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Abstract

With the rising of railway traffic flow, railway sgem suffers problems like voltage drop, unbalaete, One
promising solution, studied in this paper, is th@ridization of railway power substation. The desif this
hybrid architecture is complex and depends on afltechno-economic parameters. This paper devetmbmso-
economic models used for optimization that takés atcount all Life Cycle Cost. An example of ACwar
substation is studied and results reveal that ¢term of investment (ROI) period is around 4 yeaith the
integration of energy storage system and wind peystem.
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Nomenclature

Cost;2 The annual cost of a hybrid railway power substati
CoStetwork The cost associated with the public electricitiy gisage
CoSharket The cost to buy energy from the market

COSthyest The investment cost of a hybrid power substation
Costlransport The cost of electricity grid usage for power canption
Cost/ection The cost of electricity grid usage for power itties

Cost combine The cost of combined long-term consumers in eneragket
CostPyAnead The cost of energy brought in day-ahead energkenar
Cost,, The cost of transformer

Cost,,,, The cost of power converter between catenaryCeDidbus
Cost, The cost of property by renting or buying

Costos, The cost of energy storage system

CostT The cost of local generation system

Cos}*® The Life Cycle Cost (LCC) of thigh generation system;
Cos}™™ The maintenance cost of tfie generator

Cost " The purchase of th¢h generator

Cost™ The installation cost of théh generator

Cost™™ The removal cost of thjgh generator

Cosf* The recycling cost of thigh generator

Cosf™™ The cost of associated power converter fojjttngenerator
Cosf™ The cost of the connecting cable

L™ The length of connecting cable between generatwishe power substation
Facy,™™ The frequency of maintenance per year

Facy™ The frequency of installation operation per year

rate®a’saon  Tha market actualization rate

The subscribed power

subscribe

taux™, @, dt , K , & The fixed coefficients subjected to contract adoay to the connecting voltage level

Peea (P) The load power

Psitockloc(p) The power absorbed by the ESS

Plod-ioc(P) The power supplied by generation systems
Pane’fneg(p) The power supplied by electric grid
Pravnet posl P)

The power fed back to electric grid during regatiee phases
c;oef’mdDesign The design coefficient of production system (nunmdfgoroduction system)

,7jF"°d The efficiency of global production system

pajp“’d (p) The absorbed power of energetic potential dutiregstudied period
CoefSkove®sian The over design coefficient of ESS to limit deégcbarge of batteries
pSek  (p-1) The negative power sent from the load to the ESS

clarge-neg

niStockchniStock— gy 1€ efficiency of storage element in charge asditirge
Coef*oskse-dseh The ESS self-discharge rate
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1. Introduction

In France, 53% of railway infrastructures are eléetl, which carries 88% of national railway triaffflow,

RFF (2014). The other 47%, mostly in suburbs, aresidered not economic to carry out electrificatitm
France, two major electric railway networks areilatée: 1500V DC and 25kV AC networks, Hill (19948ach
network has different problematics for the railwagtwork or for the upstream electric grid. Consiugthe DC
grid, power substation is usually not reversibld Anaking energy can't be recovered due to itsisrcture. If
no train located on the same catenary uses thiepdhe voltage would rise and rheostats onboatahdrat
wayside have to be used to dissipate this enerlg. other drawback of DC lines is transmission ¢pabes.
Indeed, the equivalent DC resistor of catenary waidis pretty significant. The voltage drop duethis line
resistor may put trains in non-nominal modes, desmdraffic capacity of the line and also consetjuémncrease
the number of power substation. On the other $aeAC grid, problems are different: the single-paanetwork
introduces unbalance in the upstream grid. The p®ubstations are connected to different phases$) that
they cannot be connected in parallel by using sipylase catenary, and separation parts (neutrdbrsEcare
unavoidable. During these sections the trains atgpawered. Furthermore, with the liberalizationetéctricity
market, railway sector, as the largest electricagsumer in France (8 TWh per year, takes arousfb bf total
national consumption), faces not only these tectssiges but also economic behaviors.

