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Cooperation HZi — FER — electrical energy billing

= Cooperation between the University of Zagreb Faculty of Electrical Engineering and
Computing and HZ Infrastruktura LLC
o Long-term cooperation

o Our field of interest (Department within FER) — Energy and Power Systems

" Project - Billing for electricity according to actual consumption with the possibility of
regenerative braking and billing according to specific consumption
o Evaluation and software implementation of the billing model

o Monthly billing to Railway Undertaking (RU)

. 2 o Archiving data on train el. en. measurements, specific consumption on railway sections and train
O
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Electrical Railways and regenerative braking

= Regenerative braking

w

=

o Produces el. en. by running the motor
in the generating regime

» Can be stored/used by the train itself

= Can be passed to the catenary
network — used by nearby trains (no
outside/market impact)

= Can be passed to the transmission
network — influences other actors in
the energy market
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Croatian Transmission Network System

400 kV - 1246,28 km (red)
220 kV - 1268,02 km (green)
110 kV - 5249,23 km (black)

21 EVP — substations for powering
the railway contact grid
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Liberalized electricity market and key participants

= Unbundling:
Generation Generation Generation Generating company (GENCO) owns and/or manages the generation
assets and sells electricity on the wholesale market
Wholesale market * Transmission company (TRANSCO) owns and/or manages the
transmission network, more commonly known as the transmission
Large end
m @D v+ operstor (150
| k = Distribution company (DISCO) owns and/or manages the
Retal market

distribution network, more commonly known as the distribution

= Supplier is a company that buys electricity on the wholesale TEE and
sells it to customers on the retail market

El. exchange
Energy regulator Market operator . . .
: operator Consumers are the end users of electricity, and they buy it on the

5 wholesale market directly (large) or via suppliers (small)

? . Bodies and Operators connected to the electricity market:

ui E = The energy regulator oversees all energy activities within a given system.

:g :‘%. = The market operator carries out the activity of organizing the electricity market as a public service, under the

E a;, supervision of the energy regulator.

g Q M = The electricity exchange operator manages the organized electricity market according to the conditions set by the
§ g ||_| market operator and under the supervision of the energy regulator.
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Participants in Croatian power system

= A producer, supplier and trader must have

a license for performing energy activity, STWERA T HOPS Mkt partipant’ WROTE
issued by the Croatian Energy Regulatory
Agency (HERA). |
= The organization of the electricity market, et } I e
electricity transmission and distributionare

el N ]
& Signing Balance

regulated activities performed as public

o '..Ila.aFance gmuE\* NESh Responibility | |
. . h manager? | Agreement |
services: T s |||

Market

= HROTE is responsible for the organization of g
the electricity market, || SRS
= HOPS (Croatian TSO) is responsible for nrespan

electricity transmission, maintenance,
development and construction of transmission
system, and power system control,

= HEP-DSO is responsible for electricity
distribution, maintenance, development and
construction of distribution system

* Energy Identification Code
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Electricity markets

Long-term planning Day-ahead plans ‘ Intraday re-plans
. . Supply
Long-term market Day-ahead market Intraday market 2,
= 53 e ot
I— 7
23’/ Differences calculations
Y-10 Y-7 Y-5 Y-1 M1  W-1 D-1 H-1 QH-1 7
Plans
realization
CROATIA S o e Friday, 6.6.2025.

2,400

= There are two electricity markets:

2,200

" |n the initial phase of its opening, a bilateral market

model was chosen, which was upgraded by the

Rules for the organization of the electricity market

with a model of balance groups in which electricity ||I|
trading is carried out by bilateral contracts. II III"I

HO1 HO2 HO03 HO4 HO5 HO6 HO7 HO8 HOS H10 H11 H12 H13 H14 H15 H16 H17 H18 H19 H20 H21 H22 H23 H24

= Another electricity market is the organized

MwWhih

HO1 HO2 HO3 HO4 HOS HOG HO? HO8 HO9 HI10 HN HI12

electricity market (CROPEX).

1,738 1591 1,518 1,490 501 1540 1779 1982 2,02 1,987 959 2002

1756 1609 1527 1500 1517 1548 1,786 Lz 72 2,023 2014 2,009 1,994

ERRES Forum 2025.

Source: https://www.hops.hr/en/daily-load



https://www.hops.hr/en/daily-load

Balance group model (Croatia)

= Bilateral contracts concerning electricity trade e —_
. Market Special
(purchase or sale, internal or external) are concluded balance groups
—I—

between the supplier, the trader or the producer. The - -

. I T J 1
contracting parties in a bilateral contract are: . HROTE - ECO HOPS - TS0 HEP-ODS - CROPEX - power
Producers Traders Suppliers e i D DSO balance exchange balance
= balance group member - balance { ) group* i

group manager, Slateial ~ & Import - Export >
contracts
= balance group manager - balance 9 Supplier 3 ———— = Contractual parties in the electricity supply
group manager or w2 - | T T contract are the eligible customer and the
alance group
* balance group member - balance manager of BG3) Ty

supplier. Besides the supply contract or the
electricity trade contract, the eligible

group member.

