.4 - - - -
Clays and sandy loams with poor 10 10 10 12 13 15 16 18 1.9 2.0
compositiony =1.0 t/m
Clays and sandy loams with poor 12 13 14 15 16 18 18 18 22 -

compositiony =14t/ m°

Clays and sandy loams with poor
composition y = 1.8 t/m?

1.5 1.7 1.8 1.9 2.0 22 24 24 2.5 -

It is very clear that at these depths and water velocities, a lot of thalweg particles with
a diameter of less than 25 mm, which represent approximately half of the sample according
to the study, are set in motion and significant erosion occurs on the thalweg and both river
banks. Of course, once they are set in motion, even larger particles will be set in motion, by
rolling or dragging, because they lose their stability through the mechanical connection
they have with the other particles already set in motion.

It can also be observed that the entire studied sector is set in an area of pronounced
curvature and not in alignment. Thus, in this section, in addition to the speed of the water,
it acts very strongly through a process of force and accentuated erosion and the centrifugal
force. Centrifugal force, as it is known, it is one of the main factors that influence the
formation and evolution of minor riverbeds. It can be seen from the orthophotoplan that
the right bank of the meander is a concave bank, being heavily eroded, the erosion evolving
after each flood. On the left bank which is convex, we can see alluvium deposits, which
are deposited after each flood when the depth and the speed of the water decreases in
this section.

According to Table 5, a water velocity of 0.98 m/s is required to move the isolated
particles for non-cohesive soils with a diameter of 25 mm. In the simulation performed for
the flow rate of Q = 54.5 m3/s, the lowest value of the speed was 1.148 m/s and for the
flow rate Q = 178m3 /s the lowest recorded water speed was 1.316 m/s.
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Table 5. Values of the unit speed of moving isolated particles for non-cohesive soils [50].

Particle Particle Particle
Diameter Vi; (m/s) Diameter Vj; (m/s) Diameter Vj; (m/s)
(mm) (mm) (mm)

10 0.83 42 1.38 65 1.69
15 0.86 44 1.41 70 1.73
20 0.90 46 1.44 75 1.76
25 0.98 48 1.47 80 1.80
30 1.04 50 1.50 85 1.84
32 1.11 52 1.54 90 1.88
34 1.17 54 1.56 95 1.91
36 1.24 56 1.59 100 1.95
38 1.29 58 1.62 150 2.40
40 1.35 60 1.65 200 2.60

According to the table below (Table 6), the mass entrainment speed of alluvium for
non-cohesive soils with a diameter of 25 mm to 40 mm is between 1.4 m/s and 1.8 m/s.

Table 6. Unit mass entrainment speeds of alluvium for non-cohesive soils [50].

The Name of Particle Diameter Vim
Alluvium (mm) m/s
Dust and mud 0.005-0.05 0.15-0.21

Fine sand 0.05-0.25 0.21-0.32
Medium sand 0.25-1.0 0.32-0.57
Large sand 1.0-2.5 0.57-0.65
Small pebbles 2.5-5.0 0.65-0.80
Medium pebbles 5.0-10 0.80-1.00
Coarse pebbles 10-15 1.00-1.20
Small gravel 15-25 1.20-1.40
Medium gravel 25-40 1.40-1.80
Large gravel 40-75 1.80-2.40
Small boulders 75-100 2.40-2.80
Medium boulders 100-150 2.80-3.40
Big boulders 150-200 3.40-3.90
Small blocks 200-300 3.90-4.40
Medium blocks 400-300 4.40-4.80

After analyzing the results obtained from the hydraulic modeling for the two flow
rates recorded on the Bistrita Ardeleana watercourse, it was observed that for the flow
rate of 54.5 m3 /s, the unit mass entrainment speeds of the alluvium were below 1.4 m/s
and only at a few sections (cross profiles 6-9). For the flow rate of 178 m3/s, unit mass
entrainment velocities of alluvium below 1.4 m/s were recorded only in transverse profile
6, the rest having high velocity values.

Previous studies such as the research paper by Florek, J. and Wyrebek, M. used 1D
modeling carried out in the HEC-RAS program for mountain rivers in southern Poland.
Following the interpretation of the results obtained by them, five sections were found
where the riverbed is unstable; three of them are in the transverse profiles 16, 18, and
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20 where the average diameter of the particles is 68 mm and 46 mm respectively. These
dimensions are characteristic of the alluvial material consisting of large gravel. The flow
rates considered were 4.69 m3/s, 42.38 m3 /s, and 3.5 m3/s [51]. According to Table 6, the
mass entrainment speed of alluvium with a diameter of 4648 mm is between 1.8 m/s and
2.40m/s.

As in the case of the sector analyzed in our work, in some cross-sectional profiles, the
particles with a diameter smaller than the average diameter of the particles may be set in
motion by rolling or crawling when the recorded flow rates are lower than those analyzed.

Even if different programs were used to create the hydraulic model, as well as the
values of the monitored parameters differing, the purpose of the modeling was to identify or
confirm the existence of erosions along the length of the analyzed sectors and to emphasize
the importance of promoting green hydrotechnical constructions to return to the state of
the river as natural as possible.

It is obvious that floods with increased flows over time can accelerate hydromorpho-
logical processes compared to low recorded flows [52]. The length of the unstable river bed
is consistent with the controlled discharges from the reservoir, topography, and geological
structure [53].

The application of the solutions identified for the defense of the banks to withstand
erosion speeds and to stabilize the banks, respectively, and the application of the green
solution to reduce the water speeds and stop the deepening of the thalweg are necessary for
this analyzed sector. The hydrotechnical constructions identified for the safety of the two
banks will increase the roughness of the riverbed, thus reducing the water speed, creating
favorable conditions for the retention of alluvium. The vegetation in the minor river bed
has a very important role in protecting the surface of the bed from instability through the
root system [54].

The green methods proposed for the analyzed sector will be part of future research ac-
tivity, in which their hydrodynamic behavior will be analyzed as well as the hydrodynamic
characteristics of the studied body of water, having as examples similar research carried
out by Lama, G. F. C. et al. and Pasquino V. et al. [55,56].

5. Conclusions

According to the modeling for the flow rate Q = 54.5 m>/s, the water velocity in
certain sections can move particles with a diameter close to D50. The rest of the particles
with a diameter smaller than D50 for depths greater than 2 m will all be set in motion.
In the case of the simulation for the flow rate Q = 178 m3/s, the water velocity can set in
motion the particles with a diameter close to D50 only in cross-section 2. In the rest of the
cross-sections, the water velocity sets in motion all the particles smaller than D50.

In regard to the movement of isolated particles for non-cohesive soils with a diameter
of 25 mm, it is necessary to have the velocity of the water at a value of 0.98 m/s. In the
simulation performed for the flow rate of Q = 54.5 m3/s, the lowest speed is 1.148 m/s and
for the flow rate Q = 178m3/s the lowest recorded water speed is 1.316 m/s.

In conclusion, in the analyzed sector, strong erosions occur both on the thalweg and
on the banks at high flows due to abundant precipitation and controlled water discharges
from the Colibita reservoir, at high flows recorded during extreme floods, the erosions are
large-scale. Thus, it is recommended that hydrotechnical constructions with the role of
protection against erosion should be carried out in this sector.

The hydrotechnical constructions aim to limit the morphological modeling or to
consolidate the river bed artificially. These conventional constructions have a negative
impact on the longitudinal and vertical connectivity of rivers.

Critical or unstable sectors on watercourses can become safe with the help of bioengi-
neering, more precisely with green methods. This is possible given that these alternative
constructions use natural elements that have positive effects on the ecosystem.

Morphological phenomena occur in the studied section that modify the river bed
even at normal flows. At high flows also influenced by water discharges from the Colibita
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reservoir or at high flows recorded during extreme floods, the erosions or degradations are
large-scale.

Thus, it is recommended to promote hydrotechnical constructions with the role of
stopping the morphological modifications of the minor riverbed. This should be done
taking into consideration that these erosions or degradations endanger the stability of the
sector, since on the right bank in the immediate vicinity is the national or European road
as well as a residential area, which over time could be affected due to the instability of
the sector.

The bioengineering methods identified can be used to stop river banks or thalweg
erosion of the Bistrita Ardeleana River. Green methods can significantly increase the
diversity of the aquatic ecosystem. It helps to the accumulation of alluvium and the
removal of excess moisture accumulated in the soil on the two banks of the river.

The profitability of these alternative constructions is very high due to the materi-
als used, they are found in the immediate vicinity of the studied water course and the
low labor force. Their resistance during natural floods as well as during the period of
increased flows resulting from the production of energy (with daily frequency) gives them
increased effectiveness.

These hydrotechnical constructions have a flexibility that allows them to withstand a
slight instability of the foundation without damage unlike conventional methods (mono-
lithic concrete).

Hydrotechnical constructions with natural elements could be used to replace hy-
drotechnical constructions destroyed or damaged by floods or the passage of time.
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Abstract. The present study presents the results of the use of hydraulic and hydrological
modeling in order to maintain the quantitative and qualitative parameters of the groundwater
Capture Front Gherdesti, Bacau County. With the help of specialized hydro-computer
programs such as: Visual MODFLOW for groundwater dynamics, and Mike 11 for hydraulic
modeling, the impact of urban development projects on surface and groundwater bodies can be
simulated and anticipated. The results obtained are used in the Project to assess the impact of
the project on water bodies (SEICA). SEICA contributes significantly to maintaining the
quality of water bodies by making reasoned decisions that ensure the sustainability of urban
development projects.

1. Introduction and study objectives

Population growth and its concentration around large cities lead to a horizontal and vertical expansion
of the urban area with a significant impact on groundwater and surface water bodies. Whether we are
talking about new industrial parks, residential neighborhoods, leisure areas or shopping malls, these
are a challenge for integrated water resources management. By integrated management in this context,
we understand both the provision of water and the maintenance of its quality parameters.