A lot of solutions have been investigated to tadkiese techno-economic issues, Celik (2003). Famgike,
adding another feeder in parallel, which allows tiplyling rated power of the railway power substatiand
also decreases the impact of line resistor on thadity of power supply, Aeberhard (2010) and Via010).
Another solution is to reinforce the substation poand/or the connection with the transmission.dvidreover
the adaption of FACTS (Flexible AC Transmissiont8ygyg in single-phase AC grid can decrease the anbal
phenomenon to the upstream network. Besides, lingtan inverter in parallel with the rectifier toake the DC
substation reversible is also a good alternative [ast solution of this non-exhaustive list is tiybridization of
the existing power substation by adding Energy&ferSystem (ESS) and local power generation syatehe
substation or wayside, also called as Hybrid Railwawer Substation (HRPS), Romo (2005), Okui (2010)
Andriamalala (2013), Gillespie (2014). Althougtc@n supply a good solution to aforementioned problehe
optimal design of this multiple-source system i atchallenge.

The objective of this paper is to propose an ogtsrang method for HRPS from the views of econarand
technology. After reviewing the present HRPS meshottluding in a railway smart grid, two models are
developed: economic and technic. The second secfithis paper deals with the optimization procéssally,
one example of this optimal sizing process is ceteol and discussed.

2. Studied system and models

In this section, the architecture of HRPS is introed. Then, the studied HRPS architecture is mediedking
into account two aspects: economic and power flows.

2.1.Substation hybridization

A conventional railway power substation is composédhe transformer connected to transmission grid
single-phase for the AC case and three-phase fogiiC In AC grid, the single-phase transformediiectly
connected to the catenary. In DC grid, a rectiiensed as an AC to DC converter. That is why tiied@wer
substation is not reversible. As shown in Fig.t4 hiybridization adds ESS and power generatorgwahle or
not) directly at the power substation or at anoft@nt in the network. In a complete vision of dway smart
grid, connections between the catenary, the raila@yion’s low voltage grid (lightings, elevatoetc.) and
electro-mobility (electric vehicle charging statjoetc.) are achieved. This paper only considers BS8&
renewable generation systems at the power substatieither connections with the railway station noe
electro-mobility are taken into account. To sum thg studied HRPS is composed of: renewable geoprat
systems, energy storage system and the corresgpediargy management system. To design this studied
system in an optimal way, its models have to beelbped. In following subsection, all elements a$ tstudied
system will be modelled in economic and physicaysva
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Fig. 1 Structural description of the studied HRPS
2.2.Economic model of the HRPS

The first model developed in this paper consideeseconomic flow, as presented by dashed arrowsgin2.
Moreover, to design in an optimal way and compaidyf different solutions, the entire Life Cycle &qLCC)
has to be adopted. This LCC considers: systemstimeants, the maintenance cost during the compofiénts
installation, removal and recycling costs but aleme constraints as the volume and weight limitaéitional
hybrid installations and thus the cost of rentindpoying land.
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Fig. 2 Economic and power flows of the studied ISRP

Global economic model of hybrid substation The global annual cost of a HRPS is describedlpywhich
takes into account the public electric grid usdle,cost of electricity bought on electricity marlkad the cost
of investment in components composing the HRPS.
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Ecc _
Costirps = CoStatwork * COStnarket ¥ COStnvest 1)

These costs can be developed by this way:

— ransport njection
CosLetwork - Cosﬂetwork + Costl

etwork
— ombine ayAhead
Costnarket - Cosﬁarket + Cosﬁarker

— 2
Cost'nvest - Cos;'ransf + COSLrop + COSEonv ( )
+ Cosfis + > Cosfiey

il j0J

The property cost is linked to the space that héloccupied by the HRPS. Indeed, the railway itfoature
operator can choose if the needed place is bol®hof(rent (4). In the case of buying property test is
amortized during an amortized period.

