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1. Abstract 2. Study area e sme  me f

A Achelooss thelargest river of Greecim terms of flow(mean annual
discharge 137 ffs) and the second onie terms of length (~220 km).

2 AUKAY (0KS 2y 32 CynbinddRénStamddistemdNg SuSt@nabledEnergy Develépment
(CRESSENDO), we have developed a novel stochastic simulation framework for optimal planning and )
management of largscale hybrid renewable energy systems, in which hydropower plays the dominant roke. | A In the middle and lower course éicheloos fourdams and

The methodology and associated computer tools are tested in two major adjacent river basins in Greece Interconnectedhydropower stations arelready inoperation,hosting
(AcheloosPeneio$ extending over 15 500 Khil2% of Greek territory). RivAchelooss characterized by ~ 43% of the installed hydropower capacdtythe country {300 MW).

very high runoff and holds ~40% of the installed hydropower capacity of Greece. On the other hand, the|] | A Peneiodrains theThessalylain, themostintensivelycultivated and
Thessaly plain drained IBeneios; a key agricultural region for the national economqysually suffers from most productiveagriculturalregionin Greece, yesuffering fromwater
water scarcity and systematic environmental degradation. The two basins are interconnected through scarcity andextensive environmentalegradation

diversion projects, existing and planned, thus formulating a unique dsrgkshydrosystemwhose future has A To remedythe above problemst was proposed taransferwater from
been the subject of controversy. The study area is viewed as a hypothetically closed;aunergymous, the upper course oAcheloos here we consider one of trexamined
system, in order to evaluate the perspectives for sustainable development of its water and energy resourge$. Inlayoutsinvolvinga diversion tunnel, four dams and four hydropower
this context we seek an efficient configuration of the necessary hydraulic and renewable energy projects plants¢ the two reversible (this plan has been partially implemented
through integrated modelling of the water and energy balance. We investigate several scenarios of energ A The total capacity of other renewables (small hydroelectric plants, s
demand for domestic, industrial and agricultural use, assuming that part of the demand is fulfilled via wind gnd and wind parks) over the study area exceeds 300 MW (>260 MW si
solar energy, while the excess or deficit of energy Is regulated through large hydroelectric works that are
equipped with pumped storage faclilities. The overall goal is to examine under which conditions a fully

0 25 50 km

A The favorablénydrometeorologicategime and topographgllows for | | —
further development of the water and renewable energy sources

Fig. I Location of interconnected river basins

renewable energy system can be technically and economically viable for such large spatial scale. (hydro, solar, wind), for which a holistic management policy is forese  of Acheloogwest) andPeneiogeast).

3. Problem statement, methodology and data 4. Modelling tools ittt b bbbl
Historical datap Stochasticsimulation

A We consider the future layout of the study area asaatonomoussystem, to investigate its perspectives of Stochastic simulation of input hydro

| I
| I
I |
sustainable development at a regional scale, merely baseémewable energysources (hydro, solar, wind) meteorological processes (Castalia) : ! model (CASTALJA :
A The optimal management ofater and energy resourceis tackled as a combined problem, where the A Multivariate generator of synthetic data ! Sample statistics(X), at Randomness, :
associated components and fluxes are modelled simultaneously; such an integrated approach is essentigl due emvployinga Athreelevel disaggregation ' | multiple time scales I :
to the triple role of waterasenergy producei(hydroelectric plants)energy consumefpumps, boreholes), gs aOKSYS ol yydadaly)ilb Y2y u Kt e | : !
well asenergy buffer through pumping storage (reverse turbines are activated in the case ofoveduction A Preserveshe statisticabehaviorof the : Stochastic model Synthetichydro- :
of energy from wind and solar parks). observeddata at multiplescales; : parameters>(s) meteorological input

A Seeking a lonterm water-energy planningof the study area, the following issues are addressed: A Reproduces the kegroperties ofhydro- :_ R e ij?t_a’_li_(i’_* _) _____ :

¢ Which arethe water and energy needs of the study area? meteorological processesuch asthelong - - - - ____________ | _______ |
¢ Which is the optimal management policy of thedrosystem ensuring maximization of hydropower term persistence (HurgKolmogorov : Water-energy management :
production and fulfilment of all water uses and environmental constraints with satisfactory reliability? behavio)), periodicity and intermittency | model (HYDRONOMEAS v |

¢ Which additional renewable energy projects are essential in order to minimize (or eliminate, if possiljieimulation and optimization of wateenergy | .| Simulation of water| |
the deficits between the electricity demand over the study area and the available energy from locgl | system managementH{ydronomeas : L. energysystem :
sources (l.e., energy production from hydroelectric stations and current renewables, minus energ A Schematization of wateenergy system | | ' } :

. || System constants; ' .
consumption by pumps and boreholes)? layout througha network-type L (DD A : System outputs !