This paper uses a recent method of impact assessment SEICA (2019) which through the impact
quantification algorithm significantly reduces the subjectivity of the team of evaluators.

The objective of the study is to maintain the quality of water bodies (Gheraesti Capture Front) and
to protect the urban development project (Recreation Area Project) against floods and landslides due
to extreme weather phenomena (Tudose et al 2011). The global warming felt in recent years by the
intensification of extreme weather phenomena such as strong winds, large amounts of precipitation in
short periods of time, and floods have also been reported in the Bacau study area.

Solving these challenges (maintaining water quality and protection against extreme weather events)
must be done from the design phase of projects taking into account impact assessment studies
(Neamtu et al 2021, SEICA 2019). The analyzed project is located in the northeast of Bacau on the left
bank of the river Bistrita, as can be seen in Figure 1.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



14th International Conference on Hydroinformatics IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1136 (2023) 012015 doi:10.1088/1755-1315/1136/1/012015

LEGEND

wells for capture

» observation wells

25" Bistrita river

m leisure location
% study area

? perimeter dig

anedbed

Figure 1. Study area Project Bacau Leisure Center.

The investment made by the beneficiary contributes to solving a very current problem, namely the
expansion of the urban area (M.D.R.A.P., 2017) ensuring a high degree of safety (against floods) and
comfort (through the created recreational area), in a city full development such as Bacau. The
protection dam and the recreational lake lead to an increase in land use. The realization of the project
aims in the first phase (fencing with protection dam and lake) the establishment of an area protected
from floods, thus creating the possibility of using the land for the recreational base.

By making the investment, the following benefits will be created in the studied area:
protection, development of the land;
beautification of the current location;
road arrangement.
in the lateral part towards the left bank of the Bistrita river, the protection dam will be built
(protection against floods and any other dangerous hydro-meteorological phenomena),
L =2257.38m, H variable.

Simultaneously with the works for the proposed protection dam, works will be carried out for the
establishment of the recreational lake with an area S =3.18 ha (SEICA 2019).

Currently, the perimeter under study is a former orchard of fruit trees, currently partially
deforested, located in the city of Bacau, Serbanesti neighborhood. The reason for the deforestation was
the fact that the normal operating life of the orchard had expired, as it was aged and unproductive.

The purpose of the impact assessment is to identify and quantify the pressures and impacts of the
protection dam, the lake and the operation of the recreational base on the groundwater and surface
water body in accordance with EU Directive 2014/52 of the European Parliament and of the Council
of 16.04.2014, amending the EU Directive 2011/92 on the elaboration of the effects of certain public
and private projects on the environment (Marcoie et al 2019, Comanita et al 2018, SEICA 2019). In
order to remove the land from the effect of the floods in order to place some objectives of socio-
economic interest, the following were used:

e Detailed topographic studies to determine the flood curves and the location of future
investment objectives;

e Hydrological studies prepared by ABA Siret Bacau through which it was possible to
determine the elevations of the flood curve and the elevations of the protective dam.
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2. Methodology

The SEICA (Impact Assessment Study on the Water Body) project (SEICA 2019) was used as
working tools. which, in addition to the classical procedure imposed, used in the study the results
obtained by the adequate assessment study software Mike 11 hydraulic modeling program for surface
water (Hraniciuc 2016), the Visual MODFLOW program developed by U.S. Geological Survey
Ground-Water software for the underground body and The adequate assessment study.

landarea/Z  Waterproof layer/

— 5100 — 3000
= 16651 14165
171.03 143.32
175.55 14498
180.07 146,64
184.59 148.30
L 189.11 m— 149.96
= 193 E3 = 13163

Figure 2. 3D representation of the studied surface in the Visual MODFLOW program software.

An image of the results obtained after running the software Mike 11 hydraulic modeling program
for surface waters can be seen in Figures 2 and 3. Figure 2 is an example of a graphical representation
of the terrain under study using the Visual MODFLOW software program.
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Figure 3. The values of the maximum water levels in the sections studied from P8 to P17 at a flow
rate of Q = 1900 m’/s.

The software used simulates the parameters of the surface and groundwater body in different stress
situations (in the presence of the project, at maximum and minimum flows etc).
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3. Case study impact assessment Bacau Recreation Area Project

The Ministry of Waters and Forests issues on July 4, 2019 the SEICA Framework Content - Water
Impact Assessment Study, which is a recent procedure for assessing the impact on surface or
groundwater bodies. With publication in the Official Gazette no. 615bis of July 25, 2019 becomes
indispensable in assessing the impact of projects on water bodies (Marcoie et al 2019, Robu et al
2008).

The assessment of the impact of the project on the groundwater body uses a series of
multidisciplinary information that ultimately leads to the quantification and determination of the level
of impact, including the cumulative impact, its duration and whether it leads to the deterioration of the
water body (Zechariah 2003).

The elaboration of the impact study took into account the following:

e Potential impact on the groundwater body — Impact on the hydrostatic level in the boreholes
on the right bank of the Bistrita River (Gherdesti catchment front), Influences on the
groundwater flow by creating the recreational lake, which takes over some of the groundwater.

e Potential impact on the body of surface water — Narrowing of the drainage section of the
Bistrita riverbed, through the construction of the protection dam, The potential impact induced
by the reduction of the drainage section of the Bistrita river was analyzed, namely the
possibility of flooding the areas of interest (Hraniciuc et al 2016).

e Potential impact on biodiversity — By conducting the Adequate Evaluation Study on the Bacau
Recreation Base project.

In this study it was followed if the structural and functional relations that maintain the integrity of
the site ROSPA0063 Buhusi-Bacau-Beresti accumulation lakes are affected (Gache 2005, Feneru
2000).

4. Results and conclusions

The main potential ways of affecting the quality of the groundwater from which the water supply of
the Gheraiesti Capture Front is made, caused by the construction of the recreational lake and the
perimeter dam on the left bank of Bistrita, were analyzed. The results of the evaluation are
summarized in Table 1.

Table 1. Evaluation of potential ways to affect groundwater quality.

No Potential pressure  Potential impact and Preventive Residual Reduction
© exerted quantification measures impact  measures
On the Above the hydrostatic Application of the
groundwater flow level in the wells drilled operating and
by making the on the right bank. maintenance Not
1 . ) . Not
agreement lake Minor negative regulations necessary
(Gheraes Capture
Front)
By narrowing the  Exceeding the right dike ~ Raising the right
drainage section canopy at a probability of  dike with minimum
of the Bistrita exceeding 0.5% guard heights Not
2 . . Not
riverbed, by Moderately negative necessary
building the
protection dam
Impaired The project in the The execution of
site ROSPA0063  analyzed perimeter will construction works Not
3 Buhusi-Bacau- not affect the structural for the creation ofa Not
Beresti and functional relations lake and the hecessary
accumulation that maintain the integrity  perimeter dam,
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lakes of the site ROSPA0063 should not take
accumulation lakes place during the
Buhusi-Bacau-Beresti nesting and rearing
Moderately negative periods of the

chicks, i.e. between
May 15 and August
15

1. Even if the impact is manifested, it is in all cases minor, local, temporary and reversible, so that
no significant depreciation is foreseen on the quantity and quality of the groundwater from which the
water system is supplied.

2. In conclusion, the elevation level of the proposed dam on the left bank is not exceeded by the
maximum water level for the considered flow (Q = 1900 m?/s). Regarding the elevation of the existing
dam on the right bank, for the flow taken into account, in some sections, it is exceeded by the
maximum water level, and in the others it is at the limit in danger, very close to the canopy. Practically
with or without the construction of the project, the right bank presents the same dangers regarding the
overcoming of the canopy at a probability of 0.5% (Hraniciuc et al 2019, Marcoie et al 2019).

3. As a result of the presented aspects, we consider that the project from the perimeter subject to
analysis will not affect the structural and functional relations that maintain the integrity of the site
ROSPA0063 Buhusi-Bacau-Beresti accumulation lakes. In order to avoid any impact on bird species,
we recommend that the construction of recreational lake and perimeter dam construction works not
take place during the nesting and rearing periods of the chicks of the two species that could become
vulnerable due to possible presence on the site, i.e. in May 15 - August 15 (Donita et al 2015, Neamtu
et al 2021, Comanita et al 2017).

Based on the data obtained by simulating the existence of the project in the proposed area with the
help of Visual MODFLOW and Mike 11 software for hydraulic modeling, respecting the steps
required by the SEICA procedure (SEICA 2019) impact assessment we have reached the following
results:

e The project does not present the risk of effects, respectively the risk of deterioration of the

water body condition, at the level of quality and quantity element.

o The assessment of the cumulative impact of the project with the projects on water or in
connection with the authorized / under authorization / approved / under approval / planned
waters on which the project will belocated on the Gherdesti Capture Front is insignificant.

e The project adds value, safety and aesthetics to the site through the landscaping works and
facilities created, contributing to the sustainable modernization of the Bacau leisure area.
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Abstract

The accelerated economic and social development of some urban areas has as result the construction of different social and economic
objectives in areas with a potential flood risk too, although the good practices prohibit this thing. Thus, the application of different
structural and non-structural measures with the defense role against flooding those areas, is necessary. The national management
strategy of the flood risk provides the application of some policies, procedures and practices in order to reduce this risk, so that all
the citizen to develop in a sustainable social environment. This paper has as purpose the determination of the height of this type of
hydrotechnical works (embankments) with defense role against floods of social as well economic objectives. Considering that these
embankments have as purpose not only the defense against floods of an inhabited area, but also the protection of some natural water
resources, the work can be included in the field of environmental problems. Very important and an additional argument to the
environmental problem is the fact that Lilieci Reservoir that represents also study area, was declared wildlife reserve and is part of
the special avifauna protection area Lilieci with a total surface of over 2.6 km?. More than 100 species of birds, live in the over 10
hectares of reeds and rushes on the territory of the reservation and on the water surface.