Period

tudy
Cost, = Costbuy S s
prop prop"HRPS _ . Buy ()
PerIOdamortisserem
or
_ ent - 4)
Costprop = COS{propSHRP gDerlodswdyl2

Economic model of a generalized generator Fhe generator model has been generalized in #perp such
that different technologies can be compared. fioissible to study the relevance of different praoiducsystems
knowing energetic potentials of a place (wind, dieace, etc.). During the choice of renewable ggtican

systems, two scenarios can be considered. Thefisssupposes to sell produced energy to elecansinission
or distribution grid. The second possibility impsge use this produced energy in local. In thisgpatne second
possibility is favored. The economic model of aepatized generation system based on LCC, Bernak#gu
(2006) and Dufo-Lopez (2007), takes into accoust gghrchase, installation, removal, recycling, nmeiance
and connection prices.

Cost,,q = Coef™* ™™ [Cost
Cost® = Cost"*™ [Nb"™" +
Cost™"" + Cost™" + Cost*"'+
{Cosﬁ“ﬁ Cost™" +Cost™" 15"

(5)
] [Coe.'}amoni

The number of maintenance operation and the anatidiz coefficient are defined in (6), along thedsis.

Nb}**" = Fqcy}"™™ (Period

study
Coefjamorti - [(1_ q)/(l_ qJ/FqCY‘,"S'a” ) Eperiodswdy (6)
q — ],/(l"‘ r‘,_r[eactualisation)

Economic model of generalized ESS For the same reason as the generation systeranéngy storage system
can be modelled as a generalized ESS. In this tbase factors have to be taken into account: theaahycs,
energy and power. The LCC of this generalized ES8ddelled in the same way as the generalized ptiodu
systems ((5) and (6)).

Economic model of the electric network -The public electric grid usage tariff (TURPE iraRce) is charged
separately for the high-voltage electricity user§iance. Two types of price range are taken iotoant in this
paper: TURPE4 without seasoning price (7) (only sumiescribed power throughout the year) and TURP#E# w
seasoning price. This cost is composed of the dipaweer transferred cost and the Monthly ExcesssStibed
Power (MESP) cost.
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+b.rt.P,

subscribe

CostL o = L+taux™) [ a,

etwork subscnbe

E

extract

( ) mtSim (7)

extract Z network- pos

Couw:t\izrk = Z Z A pos( )

mOMonth raR™

The annual power transfer is calculated from endrgpsferred Eexac), 4P is the monthly excess power
compared with the subscribed power calculated omibites integrated periodt*™™*) (8).

At
ALSM tSim
AP (r ) = z (PNet— pos( p) Ps:[ubsub) I# (8)

At Net

A Net
p=1+ A:Sm [(Jr ,1)
2.3.Power flow model

Once economic models are developed, power flow fearfehe HRPS have to be accomplished. The foligwi
equations describe each element that composesuiieds system. Moreover, the Energy Managementegjya
(EMS) that has been developed is a simple ons.dssumed that the design is highly dependent @uitthis
paper is a first step to the global design inclgdiptimal EMS.

Global power flow model of HRPS -The global power flow model of the HRPS is destlilby equation (9).
The sum of powers from and to high voltage netwerlergy storage systems, local production and coassi
(i.e., trains and substation ancillaries) is edqoaero.

z PSitock-Ioc( p) HVnet pos( ) Z l:)Prud Ioc( ) HVnet—neg( )+ ngzgs% p) (9)

iol j0d

The regenerative power of the load is either setité ESS or to the network. So, this power ismdtided in the
energetic balance (10).

FI%Z?jer( p) HVne(-reger( p) Zaﬁireger( p) (10)

Power flow model of production system The model of the generalized production systenplsum the local
load (self-consuming) is defined as follow: The tem of element is multiplied (the optimization \zduie:
Coef™Pes9y by the power of one element including its effitig.