A The methodological framework is based on a generalization abéna@meterizationsimulation-optimization representation of realvorld components; | | wpater?gﬁ erav tar etss ' | (water-energyfluxes) :

(PSO) scheme, allowing conjunctive representation ointater and energy balancef the study area. A Parameterization okeysystemcontrols, in ! : constraintsg);;ri orgi]ti es) ! e, <) :
A Sincethe drivinghydrometeorologicaprocesses of the integrated system are inherenthgertain, we terms of target fluxes or operation rules; ! ’ | | :
employ astochasticapproach thus_, using sy_nth_e_tica{jyen_erated Input time series of large length, in order {c A Simulation onater—energy qu>_<es_ thr_ough d : Control variables, i Sample performance :
~ assess the system performance in termsediability andrisk. step-by-step ngtwormlnearoptlmlzatlon : : (parameters referred to| ! | measure L,(Z) (benefits, !
A This modelling approach requires multiple typeslata: scheme gnsuringphysicallyconsistent ' | design or management) ' | reliability,energy, etc.)| !
¢ Spatial data (DEMand cover, geologgroundwaterbodies, boreholeszanals); description _ofsystemdynamu:s ancﬂa¢hfu| : N S : !
¢ Hydrosystendata (layout and properties of major hydraulic structures, water demand for irrigation pnd ~ '€Presentation otargets and constraints. li ' ma X
domestic use, environmental and operatiorahstraints); A Optimization of system performance, maxJ' ) — |
¢ Hydrometeorologicaflata (timeseriesof rainfall, runoff, evaporation, wind velocity, and solar radiation); comprising multiple objectives (safe yield,, —F e:;: rzw?nceomeziure, é
¢ Energy data (soland wind energyroduction, domestic, industrial and agricultural energy demand} reliability, hydrop_ower pI‘O(?ll-JC'.[IOI’], SEnELS [Global optimizaa SR | !
. . . . .. etc.), expressed in probabilistic terms. | !
¢ Economic data (energy production profit, pumping costs, water deficit costs, etc.). L o o o m e e e !

5. Modelling components and schematic ..

layout of water-energy system

1. Nodes | @ ﬁ%

A River network junctions receiving runoff from their ‘/ S
upstream sukbasins; o |
A Irrigated areas that are fulfilled by conjunctive surfa
and groundwater resources (extended areas servec :
individual boreholes are excluded from the model); sl
A Energyrelated hydraulic structures (hydropower ;
plants,pumpingstations,boreholes). :

2. Storage elements )

A Reservoirs and lakes (specific types of node with
stochastic inflows and regulated outflows).

3. Water conveyance links |
A River segments (infinite discharge capacity); el TRpE T |
A Aqueductsfinite discharge capaci}y Rivers ® PumpingStaton | {3y 7 1 e < A

4. Targets and constraints (given in priority order) — oeemare - R $ oits v
é\ Water demand for irrigation of water supply: | =T e Py -
A Energy targets assigned to hydropower stations; | I I — ;
A Water level constraints assigned to reservoirs/lakes ’ ' | !

A Flow constraintséminimum, maximumassigned to Fig. 2 Delinea_ltion of suibasins upstreqm of each point of interest Fig. 3 Delineation of irrigation zones, each one represented by a  Fig. 4 Mapping _oﬂwyc_lrosystencomponentsby means ofunctions
. : _ across the main river network (reservoir, water supply node or water conceptual node that accounts the water needs of the zone; nodes and conduits (either realiorld or conceptugk the same
pumping stations, boreholes and aquedUCtS’ abstraction node); system inputs are the runoff time series of each are linked with conceptuaanals andoreholes, implementing schematization is considered in the formulation of the wateergy

A Environmental flows assigned to river segments_ subbasin, which are synthetically generated via the Castalia model. abstractions from surface and groundwater resources, respectively.  modelling system in the graphical environmentyfdronomeas
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/. Generation of synthetic hydrological data

A We retrieved historical time series of monthly inflows at all associated nodes
of the model (river junctions, reservoirs, lakes), either based on observed
Information or by using the senrdiistributed hydrological moddflydrogeios
to reproduce the historical runoff across the sb@sins of interest; the
, model was calibrated against observed flow and groundwater level data. ri; 7 synthetic timeseriesof annual
A Next we generated 1000 years of monthly synthetic data via multivariate runoff generatedhrough Castalia,
stochastic simulation, using mod@hstalia(26 correlated time series of e)((nIt?rléltnlgolsrfgglyfg:r?)?/tbpeer::\?itc?rr)lce
rainfall and runoff, 1@orrelatedtime series of evaporation).

6. Graphical representation of wateenergy system irHydronomeas

Fig. 5 Modelling components ¢lydronomeascomprising 14 reservoirs, 32
irrigation nOdeS, 14 river junCtionS, and 57 targets (35 demands for |rr|gat| , F|g 6 Delineation of suHbasins i“—'ydrogeios‘node|

demands for drinking water supply, 9 environmental flows, 10 energy targqts). and characteristic control nodes for model calibration.