Many areas of our country declared natural reserves are in danger or even destroyed year by year due to devastating floods. Thus,
it is necessary to take protection measures for these areas so particularly important for the biodiversity conservation. This document
presents step by step the determination of the elevation crown of these works with the defense role against floods on the natural
habitat, using the advanced hydraulic modelling.

Keywords: biodiversity conservation, climatic changes, environmental protection, flood risk, quasi-2D hydraulic modelling
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1. Introduction resulting in climatic changes throughout the Earth (Qi

et al., 2019; Stentoft et al., 2021; Toaca et al., 2012).

Recently, more and more specialists from
various specialized sectors, are discussing the problem
of the climatic changes and their effect on different
fields. Indeed, the economic and industrial
development from the last hundred years, which was
based on the excessive consumption of hydrocarbons,
determined considerable CO, emissions in the
atmosphere, having the effect of global warming,

The climate changes have had a considerably
effect also on the hydrological regime from our
country. Thus, the rains have acquired a torrential
character, their intensity being accentuated very much,
resulting in the so-called rapid floods that have
catastrophic effects on the areas where they overflow
(Bartha et al., 2014; Boariu, 2016; Boariu and Bofu,
2016).

*Author to whom all correspondence should be addressed: e-mail: hraniciuc_tomi@yahoo.com; Phone: 0744140682
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Some of these areas represent future residential
fields or even are part from the protected areas, being
declared natural reserves and have as purpose the
biodiversity protection and conservation. It is
discussed the problem of the protection and of
defending these areas against catastrophic floods that
may occur during periods of the year with heavy
rainfall or during the sudden melting of snow. The
protection of these objectives can be made both by
taking structural measures as well as non-structural
measures for flood defense. It is recommended to
apply both of the measures for a higher degree of
protection. The non-structural measures prevent
generally the catastrophes by various means, such as
restricting the building permits in the areas with high
flood risk, by well-developed hydrologic forecasts, by
the land management, by anti-erosion measures
applied at the level of the hydrographic basin and last
but not least, by insuring the goods in the area exposed
to risk. The structural measures are those, which
include all the hydrotechnical works and
constructions, with the purpose of protection against
floods (Boboc et al., 2018; Cercel et al., 2015).

In this case, there will be applied structural
measures for the flood defense of the area under study
and namely, flood defense embankments. It is
discussed how to determine more accurately and in a
short time as possible, the elevation crown of these
embankments so that they withstand the fierce flash
floods. The answer to our problem would be the
advanced hydraulic modelling, using the latest
generation software. Building a hydraulic model, one
can investigate in a very short time, the results
obtained for different flows as well as the degree of
the protection insurance, offered by the present
embankments as well as the proposed ones.

2. Material and methods

The soft used to determine the elevation crown
of the defense embankments is Mike 11, which is a
professional engineering software for simulating flow,
sediment transport and water quality in rivers, canals
and other water bodies. The MIKE 11 hydrodynamic
module (HD) uses an implicit, finite difference
scheme for the computation of unsteady flows in
rivers and estuaries (Bartha et al., 2012; Danish
Hydraulic Institute, 2017a, 2017b; Waldman et al.,
2017). The mathematical equations underlying
modeling, are the Saint-Venant equations in one-
dimensional system Egs. (1-2) (Bartha et al., 2012).

¢ One-dimensional system:

Continuity equation:
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Momentum equation:
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where: y - the water local depth; 4 - the cross section
area; B - the width of the water surface; Z - water level
(compared to baseline), defined as: { = h+zy(m); h -
the local water depth (m); z, — thalweg local level (m);
u - flow velocity (m/s) and ¢, - the coefficient of
friction (dimensionless).

MIKE 11 software is designed as an interface
that includes several editors (Danish Hydraulic
Institute, 2017a, 2017b).

MIKE 11 allows for two different types of bed
resistance descriptions: Chezy and Manning,
respectively.

The description is set in the Hydrodynamic
Editor under the Bed Resistance tab. For the Chezy
description, the bed resistance term in the momentum
equation is described as given by (Eq. 3). For the
Manning description, the term is given by (Eq. 4).

999
C’ AR (3)

where: Q is discharge; 4 is flow area; R is the
resistance or hydraulic radius.

999
MZAR4/3 (4)

The Manning number, M, is equivalent to the
Strickler coefficient. Its inverse is the more
conventional Manning's n. The value of n is typically
in the range 0.01 (smooth channel) to 0.10 (thickly
vegetated channel). The corresponding values for M
are from 100 to 10. The Chezy coefficient is related to
Manning's n by means of Eq. (5): (Danish Hydraulic
Institute, 2017a, 2017b).
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The hydraulic model will be made using the
cross sections measured through the riverbed. We will
first create the one-dimensional hydrodynamic model
based on which we will analyze the results, in our case,
the water level. The input data will be considered the
calculation and verification flow rates according to the
hydrological studies for the studied area. Table 1
shows the main editors of the MIKE 11 software.

If the water level will exceed the crown of the
defense works, then we must determine also the water
depth resulted from the flooded meadow. In this case,
a single one-dimensional hydraulic model is not
enough. We will build a quasi-2D hydraulic model
that can simulate also the flood plains, in case that the
crown of the embankments is exceeded by the water
level. It will be possible to determine the depth of the
water as well as its level behind the embankments,
including the assessment of the flood risk on the
environment.
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Table 1. Editors includes in Mike 11

Simulation editor Hydrodynamic editor

Rivers Network editor Advection - dispersion editor
Cross section editor WQ, ECO - Lab editor
Boundary editor Sediment Transport editor

Rainfall - runoff editor

Flood Forecasting editor

Very important are also other resulted
hydraulic parameters such as the water speed, which
is necessary for the assessment of the flood risk or the
transport capacity. Based on the hydraulic model, can
be performed simulations and forecasts using
simultaneously also other modules such as
investigations related to the quality of the water,
pollutant dispersion, sediment transport, all being
included in the specific problems of the environmental
protection.

3. Case study

The case study is located in the northeastern
part of Bacau City, Romania, along Bistrita riverbed,
downstream of Lilieci accumulation, as shown in Fig.
1. This is a protected area of national interest that
corresponds to the class IV (natural reserve of
avifauna type). The present work has as purpose the
determination of the elevation crown of the defense
embankments against floods based on the levels in
Bistrita River downstream of Lilieci accumulation, for
flows with certain calculation probabilities.

The levels in the riverbed have been
determined, according to the flow with the probability
of 1% having the value of 1900 cbm/s, the flow with
the probability of 0.5% having the value of 2215
cbm/s, the flow corresponding to the value of the
maximum capacity of discharge from Lilieci lake
having the value of 1960 cbm/s as well as the flow
with the probability of 0.1% having the value of
3585.3 cbm/s.

For the study area, topographic measurements
were made for the determination of the cross sections,
necessary for building the hydraulic model. On the
right bank of Bistrita River, there is already a defense
embankment against floods. In the future, it is
proposed to build a new defense embankment against
floods on the left bank of Bistrita River, downstream
of Lilieci accumulation, which will protect against
floods a future area of community interest, as shown
in Fig. 2.

The problem is to determine the elevation
crown of the new proposed embankment on the left
bank of Bistrita River, so that this to not be exceeded
by the extreme floods. It will be also determined the
protection degree of the present embankment on the
right bank, namely at which flows resists without
exceeding the crown.

The modelling will be made in permanent
motion, namely constant flows, introduced in the
model at the upstream end. The cross sections will be
divided in the minor riverbed, respectively the major
left riverbed and major right riverbed. The roughness
coefficient ,,n” in the minor riverbed, after Manning,
was considered n = 0.05, in the idea of taking a safety
margin, regarding the existence in the riverbed of
some big river boulders, trees, rich vegetation that
increases the roughness coefficient. Regarding the
roughness coefficient from the major riverbed, this
was considered according to the use of the land on the
two banks, consulting the orthophoto plans
corresponding to the studied sector

Fig. 1. Case study location
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Fig. 2. Area of study

Thus, for the forest was considered the
roughness coefficient n= 0.15, for orchards, n=0.10,
for unproductive land n=0.07, for grasslands n=0.05
and for arable land n=0.05 (Hraniciuc et al., 2016,
2017a, 2017b). It will be create first a unique one-
dimensional 1D hydraulic model, based on the cross
sections measured through the riverbed. If the crown
of the proposed embankment is not exceeded by the
water level correspondingly to the probabilities taken
in account, then the study is considered completed.
But if for one of the flows, the water level exceeds the
elevation crown of the proposed embankment, the
building of quasi-2D model is needed in order to be
able to analyze the effects of the flood wave on the
protected area.

Once we have chosen the type of the model
(hydrodynamic in our case), we practically go the
basic stages to start a simulation. (Hraniciuc et al.,
2016, 2017a, 2017b). The first stage involves editing
the river networks. The river networks editor has two
main functions:

- introduction and editing of the network;

- overview of all model information from the
current simulation.

The network editing includes:

- digitization of the river networks and their
connection;

- defining the hydraulic structures on each
river;

- defining the entry points within a river basin.

The digitization of the network was made
based on the georeferenced orthophoto plans from the
respective area, as shown in Fig. 3. The built

470

hydrographic network is indicated by the dotted line
and the black numbers present on it represent the
chainage where the cross sections are located.

The second stage represents the editing of the
cross sections. The editor of the cross sections
manages all the cross sections stored, but allows also
to be viewed (Hraniciuc et al., 2016, 2017a, 2017b).
Each cross section is unique and is identified by the
following three keys:

- the name of the river;

- topographic identification;

- chainage;

There are two types of data on the cross
sections:

- gross and unprocessed measured data;

- processed derived data.