Bilateral Supplier 4
contracts I

Schedules
- e Taderd customer and producer shall conclude a
}1— N ssoas Trader 1 contract for using the network with Croatian
- B B Ty oo .
I o0 o 7 Transmission System Operator (HOPS) or with
Gy - e | — HEP-Operator distribucijskog sustava (HEP-
3 el DSO).
M enevablesources | Mariet san [ supply S Eigble
2 and cogeneration | BaisinglV, q customer 1 = Example: ECO balance group (HROTE)
S |
E. ""' HOP s < Schedules (B;:T::Triup o® . WPP
‘2 manager_c:‘BGl} “ customer 2 | SPP
o
s ST = HPP
8 — Supply -~ “ Eligible . . .
° [ii sY° Bt = PP with installed capacity less than 30 kW
(=
il L
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Electrical energy data

Total monthly el. energy by tariff W High tariff M Low tariff
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No. of measured el. locomotives/EMUs in total number (including non-electrical) per month

B Measured loco. M Total loco.

400
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Monthly consumed and produced energy
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Monthly ratio of consumed and produced energy

RalBiiaiio Average monthly R-/ R+ ratio for measured locomotives
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Prices in European electricity markets

Current & Future Work — Al in Railways

= Price forecasting for electricity market(s) — Done/Doing/To-Do

o Forecasted markets

%%%%%%%%%%%%%%%%%%
PO I I BN SN G O B L

* Day-Ahead / Intra-Day / Balancing / etc. SASSRARASERASSRaAI
o Used by TSO's, DSQO's, produces, traders, suppliers, customers Automotvs Regeneratue g s ot [

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

o Can be used by railway operators (in the electricity market)

$7.88

Global Market CAGR,
I 2025-2030
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Source:
@ Batery  © Flywheel ~ Moter @ Electronic Control Unit (ECU) oo, grandi

searoh.com. |

= Power production by regenerative braking forecasting — To-Do

o Timetables, train run data, el. en. train measurements

= Resolving rail congestion — Doing/To-Do (master thesis 2024/2025)

o Adaptive Multi-step Conditional Check (AMCC) ® - o @
12 o Timetables, train run data -0 s
gm = Optimization of train specific consumption using machine learning methods
:"é {',E,;’ o Doing/To-Do : Student seminar 2024/2025 / master thesis 2025/2026 4 y
g% o Based on el. en. train measurements F{mib) -
= O
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Additional slides

More information and details after this slide
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Electrical Railways and regenerative braking

= Regenerative braking

O Braklng power (Slngle |0C0m0t|ve) B 6 MW ENERGY IMPORTED THROUGH TRACTION SUBSTATION

= Multiple locomotives on a section —
significate amount of power

NET TRAIN CONSUMPTION

LOSSES IN

= Maximum measured power sent from the s
catenary network to the TSO substation TRAIN
in 2021-2023:
= EVP Plase — 4,4 MW (15 min = MECHANICAL LOSSES IN WHEELSETS

(LOSSES IN TRAIN RUNNING) el LOSSES IN
PROPULSION

avera gE) AC-CELERATION LOSSES AND GRADIENT RESISTANCES SEAE
Conditioning SYSTEM
= Peak power up to 8 MW (measured i

. . AERODYNAMIC DRAG AND FRICTION
during testing)

Systems,

— Regenerative braking

15 Energy returned to Converted to heat in the brakes
> . K the contact line
2 1 Excess energy is passed to the ~
u E transmission network -> market S
Y _3 propulsion system
28
25
£3
35
Ss
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Monthly consumed and produced energy by locomotives / EMU

R+

Monthly consumed energy by locomotive

3.000.000

Month .Y
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&

Monthly produced energy by locomotive
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Monthly ratio of consumed and produced energy by locomotive / EMU

R-/R+ ratio
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Wind power plants forecast (ECO balance group

Daily forecast: |5.6.2025. «

Download excel

Wind farm production forecast (next 10 days)
360000

340000
320000 -
300000
280000
260000 -
240000
220000 ’

200000 -

Power ..
kW] 180000

160000

W Fower forecast

140000 -

120000

100000
80000 -

18

40000 p

20000 -

1]
-3 P 2> & & g L] 7 7, 7 7 7 T b 7 7 7. i
-6, -6, -6, -6, -6, -6, -6, -6, a a 7 7 < < 2 2 ¥ 7
-2 <t -2 <L 7 -2 -2 < S, 5, 5, 6, G, G, 4, 6, 6, -}
03_5 % 035 7 Ogj, % 02\5‘ 035 % 035 02.? % 02\5, 7 <5 025 20 02 1 2o 025 20 25 . <5 o5 <5 25 , 20 )25 20 025 . 20 25 E) 025 !
7 ; 2 G o “tp 0p “0p OQ.GO 20 [£2) ; Q.GO 09.00 3.00 [£2) *3"00 C?Q.OO 4
Time CET

Source: https://www.hrote.hr/planning-electricity-production-for-the-eco-balance-group
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Solar power plants forecast (ECO balance group)

Daily forecast: [5.6.2025.

Download excel
Solar power plants production forecast (10 days ahead)
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Source: https://www.hrote.hr/planning-electricity-production-for-the-eco-balance-group
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