PPjrodIoc (p) = CoeijrodDesign |]]jpmd Epa;:'rod (p) (11)

From this generalized model, two examples are shmwhable 1: Wind Energy Conversion System (WEGCT) a
solar cells.

Table 1. Example of the use of generalized moduelital and solar Energy.

Variables Solar Energy WECS
Coetprod Dim SDV Nb ¢,
Prod solaire C Pal en
Pa] I:?ocal ZEOI Pair T a 4%0‘ F\’oca\@
,71Prodloc Mev 17 ol
Coe]ProdVOI Coefo™ 0

Power flow model of generalized ESS As the power generation system the coefficient thes to be
optimized is Coef®*kPes9" This coefficient is determined by storage celtmsidering its specific power
(Psped®{Wwicell)), and energyHspec" ™ (Whicell)), the maximal energy stored or used myrihe studied
duration Ea>° or the net ESS poweP &Y.
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maX(EaiSlock ( p)) . maxq PaiSlock( p)‘)
Espeqsmck ! Pspeqsmck

Coefi StockDesig - Coefi StockOverlesign max (12)

The power of the ESS is define from the posifyge-posand negative poweRsioc-neg0f the system including its
efficiency ¢/swoch:

ocl Pi ock-pos p i ocki i
F)aist k( p) = M + (PSlock—neg ( p) - Pcﬁtargkeneg ( p- l)) WSiock‘Ch (13)

i
”Slock—disch

From (9) the energy is calculated as follow:

Eaismck( p + 1) = _PaStOCk( p) mt sm + Eaismck( p) - COefStOCkself_diSCh Dzaismck( p) (14)

3. Optimization formulation

To achieve the optimization of the HRPS in a stired way, it is important to formulate the optintiaa
problem. This part deals with the optimization afijges, constraints and resolution.

3.1.Optimization objective

Once the techno-economic model is establishedfollewing step is to formulate the optimization ptem. In
this stage, there are two questions to answer:

e Which and how many local energy production systedi@ ESS have to be used?

«  Which optimized power has to be subscribed to hetgc grid?

It should to be highlighted that the optimal desigiHRPS highly depends on the energy managemetegy.
Thus, this optimization problem is only based oedittive aspect, and its objective is to minimilae energy
bill ahead of time (i.e., optimize the electricipprchased in electricity markets) regarding théwmay power
substation consumption, renewable energetic peafeatisubstation and energy market price. To mixénthe
energy bill, the optimization problem can acts loa design of ESS, the number of renewable enemgrgtors
and the subscribed power level. Table 2 summatimesptimization problem formulation.

Table 2. Design optimization problem

Objective: Constraint Decision variable

Predictive consumptiorPqaq),
Optimize subscribed power and  renewable energetic possibilitye,)
decrease the energy bill. at substation and energy market price

(Costnarke)

Subscribed power decision, Renewable
Energy, local production and ESS
design

3.2.0bjective function and constraints

The objective function of the optimization problério minimize the following equation:
COSﬁ;?:,S = COstletwork + Cost‘narket + COstnvest (15)

To achieve this aim, the algorithm can perform eaision variables highlighted in equation (2) tx (8

Coef™s!"the number of local production elements,

CoeftPesi0the number of local energy storage elements,
A lot of constraints have been considered in tpignaization problem, they are listed as follows:
¢ Power balance in HRPS:

I:Toad ( p) + Z (PIéSS—neg( p) + PI;SS—pus( p)) + z PPjrodloc( p) + PNel—pos( p) + PNei—neg( p) = 0 (16)
j0J

il

e The ESS stays in its energy and power limits:
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E ma>§SI°°k > EaStOCk( p)
P ma)étOCk > PaSIDCk( p) (17)
P ministock < Paska( p)

» Keeping the objective of implementation of enertprage systems and renewable sources, the limits of
land surface and volume available have to be résgethese criteria are modelled by following
equations :