Fig. 4 represents the positioning in the plan of
the cross sections and in Fig. 5 is presented the
visualization of a section and the characteristic gross
data. Fig. 5 shows both the raw data of a cross section,
such as the coordinates of each point, the roughness
coefficient in both the minor and major riverbed,
chainage, present on the left side of the figure and the
allure of the cross section on the right side drawn with
black line. The red vertical lines divide the section into
minor riverbed and major riverbed using some
markers and the blue lines indicate the variation of the
roughness coefficient over the entire section.

The next stage is the editing the boundary
conditions. This editor is used to specify the boundary
conditions for a certain model from MIKE 11. It is
used not only to specify the usual boundary conditions
like the water level, the inlet flow rates or the inlet
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hydrographs but also to specify the lateral flows, The introduction of boundary conditions is
outflows along a river, concentration of solutions in a very important. We cannot practically run the
hydrograph, different meteorological data and modelling without having introduced these conditions.
certainly, boundary conditions used in the connection In Fig. 6 can be seen the file of the boundary
with the structures applied to the model. conditions for the case study.
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Fig. 3. The hydrographic network (downstream sector of Lilieci accumulation)
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Fig. 4. Positioning of the cross sections (P8-P17)
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The last stage involves editing the conditions, for the probabilities reminded in the

hydrodynamic model. This editor is used for setting
the additional data used in simulation. Most of the
parameters in this editor have unspecified values and,
in most cases, it is enough to get satisfactory
simulation results. Among the additional parameters,
we can list: initial conditions such as the level, the
flow, the depth, conditions regarding the influence of
the wind, of the waves, resistances in calculations,
different coefficients, maps, etc. In Fig. 7 can be
observed the window for editing the initial conditions,
which in the present case are null. Was not introduced
any initial flow rate through the riverbed, and no initial
water depth (Hraniciuc et al., 2016, 2017a, 2017b).

After introducing these last conditions,
practically one can start the simulation, if we don’t
have any errors introduced in the other editors.

4. Results and discussion

The simulation was made in permanent motion,
namely, constant flows were introduced as boundary
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paragraphs. First, we interpret the results for the one-
dimensional 1D hydraulic model, considering the
proposed embankment for the left bank of the river
(Hraniciuc et al., 2016, 2017a, 2017b). Have been
introduced in the model 11 cross sections designated
P8, P9, P10, P11, P12, P13, P13°, P14, P15, P16 and
P17. Thus, will be analyzed the water level resulted
for each flow, in longitudinal profile an in each cross
section. Will compare these levels with the elevation
crown of the proposed embankment on the left bank,
but also with that on the right bank, following if they
are exceeded by the resulted levels. Thus, for the flow
with the flow rate with the probability of 1%, Q=1900
cbm/s, in longitudinal profile, the water level is shown
in Fig. 8.

Above the blue contour that represents the
water level, the line of the right bank can be observed
(immediately above the water level, figured with
continuous line, and the line of the left bank much
higher with discontinued line). One can observe that
none of the banks is exceeded by the water level.
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Fig. 8. The free water level in longitudinal profile (Q=1900 cbm/s)

In Fig. 9, we will show as example, the water
level from the section P14, where the two
embankments on the left bank, respectively the right
bank can be observed. In Fig. 10 can be observed the
maximum water levels in all the sections of the model.

The legend shows the water level in each cross
section indicated by the chainage of the section, from
0 for section P8 to kilometer 6256 for section P17, in
chronological order. You can also see the color
associated with each cross section corresponding to
the lines with the water level resulting from the graph.
As it can be seen in the situation with the proposed
embankment on the left bank, for the flow with the
probability of 1% with Q=1900 cbm/s, the free water
level doesn’t exceed the crown of the existent
embankment on the right bank and doesn’t exceed the
crown of the proposed embankment on the left bank
of the river. The proposed embankment on the left
bank of the river is included in the model in the cross
sections from P12 up to P15 inclusive.

For the flow rate Q=1960 cbm/s resulted from
the modelling that neither the crown of the
embankment existent on the right bank, nor the crown
of the proposed embankment on the left bank, are
exceeded by the water level.

For the flow with the probability of 0.5%, with
Q = 2215 cbm /s, Fig. 11 shows the water level
resulted in the longitudinal profile.

For the flow with the probability of 0.5%
having Q = 2215 cbm/s, from the analysis of the
results, it was observed that the maximum water level
doesn’t exceed in any section the crown of the
proposed embankment on the left bank of the river.
Thus, the water level is very close to the elevation
crown of the proposed embankment in section P12, as
it can be seen in Fig. 12, so there is no danger level.
(Hraniciuc et al., 2016, 2017a, 2017b).

Regarding the crown of the existent
embankment on the right bank, this is exceeded by the
maximum water level in the sections P9, P10, P13.
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Next, we will analyze the results, in case of
building a new quasi-2D model too. This model is
necessary to be built in case that we have floodplains,
like the land behind a flood defense embankment, as
in Fig. 13. The 1D image shows how to represent a
simple one-dimensional hydraulic model, based only
on simple cross sections. This model cannot simulate
the flow in floodplains. The quasi-2D image shows
how the quasi-2D hydraulic model is represented, and
is a model that can simulate flow in a floodplain as
represented in the middle image. The 2D image shows
how to represent a two-dimensional hydraulic model,
which is based on a numerical terrain model for
simulation and not on cross sections as in 1D and
Quasi-2D. The 1D-2D image shows a combined
hydraulic model 1D with 2D, applied on a sector
where both the data from the cross sections and the
data from the numerical terrain model are used. The
combined models are used if in a region we do not
have exact data from the minor riverbed and then we

8 MIKE View - [Levels in Cross section - (2215-dig stanga.res11]
i File View Plot Animation Tools Window Help

use the cross sections, and in the major riverbed we
use the data from the numerical model of the terrain.

In case of the quasi-2D model, two separate
connections will be built. One will represent the main
river, the other will represent the floodplain behind the
proposed embankment. They will be connected at the
level of the crown of the embankment of a channel that
will allow the water to pass over the embankment only
in case that the crown will be exceeded by the water
level. The resulted network can be observed in Fig. 14.
Practically a second connection was built containing
the floodplain behind the embankment on the left
bank.

Thus, the section behind the embankment will
be filled with water only in the case that the
embankment is exceeded by the water level from the
main river. One simple 1D model cannot model this
passage over the crown of the embankment and to
show how deep the water would be in each section, so
the construction of the quasi-2D model was necessary.
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Following the simulation for the quasi-2D
network, it was noted that for the flow with the
probability of 1% as well for the flow with the
probability of 0.5%, the crown of the embankment on
the left bank is not exceeded. For the flow with the
probability of 0.1% having the value Q (0.1%)=3585.3
cbm/s, the results of the modelling were centralized in
the Table 2. For the flow with the probability of 0.1%
it can be seen that the only one section where the
crown of the embankment is exceeded, is in section
P12. The result is a difference of 77 cm between the
maximum water level resulted in Bistrita River and the
crown of the embankment, the water overflowing the
embankment.

This thickness of the overflowing blade of 77
cm, could cause a big breach in the body of the
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embankment on a significant length, considering that
between the section P12 and P13 which is quite large
distance, we don’t have any information about the
level of the crown of the embankment (no other
section). In the other sections, the crown of the
embankment is not exceeded by the water level, the
minimum difference being 90 cm. In Table 3 are
shown the maximum water levels, the lowest
elevations of the land and the depths resulted in the
corresponding sections behind the embankment
(flooded plain).

It can be seen that a water depth between 3 m
and 4.5 m results, which means a very high risk of
floods for the land behind the embankment. The
results can be also seen in longitudinal profile as in
Figs 15 and 16.
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Table 2. The results in Bistrita River for Q (0.1%)=3585,3 cbm/s

Cross section Chainage Heights of the embankment crown Water level in Bistrita River
P12 3705.74 168.90 169.671
P13 5110.01 167.62 166.708
P13’ 5268.41 167.44 166.274
P14 5445.22 167.21 165.913
P15 5583.24 166.94 165.484

Table 3. The results with the water level behind the embankment for Q (0.1%) = 3585.3 cbm/s

Cross section | Chainage | The lowest level of the land (m) Maximum water level (m) Maximum water depth (m)
P12 12 166.42 169.779 3.359
P13 1296.95 164.72 167.767 3.047
P13’ 1440 164.20 167.760 3.560
P14 1640 163.68 167.755 4.075
P15 1750 163.25 167.754 4.504
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5. Conclusions This document has as purpose the

Due to the intensive increase of the volume of
waste, of air and water pollution, the environmental
problems should be treated with more interest in the
future by specialists in all fields. The climatic changes
cause also more and more imbalances at the level of
the planet. One of the effects is the change of the
hydrologic regime. Thus, in some regions, the rains
became more aggressive in terms of intensity,
resulting in massive hydrologic runoff. These runoffs
lead inevitably to floods that can cause major flooding
of the areas with high risk for this type of hazard. We
can avoid in such way a social, economic and
environmental risk.

determination of elevation crown for the defense
works against floods in a region that was declared
wildlife reserve. Thus, on the sector of Bistrita River,
downstream of Lilieci accumulation, from Bacau
County, on the left bank of the river was proposed the
building of a flood defense embankment in order to
protect a land surface from the risk of floods. This
defense work should resist and must not be exceeded
by the water levels for flows with probabilities up to
0.1%, namely the flow that can occur once every
thousand years.

In order to determine the level corresponding
to this flow and more than this, the volume and the
depth of the water resulted behind the embankment in
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case that this could be exceeded, the hydraulic model
was used. The hydraulic model became in the last time
an indispensable tool for all specialists in this field,
because the manual classical calculations have no
satisfactory results in certain situations, respectively,
the results based on the model are more accurate and
explicit. The working time is also much shorter than
the classical calculations used in the past, and so, in
crisis situations, the modelling becomes even more a
priority.

