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Abstract. Digital automation of railway traction power supply is promoted as a way to
reduce energy use and improve supply quality, but the evidence behind reported benefits is
heterogeneous: measured results, pilot data, simulations, manufacturer claims and policy targets
are often cited together. The aim was to compare international practices in the digital automation
of traction power systems critically and to assess the conditions for their transfer to Kazakhstan.
A structured scoping review reported according to PRISMA-ScR was combined with a
comparative multiple-case analysis. OpenAlex was searched on 10 October 2026 (2016-2026)
with five strings, supplemented by operator and agency sources. 292 unique records were screened
in two independent passes (Cohen’s kappa 0.70); 56 studies were included, together with 7
documents from other sources. Only 10 studies reported field implementation or field experiments,
46 relied on models or hardware-in-the-loop tests driven by measured data, and 41 used data from
China; no field evidence on the cybersecurity of traction power control was found. Of six national
cases, four (Spain, Japan, Russia, South Africa) report measured effects for reversible substations,
wayside storage and protection data analytics; the Chinese field experiments are not quantified,
the Swiss case reports no outcome, and evidence on flexible traction substations and digital twins
is mainly model-based. The novelty is an explicit evidence hierarchy combined with a criteria-
based transferability assessment for Kazakhstan; a proposed six-stage framework can guide pilot
selection on KTZ lines. The main limitation is the use of one open index, with most studies
assessed at abstract level.
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AHHOTauus. TeMipXONAbIH TapTBIMABIK SIEKTPMEH >KAOABIKTaybIH IUQPPIBIK
ABTOMATTAHJABIPY DSHEPTHS TYTHIHYIBl a3aiiTy JXOHE SIEKTPMEH XaOJbIKTay carmachliH
apTTBIPY KYpalbl pPETiHAE YCBIHBLIAABI, ajaijia >KapusiaHFaH HOTHKEIEpIiH INeIIiK
Herizi Oipkenki emec: enmeMjaep, MUIOTTHIK IEePEeKTEp, MOJACIbICY, OHIIPYIIIEPIiH
MoJiMAeMeNepl KOHE MaKCaTThl KOPCETKIIITep KUl KaTap KeaTipuieai. 3eprTeyniq
MaKcaThl — TapTBIMJABIK DJHEPTETUKAIBIK KyHenaepai UUQPIBIK aBTOMATTaHIBIPYIbIH
XalbIKapalblK TOXKipuOEeCiH aHBIKTay, OHBI CHIHU TYPFBIIAH CalbICTBHIPY jkoHe KaszakcTanra
kemipy tmmapTtrapeiH Oaramay. PRISMA-ScR rtamanrtapeiHa colikec OasHmanraH
KYpBUIBIMAIFaH ayKbBIMJABIK HIONYy (scoping review) OipHeme KeHCTi CalbICThIpMalbl
tangaymeH OipikTipinai. 2026 xpurrsl 10 kazanmga OpenAlex uaaekcinne (2016-2026) 6ec
CYpaHbICIIEH 137ey OKYpri3uiim, omepaTtopiap MEH Opra’fapiblH JepeKKe3aepiMeH
TOJBIKTHIPBUINEL. 292 Gipereii )xaz0a exi Toyenci3 kezeHzae ipikrenni (Kosn kanmacer 0,70);
56 3epTTey eHrisini, onapra 6acka Ke3aepAeH ajdblHFaH 7 KyKaT Kocblnabl. Tek 10 3epTrey
JaJanblK €HTi3y HeMece [allaliblK SKCIEPUMEHT HOTWIXKENEpiH YCBHIHIBI, 46 3eprrey
OJIIIEHTeH JepeKTepre HeriznenreH moxaenbaepre Hemece HIL-cwimakTapra cyiiennai, 41
3eprrey KpiTail nmepextepiH malmamaHAbl; TapTBIMABIK AJIEKTPMEH KaOIbIKTAY bl
O0ackapyIblH KHOEpKayinci3airi OOWbIHIIA JalanblK JepeKTep TaObuIMaabl. AJThl YATTHIK
keictig tepreyi (Mcnmanus, Xanonus, Peceit, OHTYCcTiK Adpuka) peBepCcUBTI KOCAIKbI
CTaHUHUSIAp, CTAlMOHAPJBIK SHEPTrus >KUHAKTAy >KyHelepl >KoHe peseliK KOpFaHbIC
JIepeKTepiH Tanmay OOWbIHINA OIIMIEHTeH ocepliepai kepcereni; KpiTailgarbl namaibik
AKCTEPUMEHTTEPIIH ocepl CaHAbIK Typae Oepinmered, llIBeimapus KeHciHAE HOTHXKE
KapusimanOaraH, al WUKEeMJIi TapTBIMABIK KOCAJIKbl CTAaHUHSAIAp MEH HUMPIBIK eri3aep
OOMBIHIIIA JTOJIENIEP HETI31HeH Mojenbaeyre cyheHnenl. JKaHaubIFpl — D9SN IepAiH alKbIH
uepapxuscsl MeH KazakcraH YIIiH KpUTEpUHJepre HETi3JIeJITreH KeuUlipy MYMKIHIITiH
Oaranay;, ycweiHbIIFaH anThl keszeHal meHOep KTXX skenmimepinae NHIOTTHIK yYacKeHi
Taggayra Oarmap Ooma amanbel. Heri3ri mektey — Oip amiblK WHACKC MalIalaHbBIIIbI,
3epTTeyJepAiH KOIIIIIrT aHHOTaus JeHTeiHae OaFalaH Ibl.