8. Multiobjective analysis: peak energy production vs. irrigation deficit 9. Results for best compromiseater-energy policy

Statement of optimization problem Model variables (annual time scale) | Siﬁ‘é?;’j“yl

A Control variables = energy generation targets assigned to all hydropower XC Best e} Extrome Annual demand for irrigation (h#h 1245.7

_ _ _ omprgmis -
stations (10 variables, in tofal siliton g SR Annual demand for water supply (Fin 36.5

A Obijective fu_nc_:tion = weighted sum péakenergy and failure probability firm energy) Mean annual abstractions from surface water resourtes?) 1128.7 P
of selected irmigationtargets. XEX"eme SO'”tiO”J Mean annual abstractions from groundwater resour¢es?) 112.1 e I

. (minimum failure
Ifey assumptlon§ _ o bl Mean annual agricultural deficfhm3) 41.2
Peak energy is defined as the minimum value of monthly energy generated -~
Mean annual deficit for water supp{{m?) 0.2

by all power stations, which is available in 99% of time (11 880 months);
Mean annual runoff at the outlet ckcheloosiver (hn¥) 3380.1

Failure probability is empirically estimated in terms of frequency of annual R
deficits (i.e. number of deficits divided by the number of simulated years); ﬁ — J Mean annual runoff at the outlet dPeneiogiver (hn¥) 1544.1
C e

Since the two criteria are conflicting, a Pareto front is drawn solving the ompromis Mean annuaknergy productionG@Wh 3257.5

solution

Periods with
significant
energy deficit

The Pareto front has an irregular shape, formulating an almost right angle,
which indicates significant sensitivity of the water management policy

against each pair of criteria; A - babilitjor irrigation (%) TG > o A
: : : : Fig. 8 Monthly peak energy vs. annual nnual Tallure probabilityor irrigation (Yo : and firm energy level for 99% probability upet
This particular shape allows the detecting of the best compromise solu failure probability (up); peak energy vs. energy (= productiog consumption) and moving

. . . .
(upper left corner of the front). mean annual irrigation deficit (down Relative annual deficior environmental uses (%) 0.4 averagefor 12 000 simulated monthslown).

problem several times with different weights; Firm energy productionGWhH 1961.3
Apart from failure probability, mean annual irrigation deficits are also T Mean annual aergy consumption fronpumps(GWH 28.6 O
accounted for, resulting to a 3D Pareto front; A dEf‘C‘t)] Mean annual eergy consumptiorirom boreholeSGWH 537.4
Mean annual eaergy consumptiorirom reverse turbinesGwWh 350.5 J
Annual failure probabilityor water supply (%) 7.9

Fig. 9 Empiricakdf of monthly energy production

10. Analysis of electricity demand in Thessaly 11. Investigation of potential renewable

A We considered the Prefecture of Thessaly, significant part of energy sources in Thessaly (solar & wind)
which is covered bthe river basin oPeneios

A We analyzed the electricity demand of years 2002 to 2012,
Initially exhibiting an increasing trend (until 2008) and then a
declining one, due to the major economic crisis in Greece.

A This scaling behavior can also be represented through a
HurstKolmogorov process; in this context, we used Castalia

to generate 1000 years of Fig. 12 Daily time series of global solar radiation received
2
energy demand data. by Thessaly from 1/7/1981 to 30/6/2008/(Vm?).

Significant
solar energy
Agricultural energy pot_entlal in
demand is inelastic plain areas
(limited variability)

Significant
Fig. 10 Annual energy demand for ngri?aﬁri%y
electricity in Thessaly, total and Fig. 11 Time series of monthly energy demand for ?nountains

agricultural (right); breakdown of electricity in Thessaly region (upimulated demand
average demand per sector (left). data generated through Castalia model (down).

Fig. 13 Spatial distribution of global solar radiation received by Thessaly in Fig. 14 Wind energy potential estimated through spatial
December 1984 (left) and July 1984 (right), based on satellite data. integration of wind station data over Thessaly.

12. Towards integrated modelling of combined watenergy system

A Next research steps involve the estimation of the essential installed capacity of renewable energy soufce sAcknowledg ments

, (allocated to solar and wind parks), based on detailed analysis of the energy balance of the study areq. | Thisresearch has been financed by the European Union (European Social ESRl and Greek national fund}
A For each given configuration of renewables, we will use synthetic time series of hourly solar radiation anfl 5 k N2 dzZ3 K G KS hLISN}I GA2yFf t NPANYY G9RdzOI GA2Y | YR
wind velocity to estimate the energy ensuredsjar and wingarks; we will generate synthetic hourly dafa | Framework (NSRE)Research Funding PrograARISTEIA Reinforcement of the interdisciplinary and/ or

~ of energy demand, for alternative scenarios of semeonomic development. inter-institutional research anthnovation CRESSENDP®@ject, grantnumber 5145.
A For each scenario, we will risydronomeasvith known energy surplus and/or deficit from renewables, tc Projectweb page (including associated publicatiofglp://cressendo.org/

Imize the management of combined water and energy resources of the study aleaddilyscale. . . . .
optimize J ! W 9 Y Y The presentation is available onlinefdtp:// www.itia.ntua.gr/1524/



