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Abstract:

In this work, simulation of the operation of the Plastiras reservoir for a 58-year period (from 1961-62 to 2018-19),
was performed. Different demand scenarios, comprising both irrigation and water supply, were examined. Due to the
over-abstraction of water from the reservoir, especially for irrigating agricultural land in the plain of Thessaly during
the dry summer period, the water level of the reservoir is often lowered dangerously, threatening so its sustainability.
Taking into account that over 90% of water uptake from the reservoir is for irrigation purposes, it was shown that this
quantity can be reduced drastically and, thus, the probability of failure of the reservoir turns out to be negligible,
provided that the existing open channel irrigation network in the area is replaced by drip irrigation systems, saving
important quantities of fresh water from the reservoir, increasing so the water efficiency for agriculture (efficiency
coefficient for drip irrigation can reach up to 90%, instead of 60% nowadays).
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1. INTRODUCTION
The surface storage reservoirs allow to collect and store runoff water during the "wet period" of
the year in order to achieve an effective management for covering different needs (urban use,
irrigation, electricity production, etc.) (Giakoumakis 2013). Besides, such constructions play an
important role in flood management (WMO 2015).
The probability of failure is a function of the degree of regulation of the reservoir (i.e. the ratio
of overall annual demands to the mean annual runoff). If the latter is greater than unity, the risk of
failure increases. Simulating the operation of surface reservoirs as a function of the available
volume of storage for different demand scenarios is the only way to determine the probability of
failure. For this, long time series of reliable measured data, i.e. rainfall, evaporation and runoff, are
required (Fletcher and Ponnambalam 1996; Giakoumakis and Kanaris 2002). A general review of
different techniques for simulating the operation of a surface storage reservoir, i.e. for ascertaining
the risk of failure to supply full demand, was given by McMahon et al. (2007).
The present study examines the case of the Plastiras reservoir in Thessaly (central Greece).
During the last decades, mainly due to irrigation of thousands of hectares every year in the plain of
Thessaly, its level drops dangerously, especially during dry years.
The scope of this work was to investigate how to reduce the amount of water withdrawal from
the Plastiras reservoir for irrigation and, thus, to ensure that the level of water in the reservoir will
remain above a critical level beyond the 776 m (dead volume level). For doing so, simulation of the
operation of the reservoir for three different demand scenarios, using the available historical time
series of both rainfall and runoff, for a 58-year period (i.e. from 1961-62 to 2018-19), was
performed on a monthly time step.
The actual operation of the Plastiras reservoir is based on empirical rules, depending upon the
existing storage every year. Τhe demand scenarios adopted in this study for performing reservoir’s
simulations, were used to check reservoir’s behavior under rather extreme conditions of operation
(annual desired demand constant for every year of simulation regardless of the magnitude of
inflows, i.e. for a “dry” year there is no regulation). This selection was made for highlighting the
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major issue of water losses from the existing open channel conveyance and distribution networks in
the area, compared to other alternatives, such as drip irrigation.

2. MATERIAL AND METHODS
2.1 Study area
The Plastiras reservoir in central Greece (Karditsa district) was formed after the construction of
an arched concrete dam in 1959. The upstream of the dam site river basin (Tavropos river) is the
north east part of the Acheloos river basin and has an area of 166.2 km2 (Fig. 1). Its west border is
defined by the mountains of Agrafa, from where the main streams feeding the reservoir originate,
i.e. mainly Megalo Potami and Karytsiotis. The average altitude of the area is 1382 m. The mean
annual precipitation (Moucha station) reaches 1323.9 mm (Petropoulou 2020).

Figure 1. Plastiras reservoir river basin.

The direct annual runoff of the Tavropos river upstream the Plastiras dam site amounts to
147 hm3, demonstrating the rich surface water potential of the river basin. Mean annual evaporation
losses from the reservoir were estimated via Penman’s method (Penman 1948), as equal as
1068 mm (Petropoulou 2020). Τhe available meteorological input used for its calculation were,
except monthly air temperature, average monthly humidity, insolation and wind speed (dam
station).
Theoretically, the lowest level for water withdrawal of the Plastiras reservoir is at the altitude of
776 m (dead volume). The total capacity of the reservoir at 792 m (upper storage level) reaches
361.8 hm3, whereas its dead volume reaches 75.5 hm3 (Efstratiadis et al. 2002). As a result, the total
active capacity of the reservoir equals 286.3 hm3. Withdrawal of water is mainly performed for
irrigation purposes, after a hydroelectric power station (HPS) is fed from the reservoir through a
tunnel of 3.5 m diameter (altitude difference between reservoir’s surface and HPS or total height of
fall being 577 m, the greatest in Greece).
After leaving the hydroelectric power station (HPS) (three units Pelton of a total installed power
of 130 MW), the water from the turbines is stored in a regulatory reservoir near Mitropolis village
with a capacity of 600,000 m3 (Fig. 2).
Then, a quantity is directed to the water refineries of the city of Karditsa and the rest to the main
irrigation canal of the collective surface irrigation network of the area. It is estimated that the annual
outflow from the Plastiras reservoir averages 160 hm3, of which 145 hm3 are used for irrigation of
21,500 hectares of agricultural land in the plain of Thessaly (13,000 ha belong to Karditsa district
and 8,500 ha to Larissa district), while 15 hm3 are used to meet the water supply needs of the city of
Karditsa (Alexiou 2014).
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Figure 2. HPS and regulatory reservoir in the area.