StockSurf StockDim ProdSurf ProdDim Max
> Coef [Toef +Y" Coef; [Coef, + St < Shax

il j0a ( 1 8)
StockVol StockDim ProdVol ProdDim Max

D" Coef [Coef +" Coef [Coef, + Vo S VR

il j0a

3.3.Optimization problem resolution

As the time horizon designed for this optimizatgmoblem is pretty long (1 year), thus the numbevariables

is huge. The original nonlinear system requiresotaolf calculation time to obtain the results, themme

simplifications (linearization) are adopted to fommlinear problem which can be solved using thewmo
simplex or interior point method.

For ESS and renewable energy system, the desidficter@ describes the number of needed elemehtsel
optimization results are not an integer, the needstallations are a multiplication of the desigrefficient with
one defined unit. Some solvers are available onntheket or are free. CLP solver has been choseme(mo
information available in Forrest (2016)).

4. Optimization results
4.1. Optimization results of an AC substation

In this section the sizing problem which allowsidiefy the optimal ESS and local generator designndua
strategic time scale (one year) is tested in agebstation. This optimal sizing has the objectiveeduce the
energy bill following the liberate energy markeb @o so, it is necessary to know the consumptiahlaaal
renewable energy potential at the substation. ®hd power has been measured at the substation Quanasu
shown in Fig. 3 during one year, which is an AC poaubstation located on Paris-Lyon High Speed.LTine
renewable energy potentials have been measuredebgh-meteorological organization near the sulmstafihe
electricity prices taken are those of the precegleat.

Des réseaux de transport
en développement

Commune
Substation

Fig. 3 Studied power substation and line

To achieve a realistic design, not only the loadscanption profile and energetic potential are rexflibut also
the principal elements adopted by the HRPS. Exgeedn maintenance phases and manufacturer’s datsshe
available in manufacturer’s website allow fillinget different system behaviors needed. Accordinfyécenergy
storage requirement, annual solar irradiation, ayerwind speed at the site, the following compoématve
been chosen to conduct the optimal sizing:
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e Lithium-ion SAFT Battery - Intensium Max 20M M withn energy capacity of 580 kwh and a
continuous discharge/charging power of 1100 kW, BAT16

« Photovoltaic system Sharp ND 240QCJ, Sharp, 2016

«  WECS Alstom Power 80 with a specific power of 1&¥0, Alstom, 2016
The results of this optimization problem are listedrable 3. Indeed, the number of battery fountess than
one. That means that around half of the studietelyats sufficient. The solar photovoltaic panetse &o
expensive to be cost effectiveness in our caserl\Nd#® wind turbines are required regarding thealoc
renewable energy potential. Results shown in Figivé the distribution of power flows in this systeduring
one week. It can be observed that the power ertldzy WECS has a great impact on the energy banghe
energy market. The ESS has a great interest talakis® energy from train braking and/or excess WEG& gy
and to use it to either supply the load when theketaprice is high either sold energy to the marKetis
energetic buffer can also be used for other seswtitat will be explained in discussions part.

Table 3. Result of optimization algorithm on deaisi@riables.

Number of Battery Surface of Solar Cell Number of WECS
SAFT Intensium Max 20M Sharp - ND 240QCJ Alstom - power 80
0.6 0 9.5

4.2.Economic analysis of the AC substation

In this economic analysis, the study horizon isseim20 years and the electricity inflation has Heed at 2%.
The return on investment (ROI) period is aroundy&ars with an initial investment of 27 M€.

Table 4. Economic results of the study.