It can be seen from the results of the modelling,
that it was possible to determine with accuracy in all
sections, the water level for all the flows taken in
account, as well as the protection degree of the
proposed embankment. Very important, it can be seen
that the water depth behind the embankment could be
determined, in case that its crown was exceeded by the
water level corresponding to the flow with the
probability of 0.1%. The classical calculations would
find these values with greater difficulty. For this, a
quasi-2D model was necessary, the simple 1D models
not being able to predict the water passage over the
crown of the embankment.

It was found after running the program that the
crown of the embankment is not exceeded by the water
level corresponding to the flows with probability of
1% and 0.5%. Instead, for the probability of 0.1%
occurs an exceeding of the crown of the embankment
near section P12 close to section P13. Thus, in order
to ensure the maximum protection degree, the crown
of the embankment between the sections P12 and P13
should be raised with at least 0.5 m above the
maximum water level, corresponding to the flow with
the probability of 0.1% of Bistrita River.

In conclusion, the use of the modern software
for hydraulic modelling, for solving such
environmental problems is recommended, due to the
strong tools it has, the speed of finding the results and
last but not the least its explicit visualization.
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Abstract

This paper refers to the post-Darcy free level uniform filtration. The capillary tube fascicle model is applied to this
filtration. The theoretical Chézy coefficient is computed and also experimentally verified for a homogenous and
isotropic material, made of glass spheres. The typical features for the free-level post-Darcy filtration (depending on

slope) are the lover, critical and higher stages flows.
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1. Introduction

Engineering practice is frequently using
filtering structures and materials including voids in
which the motion of free level liquids overruns the
Darcy law’s volubility domain which is acceptable for
laminar flows and weak inertia (up to a Re 4, < 4).

Such flows correspond to the Forchheimer
zone of high inertia (Re 0 = 4...180), to the transition

zone (Re, =180...900) and to the turbulent zone
(Re a0 > 900) (Comiti et al., 2000). Such flows occur

through filtering dams, filtering bridges (Bogomolov
and Konstantinov, 1962), flows in the mobile river
beds (Klark, 2005) in debries gullies, permeable
marine dams etc.

The post-Darcy free level uniform filtration
takes place for hydraulic gradients i < 1 and implies
the taking into account of the inertial losses, not only
of the viscous ones (Montillet et al., 2006).

For the description of motion we use the
filtration model that uses the parallel capillary tubes
fascicles (Comiti and Renaud, 1989).

For post Darcy motions, implying viscous and
inertial frictions, the A coefficient has the next form:

ﬂ:R: +b (1)

d,

where a and b are coefficients, and Re, is the

Reynolds number computed for the pores’ fictive
diameter d,.

The theoretical deductions, experimentally
calibrated (Bartha et al., 2010a; Montillet, 2004;
Wahyudi et al., 2002) are leading to the next
equation:
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Re,

P

A=

+0.7743 2
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In the zone of rough turbulence, 4 =0.7743,
and the effect of viscous energy losses being
negligible (Bartha et al., 2010; ID_2298, 2010).

2. The free level post-Darcy uniform filtration in
homogenous and isotropic media

This type of filtration implies that the axis of
bed’s bottom, the piezometrical line and the energy
line must be parallel (Fig. 1).

i =i =i, = =tgf ~sin6 3)

t P e L~

Fig. 1. The post-Darcy uniform filtration

The parameters of uniform filtration are: the
normal depth /4, the apparent normal velocity v, , for
the condition of equation 3, the underground channel
bed being uniformly tilted to an angle 6 and
conveying the specific flow:

Y @
=%
From the Weisbach relation for head losses:
2
jo A1V 5)
L' Td, 2g

The post-Darcy filtration apparent velocity
results as:

B Z'g'd,,\/l'.zkw\/; (6)

V =
! A

where k, is the post-Darcy filtration coefficient.

The real path of filtration is actually longer
(through the model’s tortuous tubes), being even
amplified by the tortuosity:

L'=7L @)

where 7 is the tortuosity (z>1). Just in case, the

theoretical tortuosity can be accepted, as it is given by
Schlichter (Forchheimer, 1914)

r= 1+cosd (8)
sin ov/1+2cos &

1960

or the values resulted from experiments conducted
with the pressurized infiltrometer (Bartha et al.,
2010a; Bartha et al., 2010b;). The setting angle for the
uniform spheres has been marked with ¢ (for
rhomboidal setting & = 60°).

Due to fact that the filtration real path is
superior to the geometrical path, the calculation slope
is inferior to the geometrical one, | = i,, /7.

For the post-Darcy filtration the equation of
the apparent velocity is acceptable under the form
given by Chézy and proposed by Izbas (Bogomolov
and Konstantinov, 1962).

V,= c,n\/@ ©)

where: n is the porosity, d; — the diameter of solid
particles of the permeable medium and ¢, — the Chézy
coefficient. Izbas C.V. has considered the filtration
model on a filtering material made of identical
spheres having a diameter d,.
The Chézy coefficient can be approximately

computed as it follows:

- for rounded solid particles, with
0.7cm<d £575cm, n=04and 0.1<i<1

¢ =20-2 (10)

s

- for rugged solid particles with d_ <5 cm

o =20-3 (1)

s

In Egs. (9), (10) and (11) d; is expressed in cm,
the velocity results in cm/s, and the Chézy coefficient
in ¢m™ /s (Bogomolov and Konstantinov, 1962).

By admitting the filtration model in a fascicle
of tortuous equivalent capillary tubes (Bartha et al.,
2010; Comiti and Renaud, 1989), for the filtration
apparent velocity, the next equation is proposed:

Vo=C,p-n-y/d, i (12)
in which the tortuous tubes diameter is d,, the
calculation slope is i (it depends on tortuosity) and
C,, is the Chézy coefficient for the post-Darcy
filtration.

From Egs. (6) and (12) the post-Darcy
filtration coefficient is now resulting:

2gd
k,p :CI)D~n\/dT]= /1' (13)

The real velocity within tortuous cylindrical
fictive pores is:

vyt (14)
n



The free level uniform post-Darcy filtration through a sphere-made homogenous medium

The diameter of the cylindrical fictive pores
can be computed from:

4n
A "

where A, is the specific dynamic fictive area defined
by:

_ The area of the particle exposed to flow (16)

A
¢ The volume of the solid particle

The specific static area is:

The average area of the solid particle (17)

* " The average volume of the solid particle

(Comiti and Renaud, 1989).

A, A

Generally 24 .1, and the value

only for permeable medium made of individual
particles with punctual mutual contact.

4 _1 appears

For spherical particles:

Ag=a =2 (18)
d,i
respectively:
2 n

d =———d, 19

P31-n "’ (19

(20)
2D
in which:
V,d
Re, ZMZEP_‘GL f (22)

r Y7, 3 u l-n

The Eqgs. (20) and (21) are valid for filtration
that takes place in the Forchheimer and in the
transition domains. By making it particular for the

developed turbulence domain (Re, 2900) we
obtain:

2gd
k. = /—1 =5.0338Vd 23
N 0.7743 (23)

and

5.0338
Cop = (24)

n

Egs. (12)-(24) are using the International
System measurement units.

3. The experimental verification of the Chézy
coefficient on the free level uniform filtration

By laboratory measurements conducted on an
experimental installation the free level post-Darcy
uniform filtration has been verified. The installation
includes the C4MKII channel and the FI-10
ARMFIELD supply unit (Figs. 2-4).

The main features of the basic installation are:
channel length 5.41 m, width » = 78 mm, height
h = 0.25 m and a slope adjustable on the range
i =24% . The maximum supply flow is Q=2.0I/s.

The depth of water in channel is adjustable with the
various height overflows, with the plane gate and by
adjusting the flow with three taps of various sizes.
The uniform permeable material — made of glass
spheres with diameters of 2, 1, 0.5 and 0.25 cm — is
located in the channel’s middle section. The control
of depths in the measurement sections is provided
with scaled piezometrical tubes and readings with a
Ni 07, Karl Zeiss-Jena surveyor’s level. The
channel’s slope is measured with this same surveyor’s
level.

Depths are measured also with a hook gauge.
Accuracy of depth measurements is 0.2 mm.

The length of the permeable material section is
L = 1.20 m, and the length between measurement
sections iS L,,..; =0.82 m.

Tests have been conducted for the variants
from Table 1, that is a total of 81 measurements for
diameters of solid material, different slopes and
normal depths, allowed by the limits of the
installation.

Table 1. Number of variants studied on characteristics

No dg No. slopes No. depths
) (cm) (i) (ho)
1 2 5 22
2 1 5 21
3 0.5 5 21
4 0.25 5 17

Each test refers to three measurements of the
next parameters: the volume, the time for flow, the
depths in the upstream and downstream measurement
sections, the channel slope, the channel width, the
porosity and the water temperature. It has been
accepted an uniform motion, for the situation when
the depth gap in the measurement section is not
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exceeding a value of ¢h, <0.5 mm. This uniform

motion has been provided by a rough adjustment of
the level with the downstream overflow and a fine
adjustment of level with the downstream gate, and by
adjusting flows with three taps of different sizes.
From direct measurements carried on volumes,
times, depths, channel widths, diameters of used
spheres, porosities and temperatures, there have been

computed several values: the flows [Qzﬂj, the
t

apparent velocities [V -9 j and then the diameter
b-h,

of fictive pores with Eq. (19), the Reynolds number
(Eq. 22) and finally the experimental Chézy
coefficient:

e - Y 25)

)\ T

10

Fig. 2. Experimental installation. 1. C4MKII channel; 2. F1-10 base stand; 3. permeable porous wall (glass spheres); 4. support
sieve wall; 5. adjusting weir; 6. free bearing; 7. joint support; 8. channel slope adjustment;
9. hook gauge; 10. overflow

(1 By [

Fig. 4. Work section with measurement areas

1962
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Table 2. Experimental and theoretical results for the uniform filtration via spheres of d =2 cm

ds dp n i h0 Vo Redp Cex Ccalc &v — chp - Ccalc
(em) | (em) | (-) (-) (cm’fs) | (cm) | (cm/s) (-) (ecm™1s) | (em™/s) C..