2.2 Theory
The general water balance equation that defines the operation of a surface reservoir on a monthly
time step is (Giakoumakis 1995):
Vi = Vi-1 + Qi - Ei - Ai - Yi

(1)

where Vi,Vi-1: the stored (active) volume of water in the reservoir during the months i and i-1
respectively (hm3)
Qi: net inflow to the reservoir for the month i (hm3)
Ei: net losses from the reservoir per month i (hm3), defined as:
Ei = EVi - Pi
(2)
EVi: evaporation from the reservoir surface (hm3)
Pi: direct rainfall in the reservoir per month i (hm3)
Ai: actual uptake during the month i (hm3)
Yi: overflow during the month i (hm3)
The actual withdrawal is calculated from:
Ai = min (Bi, Vi-1 + Qi-Ei)

(3)

where Bi: the desired uptake of the month i (hm3).
The overflow is calculated as follows:
Yi = max (0, Vi-1 + Qi – Ei – Ai-S)

(4)

where S (hm3) is the total active capacity of the reservoir.
In Eq. 1, groundwater losses were supposed negligible (i.e. the area of the bottom of the
reservoir was considered impervious).
In the simulation model, the volume of net losses (Eq. 2) was found by converting the
corresponding depth (mm), multiplying it by the area of the water surface of the reservoir. For
convenience in calculations, the area of the water surface in the reservoir Fk (km2), is linked to the
active volume of water V (hm3) through a quadratic equation:
Fk = a + b ·V + c·V2

(5)

where a equals the area (km2) corresponding to the dead volume of the reservoir (active volume
V=0); a, b, c: parameters determined by the least squares method.
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The annual desired uptake B (hm3) determines the mode of operation of the reservoir and
consequently, the number of reservoir failures to meet water needs over a given period of time
(water level at the dead volume). This quantity can be defined as follows (Giakoumakis 1995):
dr = B/MAR

(6)

where MAR is the mean annual runoff (hm3) and the ratio dr is known as the degree of regulation of
the reservoir.
The simulation of the operation of the reservoir was based on the available historical rainfall and
runoff time series of the N hydrologic years, with the simultaneous use of the data Bi of the
distribution of the annual desired uptake B in the months for any year, i.e:
Bi = λi ·(B/12)

(7)

where λi are distribution factors of monthly desired demand Bi.
The probability of failure (%) (empty reservoir) is defined as at most (m) times in the N available
hydrological years, which means that it can be approximated by:
p = (m / N) · 100

(8)

2.3 Demand scenarios
Three different demand scenarios were adopted, as follows. The net needs of the prevailing crops
in the area (cotton and maize) for the entire irrigation period (i.e. from May to September) were
taken approximately as equal as 500 mm for each crop. This choice was based on the literature.
Namely, according to Sakellariou-Makrandonaki (1996), the mean annual values of net needs for
these crops in Karditsa district were estimated the same and equal to 504 mm for each one of them.
For Larissa district 540 mm and, finally, for Trikala district 486 mm (Sakellariou-Makrandonaki
1996). So, the value of 500 mm was considered here as the average for the whole plain of Thessaly.
Its distribution in the months of the irrigation period was approximated using the distribution
factors recorded in Table 1. The calculation of these factors (average values) was performed here
using the monthly reference evapotranspiration, as well as the corresponding crop coefficients for
the mentioned crops and for each district, as suggested by Sakellariou-Makrandonaki (1996).
Table 1. Distribution factors λi of monthly demand for irrigation
Month
May