Return On Investment [Year] Profitability rate [%)] Investment cost [€]
4.5 27 27 M

4.3.Discussions

The ESS working as an energetic buffer gives maredom to the railway power substation in energykata
and makes it less dependent on market's fluctustibmthe case of non-reversible DC power substafithe
ESS can also recover braking energy and store dtfeer usage. Moreover, ESS can serve a lot @ atbrvices
either for railway infrastructure, as exposed is fiaper, or for upstream transmission grid. Taekese the ROI
of the studied HRPS, the battery can be used ticjpate demand-response programs. This kind o$tstibns
has more interest in rural area, because the emtjland for the battery pack in urban is prettyemgive not to
mention the 1.5MW WECS.

5. Conclusion

In this paper, techno-economic models have beealoleed to describe the behavior of HRPS not onlgim
of power flow but also in term of investment andmamic flow. A ROI period around 4.5 years can beieved
with optimized ESS and renewable energy systems.

This paper is a first step to design in an optimay a HRPS which is composed of ESS and renewaigegyg
system. The energy management strategy is assumete Sn this paper. The impact of this strategytbe

component sizing will be high and one perspectivihis work is to focus on it and to develop a ttwt can be
used to size future hybrid substation.
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Fig. 4 Power flow results of optimal studied HRPS

6. References

RFF, Réseau Ferré de France, “Electrified linewot for railway traffic”, internet document availe at SNCF RESEAU website, 2014.

R. Hill, “Electric railway traction Ill: Traction pwer supplies”, Power Engineering Journal, vol®,375-286, 1994.

A. N. Celik, “Techno-economic analysis of autonom®Y-wind hybrid energy systems using differeningjzznethods”, Energy Conversion
and Management, vol. 44, pp. 1951-1968, 2003.

M. Aeberhard, C. Courtois, P. Ladoux, “Railway tiae power supply from the state of the art to fattrends”, International symposium
on Power Electronics, Electrical Drives Automatard Motion (SPEEDAM), pp. 1350-1355, 2010.

R. Vial, D. Riu, N. Retiére, “Simulation calculati® and optimization design of a new HVDC supply gofor light rail system”, IECON
2010, pp. 2364-2369, 2010.

L. Romo, D. Turner, L. Ng, “Cutting traction powensts with wayside energy storage systems inreibtt systems”, Rail Conference 2005,
pp. 187-192, 2005.

A. Okui, S. Hase, H. Shigeeda, T. Konishi, T. YosHpplication of energy storage system for railwagnsportation in Japan”,
International Power Electronics Conference (IPEC®0pp. 3117-3123, 2010.

R.N. Andriamalala, B. Francois, J. Pouget, B. RahyBtudy and analysis of possible services offéngdn energy storage system inserted
in a railways grid substation”, % uropean Conference on Power Electronics and égiioins EPE, Lille, France, 2013.

A. Gillespie, E. S. Johanson, D.T. Montvydas, “EjyeStorage in Pennsylvania: SEPTA's Novel and latiee Integration of Emerging
Smart Grid Technologies”, IEEE vehicular technologggazine, vol. 9 no.2, pp. 76-86, 2014.

J.L. Bernal-Agustin, R. Dufo-Lépez,D.M. Rivas-AsoasDesign of isolated hybrid systems minimizingstsoand pollutant emissions”,
Renewable Energy, vol.31, no.14, pp. 2227-22446200

R. Dufo-Lépez, J.L. Bernal-Agustin, J. Contrera®ptimization of Control Strategies for Stand-AloRenewable Energy Systems with
Hydrogen Storage”, Renewable Energy, vol.32, myp7,1102-1126, 2007.

J. Forrest, D. De la Nuez. R. Lougee-Heimer, “Clsetiuide”, on http://www.coin-or.org/Clp/userguic2016.

SAFT INTENSIUM MAX, SAFT Website, “Battery informan sheet” on http://www.saftbatteries.com/, 2016.

Sharp Solar Electricity, “240 WATT — SHARP — Datest! on http://files.sharpusa.com/, 2016.

ALSTOM POWER 80, “datasheet from ALWTOM Wind Ener@gnversion System Power 80", http://alstomeneryogver.com/, 2016.

9