262.664 | 17.80 | 1.887 | 194.169 9.533 9.625 -0.0096

0.0308 | 200.650 | 13.97 | 1.838 | 189.037 9.281 9.586 -0.0318

133.973 | 9.10 1.883 | 193.720 9.511 9.622 -0.0115

281.303 | 20.25 | 1.777 | 182.788 9.902 9.537 0.0383

257.550 | 17.90 | 1.840 | 189.325 10.256 9.589 0.0696

0.0253 | 166.100 | 12.20 | 1.741 179.146 9.705 9.507 0.0208

138.500 | 10.00 | 1.772 | 182.242 9.872 9.532 0.0356

109.550 | 7.60 1.844 | 189.669 10.275 9.591 0.0712

266.281 | 20.83 | 1.635 | 168.182 9.661 9.411 0.0266

228208 | 18.60 | 1.569 | 161.442 9.274 9.346 -0.0078

5 1.039 | 043g | 00225 | 144967 | 1200 | 1.545 | 158.960 9.131 9.322 -0.0205

143.905 | 11.23 | 1.639 | 168.564 9.683 9.414 0.0286

106.155 | 8.60 1.579 | 162.421 9.330 9.356 -0.0028

193.300 | 21.70 | 1.139 | 117.212 8.692 8.801 -0.0124

0.0135 181.270 | 19.20 | 1.208 | 124.229 9.213 8.906 0.0345

’ 149.490 | 17.60 | 1.086 | 111.763 8.288 8.714 -0.0488

146.725 | 1570 | 1.195 | 122.971 9.119 8.888 0.0261

104.955 | 12.40 | 1.083 | 111.372 8.259 8.707 -0.0514

135.570 | 23.00 | 0.754 77.559 717 7.996 -0.0350

0.0075 | 116.474 | 19.00 | 0.784 80.663 8.026 8.077 -0.0064

96.633 1640 | 0.754 77.532 7.714 7.996 -0.0352

67.716 10.80 | 0.802 82.503 8.209 8.123 0.0106

Table 3. Experimental and theoretical results for uniform filtration via spheres of d_=1cm
ds dp n i h0 Yo Redp Cex C(:al(: C - C .
3 % 0.5 o6C = —x»  Teale
(cm) | (cm) (-) (-) (cm’/s) (cm) (cm/s) (-) (cm™/s) | (cm™/s) C
calc

111.890 17.30 | 0.827 38.210 6.723 6.875 -0.0221

96.520 14.80 | 0.834 | 38.529 6.779 6.894 -0.0168

0.0265 98.500 14.65 | 0.860 | 39.722 6.989 6.966 0.0032

62.410 10.50 | 0.760 | 35.116 6.178 6.676 -0.0746

56.120 8.50 0.844 | 39.006 6.863 6.923 -0.0087

112.4500 | 18.87 | 0.7624 | 35213 6.650 6.683 -0.0049

0.0230 82.0100 1520 | 0.6901 | 31.876 6.020 6.450 -0.0668

79.2700 12.57 | 0.8069 | 37.267 7.038 6.816 0.0325

47.8200 8.97 | 0.6822 | 31.507 5.950 6.423 -0.0737

84.8500 19.00 | 0.5712 | 26.384 5.632 6.014 -0.0635

1 0.467 | 0.412 0.0180 85.4100 1590 | 0.6871 | 31.736 6.775 6.440 0.0519

’ 58.5100 1247 | 0.6003 | 27.728 5.919 6.128 -0.0341

54.4100 9.90 0.703 32.470 6.931 6.493 0.0674

84.4100 19.17 | 0.5633 | 26.018 6.298 5.983 0.0527

0.0140 56.2200 15.95 | 0.4509 | 20.824 5.041 5.485 -0.0810

51.1100 13.05 | 0.501 23.138 5.601 5.718 -0.0205

36.6000 1045 | 0448 | 20.692 5.009 5471 -0.0845

50.8300 19.50 | 0.3334 | 15.400 4.624 4.845 -0.0458

0.0091 43.7300 16.57 | 0.3376 | 15.595 4.682 4.871 -0.0388

35.6200 14.10 | 0.3231 | 14.925 4.481 4.782 -0.0629

27.9400 11.65 | 0.3068 | 14.169 4.254 4.677 -0.0905
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Table 4. Experimental and theoretical results for uniform filtration via spheres of d =0.5 cm

ds dp n i Q ho Vo Redp Cex C(:al(: &v — chp - Ccalc
(em) | (em) | (-) (-) (em’fs) | (em) | (cmis) (-) | (em™/s) | (em™/s) C..
64.8486 | 19.00 | 0.4366 | 10.097 | 4.081 4.031 0.0122

0.0400 | 575636 | 1625 | 0.4531 | 10480 | 4.235 4.098 0.0333

46.8947 | 12.10 | 0.4957 | 11466 | 4.633 4.264 0.0865

59.5298 | 19.30 | 0.3945 | 9.125 3.942 3.852 0.0233

51.5332 | 16.60 | 03971 | 9.184 3.968 3.864 0.0269

0.0350 | 417202 | 1390 [ 0.3839 | 8.879 3.836 3.805 0.0081

32.3697 | 1095 | 03781 | 8.745 3.778 3.779 -0.0003

29.3456 | 8.55 | 0.439 | 10.154 | 4.387 4.041 0.0855

48.7746 | 20.00 [ 03119 [ 7.215 3.688 3.462 0.0653

0.0250 1458211 | 17.50 | 0.3349 [ 7.746 3.960 3.576 0.1071

0.5 | 0234 | 0412 38.8932 | 14.80 | 03361 | 7.774 3.974 3.582 0.1093
24.0361 | 9.50 | 0.3236 | 7.485 3.826 3.521 0.0867

37.5377 | 20.85 | 0.2303 | 5.326 3.044 3.006 0.0126

0.0200 1332037 | 1810 | 0.2346 | 5427 3.102 3.033 0.0227

30.9066 | 15.35 | 0.2575 | 5.957 3.404 3.168 0.0747

253092 | 1270 | 0.2549 | 5.896 3.369 3.153 0.0688

23.4786 | 22.65 | 0.1326 | 3.067 2.095 2311 -0.0935

20.6355 | 1645 | 0.1605 | 3.711 2.535 2.533 0.0009

0.0140 | 16.6332 | 13.80 | 0.1542 | 3.566 2.436 2.485 -0.0197

13.4616 | 1120 [ 0.1537 | 3.556 2.429 2.481 -0.0211

104013 | 855 | 0.1556 | 3.599 2.458 2.496 -0.0149

Table 5. Experimental and theoretical results for uniform filtration via spheres of d; =0.25 cm

d, d, n i [ hy Vo Rey, Obs.
(em) (cm) (-) (-) (cm’f5) (cm) (cm/s) (-)
24.25447 18.95 0.164 1913 Regp <5
0.0290 1444113 | 16.40 0.113 1.316 | the Darcy law is applied
‘ 12.63916 | 13.70 0.118 1.379 to filtration
10.86903 10.20 0.136 1.592
20.86864 19.64 0.136 1.588
18.03749 17.07 0.135 1.580
0.0250 13.75536 12.64 0.139 1.626
11.02449 10.47 0.135 1.574
0.25 0.118 0.415 13.34993 16.67 0.1025 1.197
0.0201 9.803628 14.04 0.0893 1.043
8.03341 10.47 0.0982 1.147
8.344914 20.68 0.0516 0.603
0.0149 5.736908 17.56 0.0418 0.488
4.478249 12.81 0.0447 0.523
7.266024 15.70 0.0592 0.692
0.0098 5.626374 14.80 0.0486 0.568
4.183784 11.33 0.0473 0.552
The experimental results that have been The relative deviations of the Chézy
obtained in reference to the Chézy coefficient, Cey, coefficient, as a function of C,, are corresponding to

have been compared to the theoretical values of the

same coefficient C,,, computed with Eq. (21), Fig.5,and as a Re“n function, to Fig. 6.

05

determining also the relative errors (6C) . o > Glass spheresds = 2om ||
The results for the four studied diameters are 08 +Gloss spherens -08em |
summarized in Tables 2 - 5. Ef e | _
In case when the used permeable material is e I P
made of glass spheres havingd =0.25cm, for the o
studied slopes the results will be the motions that iy
occur in the laminar and the weak inertia domains 05
20 25 30 35 40 45 50 55 60 65 70 75 80 85 9.0 95 100 105
(Redp <5). In such cases the Darcy law is to be Coo

Fig. 5. The Chézy coefficients deviations 6C

applied when computing the free level filtration.
compared to C,,
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05

© Glass spheresds= 2cm
4 Glass spheres ds= 1cm
03 # Glass spheres ds= 0.5cm [
02
01
00
012
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03
04
05

04

P

TS

3C
i

Fig. 6. The deviations of Chézy coefficient 6C
compared to Re,

Taking into account the difficulties for
reaching a uniform filtration the results are acceptable
and allow us to put in practice the theoretical results.

4. The energy analysis of the free level filtration in
the post-Darcy domain

As the free-level liquid currents that appear in
channels, for the free level post-Darcy filtration the
cross section’s specific energy is as it follows
(Fig. 7):

2 2
e:h+a_vzh+&

2g 2gn*A® 26)

where A is the apparent cross section, and v — the
velocity within pores.

Fig. 7. Defining cross section specific energy

The horizontal reference plane is passing
through the section’s lowest point.