Tyiiin ce3mep: TeMipKOIIBIH TapTHIMIBIK SICKTPMEH KaOIBIKTaybl; HMUDPIBIK
aBTOMATTAaHABIPY; PEKYNEpPaTUBTIK TeXey; OJHeprus kuHakray xkyheci; SCADA;
ayKbIMABIK mony; Kazakcran

Joiiexce3 ymin: AHTOHOB b.A. (2026). TeMipoJaabIH TapTHIMIBIK YHEPTETHUKAJIBIK
KyHenepin nu@pibIK aBTOMATTaHABIPY AbIH XaJbIKapaJblK TIKipuOeci // Kazakcran ennipic
komiri. Tom. 23. Ne 91. 07-18 OGert. https://doi.org/10.58420.ptk.2026.91.03.001 (ArbL.
Ti1.).

Mynnenep KaKTbhIFbIChI: ABTOp MyAjAedep  KaKTHIFBICBIHBIH  JKOKTBIFBIH
MOJIIMIE 1.
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AnHotanus. [{ludpoas aBromaTuzaiysi TATOBOrO AJIEKTPOCHAOKEHHS JKEIE3HBIX JTOPOT
paccMaTpuBaeTcsi Kak CHoco0 CHHU3UTh OHEPromnoTpeOieHHWe U TOBBICHTH  Ka4eCTBO
AJIEKTPOCHAOKEHMsI, OJHAKO JOKa3aTeiabHas Oa3za 3asgBiIeHHBIX J((PEKTOB HEOTHOPOHA:
U3MEpPEHUs], MUJOTHBIC JaHHBbIE, MOJCIUPOBAHUE, 3aABJICHHUS MPOU3BOJUTEIECH U I1IEJIEBbIC
MoKa3aTelu HepelKo NpuBOAATCS BMecTe. llenb uccinenoBaHusi — BBIIBUTH U KPUTHYECKU
COIOCTaBUTh MEXIyHAPOJHYIO MPAKTUKY MU(PPOBON aBTOMATU3AIIMU TATOBBIX YHEPTETHUYCCKHIX
CHCTEM M OIEHUTH ycioBus e€ mepeHoca B Kazaxcran. CTpyKTypHpOBaHHBIN CKOYIHUHT-0030D,
odopmiennslit mo PRISMA-ScR, 00bemuHEH cO CpaBHUTEIIBHBIM aHATTN30M HECKOJIBKUX KEHCOB.
ITouck B OpenAlex BoimoHeH 10 okts16pst 2026 1. (2016—2026 rT.) 110 11ATH 3a1Ipocam 1 JIOTOJIHEH
HUCTOYHUKAMU OTIEPATOPOB M BEAOMCTB. 292 YHHUKAIIbHBIE 3aITUCH OTOOPAHBI B IBA HE3aBUCUMBIX
npoxoaa (kanma Kosna 0,70); BkatoueHbI 56 Uccie10BaHniA, K HUM J00aBJIeHbI 7 JOKYMEHTOB U3
Ipyrux UCTOYHHUKOB. Jlumb 10 uccienoBanmii COOOIIAOT O MOJIEBOM BHEIPEHUU WM MOJIEBBIX
JKCIIEpUMEHTaX, 46 ocHOBaHbl Ha Monensax wiau HIL-ucneiTaHusx ¢ HMCHOJIB30BaHUEM
U3MEPEHHBIX JNaHHBIX, 41 ucnonb3yeT naHHbie Kurtas; moyieBbX JaHHBIX 0 KuOepOe3omnacHOCTH
YIOpaBJIEHUS TATOBBIM 3JIEKTPOCHAOKEeHHEM He OOHapykeHo. M3 1mecTu HallMOHANIbHBIX KeiicoB
yerpipe (Mcmanums, Snonus, Poccus, KOAP) mnokaspiBaloT u3MepeHHblE APQPEKTH IS
PEBEPCUBHBIX MOJICTAHIIUN, CTAIMOHAPHBIX HAKOMUTEIEH SHEPTUM U aHAIU3a JAHHBIX PEICHHON
3amuThl; 3(G(EKTh MOJEBBIX JKCIEPUMEHTOB B KHTae KONMUYECTBEHHO HE NPUBEIEHBI, IO
[IBeiinapun  pe3yibTaTbl HE OMyOJUKOBAaHBL, a JOKa3aTelIbCTBa IO THUOKUM TATOBBIM
MOJICTAHIIUAM ¥ IU(POBBIM TBOWHHKAM B OCHOBHOM MOJeNbHbIC. HOBU3HA COCTOUT B SIBHOU
UepapXuM J0Ka3aTeNbCTB W KPUTEPUAIbHOM OLieHKe mepeHocumoctd A Kaszaxcrana;
peJIOKEHHAs MIECTUATAITHASI CXeMa MOXKET UCTIONB30BaThCS P BEIOOPE MIJIOTHOTO yYacTKa Ha
muausax KTXK. OcHoBHOE OrpaHHYe€HHE — MCTIOIB30BaH OJUH OTKPBITHIM MHIIEKC, OOJBIIMHCTBO
HCCIIEJOBAaHUH OLICHEHO HA YPOBHE AHHOTALIUMN.