λi
0.1

June

0.2

July

0.3

August

0.3

September

0.1

So, the annual desired net volume of water for irrigation is estimated as equal as 107.5 hm3
(21,500 ha· 10 · 500 mm). With the existing surface irrigation network of canals, the efficiency
coefficient is estimated as equal as 0.6 (E = Ec·Ed·Ea), with Ec (0.95) concerning the conveyance
network, Ed (0.9) the distribution network and, finally, Ea (0.7) the method of application of
irrigation water, usually furrows or small basins according to bibliographic suggestions
(Papazafeiriou 1998; Livaniou 2010). So, based on the irrigation dose, the total amount of water
abstracted from the reservoir on an annual basis (net needs plus losses) equals 179 hm3 (Scenario 1).
If, instead of surface irrigation, sprinklers systems were used, the efficiency coefficient would raise
to 0.75 (mean value with Ec=Ed=1) (Papazafeiriou 1998; Livaniou 2010), with the result that the
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total volume abstracted from the reservoir annually for irrigation would be reduced to 143 hm3
(Scenario 2). Finally, if only drip irrigation were used, the efficiency coefficient would increase to
0.9, with the result that the volume of water abstracted for irrigation from the Plastiras reservoir
would drop further to about 120 hm3 of fresh water per year (Scenario 3). Besides, it should be
noted that, for each scenario, the annual volume for the water supply of the city of Karditsa was
taken equal to 15 hm3 (Table 2).
In Table 2, the three scenarios are summarized, as well as the corresponding degree of regulation
of the reservoir dr (Eq. 6).
Table 2. Demand scenarios
Scenario
1

Irrigation (hm3)
179

Water Supply (hm3)
15

dr
1.32

2

143

15

1.08

3

120

15

0.92

It should be noted that annual demand for each scenario, as presented in Table 2, as well as its
monthly distribution, were considered constant for every hydrological year, for all simulations
performed.
Moreover, it is worth mentioning that management measures that are currently taken to prevent
the actual operation failures are based on quite empirical rules. For instance, to regulate the demand
in such a way that the water level of the Plastiras reservoir remains between 780 m and 784 m. This
usually leads to irrigate much less than the expected or part of the surface area of 21,500 ha to
which the existing surface irrigation network is extended. It depends also on the available active
volume of the reservoir in the beginning of the irrigation period (i.e. on May), which is different
from year to year.

3. RESULTS AND DISCUSSION
Simulations were performed for the above demand scenarios. Using the available data of the
Plastiras reservoir, i.e. stored volume-water level and area of water surface-water level and applying
the least squares method, the parameters of Eq. 5 were determined (coefficient of determination
R2=0.996). Τhe latter is as follows:
Fk = 11.34 + 0.068 ·V - 9·10-5 · V2

(9)

Each simulation was carried out on a monthly basis, using the historical time series of rainfall
and runoff (from 1961-62 to 2018-19) and, also, evaporation data computed from Penman method.
From Table 2, it can be observed that only for scenario 3 the dr ratio is less than unity.
Otherwise, the demand exceeds mean annual runoff (MAR).
Simulation results are presented in Figure 3 (water level variation as a function of time) for the
demand scenarios 1, 2 and 3.
The following comments can be made:
1. For scenario 1 (Fig. 3a), the probability of failure (water level at 776 m/dead volume) of the
reservoir is extremely high (41 failures out of 58 hydrologic years, i.e. p= 70.7 %; Eq. 8).
2. For scenario 2 (Fig. 3b), p=13.8 % or 8 failures out of 58 hydrologic years.
3. For scenario 3 (Fig 3c), there was only one failure (p less than 2%). Besides, the level of
water in the reservoir for this scenario remains almost always above 780 m a.s.l., which can
be considered as a safety threshold (storage 128 hm3) for the sustainability of the reservoir as
a multiple purpose one (i.e. production of electricity, irrigation, water supply, recreational
activities in the surrounding area).
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4. It seems that the degree of regulation of the reservoir, dr, must be less than one in order to
ensure a safe yield (Eq. 6 / Table 2).

(a)

(b)

(c)
Figure 3. Water level variation of the Plastiras reservoir for demand scenarios (a): 1, (b): 2 and (c): 3.

4. CONCLUDING REMARKS
From the simulations of the operation of the Plastiras reservoir for the last 58 hydrological years
(i.e. from 1961-62 to 2018-19) of historical available data and for different demand scenarios, it can
be concluded:
1. At least or more than 90% of the annual demand is used for irrigation of a huge agricultural
land of a total area of 21,500 ha in the plain of Thessaly.
2. Τhe demand scenarios adopted in this study were conceived in order to check reservoir’s
behavior under extreme conditions of operation (annual desired demand constant for every
year of simulation regardless of the magnitude of inflows, i.e. for a “dry” year there is no
regulation). This selection was made for highlighting the major issue of water losses from the
existing open channel conveyance and distribution networks in the area, compared to other
alternatives such as drip irrigation.
3. It was proved that if 179 hm3 of water volume is withdrawn yearly for irrigation through the
existing surface irrigation network, the reservoir would fail at a percentage of 70.7 %.
4. If sprinkler irrigation was used instead, the probability of failure would be reduced to 13.8 %.
5. If drip irrigation was applied in the whole area of 21,500 ha, there would be only one failure
in the 58 hydrological years time period (p < 2%). In this case efficiency coefficient can reach
up to 90%.
6. The safe yield of the reservoir corresponds to an annual withdrawal of 135 hm3 (scenario 3),
which means that the water level of the reservoir will almost always remain above 780 m,
which can be considered as a safety threshold. This result corresponds to a degree of
regulation of the reservoir, dr (Eq. 6), less than unity.
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