The kinetic term has to be considered, starting
with the Forchheimer domain and, hence, Eq. (26)
admits a minimal real value for the critical depth that
is to be calculated from the next condition:

Q> n'Al
g B

cr

€2

It can be stated that in the post-Darcy filtration
the flows are featuring three stages: upper, critical and

lower stages. The graph e = f (h) looks as in Fig. 8.

h Z

e upper stage
Ve
7
Moo e ” o __critical
P lower stage
;
e

€min
Fig. 8. Graph of cross section specific energy e = f (h)

The uniform velocity critical status h, = A,

defines the critical slope that is obtained by replacing
the motion in pores within the mass conservation
equation(Q = A-V), thus:

2
=
AC n'd

er™ pDer

(28)

The velocity distribution for filtration currents
is almost uniform on the cross section and due to this
the Coriolis coefficient (for correction of the kinetic
term) can be considered a =1.

5. Conclusions

The post-Darcy free-level uniform filtration
can be calculated with a capillary, tortuous tube
filtration model. The Chézy type equation for the
apparent velocity defines the Chézy coefficient in the
post-Darcy domain. This theoretically computed
coefficient has been experimentally verified and can
be used in engineering calculations.

The post-Darcy free level filtration, due to the
effects brought by the kinetic term and the kinetic
head losses, allows the implementation of an energy
analysis formally identical as the one for liquid
currents within channels, having, for Re a9 > 5, flows

in upper, critical and lower stages.
For those hydraulic calculations for free level
filtration we have to state from the start the flow

condition, that can be of Darcy type (Re 4, <5) or
post-Darcy type (Re, >5). Depending on this the

proper calculation method is then applied.
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Abstract

This paper presents the Post-Darcy filtration in different permeable media. The capillary tube model of filtration is used. The
study is focused on the fluid’s movement through uniform geometry glass spheres, river gravel and crushed rock. For all the

filtration domain the unification of friction factor is achieved.
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1. Introduction

In 1856, Henry Darcy has discovered that,
during the flowing at low velocities of a monophasic
liquid within porous media, the superficial velocity v,
is directly proportional to the pressure gradient Vp

and inversely proportional with the dynamic viscosity
coefficient (£, the proportionality factor being the

permeability coefficient k, (Eq. 1)(Darcy, 1856):

_dp _k,

Vp=—~=-"F. ey
4 d - u Vo

After Reynolds’ relevant experiments,
focused on the flow type in 1883 and the velocity’s
non-linear effect developed upon it, it has been shown
also that the major parameter within filtration process
is not the superficial velocity, but the Reynolds
number, which is a function of this velocity. The
Reynolds number is a relative measure of viscous and
inertial forces.

In 1901 it has been ascertained that the
filtration superficial velocity may deviate from the
Darcy law for a range of higher Reynolds numbers in
water filters (that is, for the same pressure head, lower
superficial velocities have been obtained), fact that

lead to a re-defining of the superficial filtration
velocity, as a power form (Eq. 2):

Vp=—c v,* 2

or approximated as 2" or 3" order polynomials
(Forchheimer, 1914) (Egs. 3, 4):

Vp =av] +bv, 3
Vp =cv, +av] +bv, 4)

A filtration process at velocities higher as the
Darcy domain is of great theoretical and practical
importance in the hydrocarbons extraction process
(liquid or gaseous) (Friedel and Voigt, 2006), in the
hydraulics of permeable bed rivers (Klark, 2005), and
for flows over permeable walls (high-density built
areas, dense vegetation areas).

Although other approaches exist (Blunt, 2001,
Carlig and Macoveanu, 2009; Holzbecher, 1998) the
studies of these movements are useful for dispersing
polluting substances within built areas, for the
defining of oxygen and carbon dioxide exchanges in
forests and crop fields, and also in the case of forest
fires propagation (Breugem, 2005; Klov, 2000).

* Author to whom all correspondence should be addressed: i_bartha@yahoo.com
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Moreover, the post-Darcy filtration occurs also in the
drains and wells filters, in rockfeel bridges, dams,
groins, dykes, filtering cofferdams, that is, all the
situations where the movement deviates from the
Darcy flow.

The present paper is a study devoted to
theoretically and experimentally determination of the
post-Darcy filtration parameters within a rigid
permeable media.

2. Flow models through permeable media

The dissipation of fluid current hydraulic
energy within porous media has important technical
meanings in numerous engineering domains. During
more than 150 years of studies focused on the
filtering processes, there have been developed several
flow models. These models can be divided in five
classes as it follows: phenomenological models,
geometrical models (based on the flow within
pipelines and channels), statistical models, models
based on the Navier-Stokes equations and models
based on the flowing around solid objects (Comiti
and Renoud, 1989).

All these models include unknown parameters
which are to be determined experimentally. Most of
the experiments are defining the macroscopic
pressure loss within a permeable media of known
thickness, as a function of flow’s superficial velocity
(Montillet, 2004; Wahyudi et al., 2002). For a
relatively large range of Reynolds numbers (including
those for the low inertia, the Forchheimer, the
transition and the turbulent domains) the equation (2)
is frequently used, converted in the form of Eq. (5)
(Comiti and Renoud, 1989):

A

=My, +N %)
Ly,

where Ap/L is the pressure gradient; vy, — the

filtration superficial velocity; L — thickness of the
filtration path (experimentally measured); M and N —
the linear regression coefficient, statistically
computed.

The pressure loss depends, besides these
factors, on the fluid physical properties: the density p;
the kinematic viscosity coefficient £ (which, at their

turn, are a function of temperature); the geometrical
features of the permeable media; the particles’
diameter d, and the porosity n. For solid spherical
particles the d, factor is precisely their diameter.

The pressure loss, besides all the stated factors,
depends also on the solid-liquid contact area, defined
by means of the static specific area Ag and the
dynamic specific area A; defined by the ratios (5a,
5b):

A = Mnean surface of particle (5a)

S = .
mean volume of particle

1728

_solid particles surface exposed to the flow

Ad
total volume of the solid

(5b)

The flow regime through pores is
characterized by the microscopic Reynolds number,
which can be expressed by Eq. (6):

_ P,

Re,
’ H

(6)

The geometrical model of flow into thin tubes

It is assumed that the pores of the permeable
material are similar to a bundle of m tortuous tubes
having a diameter - d and a length — L’ with a total
area — A. The filtering column has a total apparent
volume — W, a diameter — D and a total length — L
(Comiti and Renoud, 1989; Seguin et al., 1998). The
trajectories of path lines are longer than the filtering
column’s length and are describing curved paths
between the particles (Fig. 1).

The tortuosity is defined by Eq. (7):

L
L

T )

The fictive diameter of model tubes, d,
results by making equal the real volume of pores with
the tubes bundle volume (Eq. 8):

d:4—W— 4n

= 8
A A(l-n) ®

The velocity within the fictive tubes becomes (Eq. 9):

yo ok _ vt ©
nL n

Fig.1. The capillary tubes model for filtration
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The head loss for low Reynolds numbers,
that include the weak inertia domain and the
Forchheimer domain, can be assimilated to the sum of
two terms (Eq. 10):

- the first term, proportional to the velocity within
pores, due to the viscous resistance on the contact
area;

- the second term, proportional to the square of the
velocity, due to inertial resistances, kinetic energy
losses at the stream’s direction changes

_ A _| o +4

4

L v
h, — —— (10)
14 Re, d 2g
where ¥ is the fluid’s specific weight; Re, - the
Reynolds number of the motion within fictive tubes
for a length L and a diameter d; ﬂt— the Darcy-

Weisbach coefficient for turbulent flows.
The general accepted form for the filtration

coefficient A is (Eq. 11):
o
A=—+ (11)
Re p

where @ = 64 and ﬂ = 0,7743. Frequently, the
technical litterature uses the friction factor f instead
of A , where f = 2/4.

The term of viscous resistance results from
the Poiseuille equation (12):

=y (12)

equation which, for the macroscopic length of
filtrations path L, porosity n, tortuosity 7, and the
dynamic specific area A, against the filtration
superficial velocity, becomes (Eq.13):

(dp) _2u-T°(1-n)A;
. e v, (13)

The term that corresponds to the loss of
kinetic energy is to be calculated as in the case of
very rough pipes, due to the very frequent changes of
trajectory directions and flow sections (Eq. 13a):

» T2
{QJ =4, %;— (13a)
/4 8

The equivalent roughness of the filtration’s
fictive tortuous tubes is accepted as the tubes’
diameters, k,=d (Comiti and Renoud, 1989), the

ﬂcoefficient can be computed with the Prandtl-

Nikuradze equation, the results being /1, = 0.7743 or

f = A/4 = 0.1935. After replacements the next
equation is obtained:

(dp) _ Apr'(1-n)A, . .
L 8n’ 0

After replacing equations (10), (13) and (14) the
equation (15) results.

(4p) 2ut’(1-n) A N Apt(1-n)A, §
Ly, n’ 8n’ 0
(15)

which has the form of equation (5) with:

S (16)

and

_2uti(1-n) Al

3
n

N an

If the temperature of the experimental fluid
is known, it is then possible to obtain the density O

and the dynamic viscosity coefficient {4 , respectively

the porosity of the permeable material, n. Via
experimental measurements performed for the
macroscopic head loss and the superficial velocity, by
means of statistical processing, the factors M and N
are then obtained (with a determination coefficient R).
Thus, with equations (16) and (17) two parameters
can be defined: the tortuosity 7 and the dynamic
specific area A,

A generalization can result from the
possibility to compute the A coefficient as a function

of the fictive Reynolds number in tubes, Re, (Egs. 18,
19).

(4p) n’
A=4f= 18
f L 2p7(1-n)Ay, (19

Re, =— PP
! ,U(]—n)Ad

19)
The pressure gradient becomes (Eq. 20):

A
L

2 _ 3 43 Z R
i M Rep ] + el’ (20)
2 m 64
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or the hydraulic slope (Eq. 21):

1=

1
2

wv(1-n)'AjRe,

3

gn

( ARe ]
1+ 2 (21)
64

In this study, these elements are computed
for three different permeable materials.

3. The experimental installation

The experimental installation includes a
cylindrical infiltrometer, a water supplying unit, a
connection between these and an outlet, with the
possibility of flow measuring  (volumetric
measurement) - (Fig. 2a, b, ¢) (ID-2298, 2009).

The infiltrometer (Bartha and Marcoie,
2010; Bartha et al., 2010) has a nominal diameter D =
100 mm and a total length of 2.60 m, the distance
between the extreme pressure plugs being L =2 m.

120°

Pl

Permeable
fixing plate

——Dn 300—=—

direct 4 m

Manometers|ingirect 1,2 m

Measurement
tank

Buffer tank

/

Basic unit
F1-10
Storing, pumping,
conditioning water
temperature

|

material

PIP|3

L/2

Permeable
material

material

Dn 100

b)

)

Fig 2. The experimental installation (a - general view; b - general lay-out of the installation, equipped with direct pressure gauges;
¢ - general lay-out of the installation, equipped with indirect pressure gauges)
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The upstream and downstream end of the
measurement section is limited by a permeable wall
that is fixing the granular material. The loading of
granular material is performed by vibration technique,
process that together with the permeable limiting
walls provides the perfect immobility of the solid
phase, during the experiments.

The water supply source is a storage and
pumping installation, F1-10 ARMFIELD type, that
provides the maximal hydraulic parameters: H,,,,=
18 mWC and Q = 1.5 L/s. The supply source and the
infiltrometer are connected via flexible hoses, with a
buffer tank mounted in derivation (pressure pulse
dampener).

All hydraulical parameters within this
installation are controlled via three spherical valves
RI, R2, R3, the last having a lesser diameter, in order
to ensure a fine control of flows. Valve R4 is used to
measure the permeable material’s porosity.

The infiltrometer is equipped with three
presure intake plugs mounted at an equal distance AL
=1 én. Each port has three holes with dp;p= 0.8 mm at
120°.

Flow measurement is volumetric and

measurements’ maximal relative errors are 60 <
0.001. The head loss is measured with inclined tube

differential micro-pressure gauges, for 4h < o1
mWC, with direct differential pressure gauges for

015 Ah < 4 mWC and with mercury indirect

differential pressure gauges for 4 < Ah £ 15 mWC.
On the pressure transmission hoses capillary sections
are mounted, having the role to compensate the
pressure pulses. For measuring the fluid’s temperature
a thermometer with 0.1°C accuracy is to be used, and
time is measured with a 0.01 s accuracy chronometer.

4. Experimental results

For experiments carried for the post-Darcy
filtration there have been used three types of
permeable materials, granular, rigid, with four
different diameters for each, these materials being:

glass spheres, with d,= d,* 0.01 mm, river gravel
and crushed rock (Fig. 3).

Glass spheres

Crushed rock

d, = 10.0 mm

Fig 3. Experimental permeable material
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The head loss has been measured for
various flows; also the material porosity and the
water temperature have been determined. The flow
volumetric measurements have been performed by
three repetitions, and for the head losses by two
repetitions (at the last value there is an extra
verification of the measurements correctness

through Ah, ;=Ah, ,+ Ah, ; from the three

pressure ports). The hydraulic slope and the
superficial velocity (i,vy); have been computed, the
pairs of values being statistically processed, thus
obtaining the M and N parameters of Eq. (5). The
values for the diameters of the experimental porous
material particles d, the porosity n, M, N and the
determination coefficient R,  respectively the
number of measurements NEM are listed in Table
1. By means of Eqs. (16) and (17) the specific
dynamical area A, and the tortuosity 7 have been
computed, and, afterwards, with equation (8), there
have been computed the fictive diameter of the
tortuous tubes in which water flows. All these
values are listed in Table 1. The pairs of values
(i,vp); can be retrieved in the corresponding graphs,
that is Figs. 4, 6, 8, for each filtering material used
in experiments, and the same has been done also for
(i/vg,vp); this generating the graphs from Figs. 5, 7,
9. In fact these last graphs are defining straight-
lines compliant to Eq. (5).

8-

Legend
Glass spheres dp 2,5 mm
Glass spheres dp 5 mm
Glass spheres dp 10 mm
Glass spheres dp 20 mm

°

Ry
o

Hydraulic gradient i
fo!

2
éig | &

[

T T
000 002 004 006 008 010 012 014 016 0.18
Superficial velocity v, (m/s)

<

Fig. 4. The hydraulic slope as a function of the superficial
velocity in the case of filtration through permeable
material made of glass spheres
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@ %7 ord
= ©  Glass spheres dp 2,5 mm
> 80 Glass spheres dp 5 mm
= v Glass spheres dp 10 mm
o Glass spheres dp 20 mm
70
60
50
>
40 )
30 2 =
o
20
104—— A
od R ﬁm

T T T
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Fig. 5. Straight-lines of Eq. (5) for a permeable material
made of glass spheres
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Fig. 6. The hydraulic slope as a function of the superficial
velocity in the case of filtration through river gravel
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Fig. 7. Straight-lines of Eq. (5) for river gravel
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Fig. 8. The hydraulic slope as a function of the superficial
velocity for crushed rock
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Fig. 9. Straight-lines of Eq. (5) for crushed rock
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Table 1. Hydraulic parameters for the experimental material

Material dp n M N R NEM T Ay 10°d
(mm) (s* m? (s'm”) (m') | (mm)
25| 03163 ] 6942278 20.9321 0.998 115 1.119 | 2322 0.797
Glass 50 | 0.3550 | 324.1792 5.0470 0.998 92 1.197 | 1330 1.655
spheres 100 | 03543 | 155.8957 1.2377 0.998 86 1.178 665 3.229
20.0 | 0.4079 43.1188 0.1820 0.997 131 1.113 363 7.580
325 | 03251 | 9113753 21.1756 0.998 118 1315 | 2066 0.933
River 50| 03241 765.0261 14.9615 0.999 9 1312 | 1731 1.008
gravel 11.0 | 0.3306 272.532 3.5200 0.999 100 1.131 | 1031 1.916
225 | 03728 | 118.0391 1.5214 0.999 123 1.006 971 2.45
3.9 03965 | 789.5090 20.7250 0.999 90 1410 | 2946 0.89
Crushed 54| 03841 ] 520.1989 9.1933 0.997 123 1359 | 1932 1.29
rock 10.0 [ 03915 | 238.8276 4.1526 0.999 174 1.154 | 1554 1.66
225 | 04219 80.2307 0.7679 0.999 187 1.061 | 884.6 3.30

It can be seen that the straight-lines of Eq.
(5) are approximately acceptable on the domain of
the velocity measurements. After the calculation of

parameters /1(Eq. 18) and Re, (Eq. 19), Fig. 10
graphically shows the values (Re,f);

for all

experimental materials and diameters (4f = A), thus
certifying the valability of a type (11) equation for
the post-Darcy filtration, respectively:

f

16

Re

p

+0.1936

(22)

A4

f=

The proportion in which viscous and
inertial losses contribute to the total pressure losses
can be determined from equations (10), (13) or T
(14), in function of the Reynolds number computed
for the fictive tube diameter d and for the velocity
of fluid within them, v. The term 64/Re within Eq.

(10) is the viscosity’s contribution, and A, is the
inertial contribution to the total head losses.
The percentage of viscous and inertial losses
applied to the global losses, in function of Re,
number, are corresponding to the values entered in
Table 2, and Fig. 11, respectively.

The filtration can be considered a Darcy
type filtration for Re, < 0.89, when inertial losses
are reaching about 1% of total losses. The domain
of weak inertia corresponds to Reynolds numbers
0.89 < Re, < 4.3, at upper limit the inertial losses
reaching up to 5% of total losses.

104 - - S - i = Legend

Calculations, in this domain too, can be
performed with the Darcy equation.

= Glass spheres Dn 2,5 mm
Glass sphares On 5 mm
Glass sphares Dn 10 mm
Glass sphares Dn 20 mm
River gravel Dn 3 25 mm
River gravel Dn 5 mm
River gavel Dn 11 mm
River gravel Dn 22,8 mm
Crushed rock Dn - 3.4 mm
 Crushed rock On 5.4 mm
Crushed rock Dn 10 mm
| & Crushed rock Dn 22,5 mm
= e
H 01938

=g EQRA

-

G e T T T L e e e e LG
1 10 100 1000 5000

Reynolds number ReII

Fig. 10. Graph of function f— Re, general for all
experimental filtering materials

The domain of high inertia (the
Forchheimer domain) occurs for 4.3 < Re, < 180,
when inertial energy losses are reaching (5-69) %
of total losses. These three domains, together,
belong to a laminary flow regime. The domain for
the transition regime extends for 180 < Re, < 900,
the proportion of inertial losses reaching (69-92) %.
Starting at a Re,=350-450 local turbulences within
pores already start to occur. A turbulent filtration
regime is defined for Re, > 900.

Table 2. Contribution of viscous and inertial losses to the total losses

Re, 0.01 0.89 | 43 10 | 100 180 | 900 | 1000 | 10000
Ap, | 99.998 | 9893 | 98.80 | 9505 | 8921 | 4525 | 3147 | 841 | 7.63 0.82

Head loss "
(%) Apr | 0012 | 107 | 120 | 495 | 1079 | 5475 | 6853 | 9159 | 9237 | 99.18
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Fig. 11. Filtration regimes of a Newtonian fluid

5. Conclusions

In certain situations it has been seen that
flowing of liquids through porous media occurs
within the post-Darcy domain. The real filtration
phenomena are approximately satisfied by the thin
tubes geometrical model and are able to solve
engineering problems. In the case of post-Darcy
flows, besides head losses due to viscosity, certain
inertial losses also occur, losses that must be taken
into equation for hydraulic calculations.
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