KiioueBble cjioBa: TIroBOo€ AJIEKTPOCHAOXKEHHE KEJIE3HBIX JOpor; IHudpoBas
aBTOMAaTHU3allMsl; PEKyNEepaTUBHOE TOpMOXKeHMe; Hakonutenu sHeprun; SCADA; ckoynuHr-
0030p; Kazaxcran

Jas uurupoBanusi: AHToHOB b.A. (2026). MexayHapoaHblii oOnbIT HH(PPOBOIA
AaBTOMATHU3allMM TATOBBIX OSHEPreTUYECKHMX CHCTEM JKEJIEe3HOJOPOKHOro TpaHcmopra //
[lompimuiennsit  tpancnopr  Kaszaxcrama. T. 23.  No. 91. Crp. 07-18.
https://doi.org/10.58420.ptk.2026.91.03.001 (Ha anr.).

KondaukT uaTEepecoB: ABTOp 3asBISIET 00 OTCYTCTBUU KOH(IJIMKTa HHTEPECOB.

Introduction.

Railway traction power supply is changing from a passive, grid-fed infrastructure into an
actively controlled energy system with storage, power-electronic converters and local generation
(L1, 2026). The main technical driver is regenerative braking. Energy that cannot be absorbed by
other trains or returned to the grid is dissipated in braking resistors (Khodaparastan et al., 2019:
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2831-2847). Timetable coordination, on-board and wayside storage and reversible substations
have been proposed to recover it (Gonzélez-Gil et al., 2013: 374-388), and the choice of storage
technology depends on whether it is installed on board or at the wayside (Dominguez et al., 2025).

Published claims about these options mix measured operational results, pilot data,
simulations, manufacturers' statements, policy targets and projections, and a percentage reported
for one line cannot be converted into an expected effect for another network. Comparisons that
keep the type of evidence visible are therefore needed, including in Kazakhstan. The operational
length of the national network was 16,005 route-km at the end of 2023, and more than a fifth of
the approximately 21,000 track-km is electrified (AIIB, 2026). Kazakhstan Temir Zholy (KTZ)
reports 4,237 km of electrified sections; after the replacement of the Lisna telemetry system by the
AMT system, telemetry control of dispatch circles will cover 2,448 km of them, and similar work
is planned on further power supply sections by 2029 (KTZ, 2025). The split of the network
between direct-current (DC) and alternating-current (AC) traction could not be confirmed from an
official source during this study, so transferability is assessed conditionally for both systems.

The aim of this study was to identify, compare and critically assess international practices
in the digital automation of railway traction power systems and to determine which technical and
institutional elements may be transferable to Kazakhstan. The research question was: which digital
automation technologies have been implemented in international railway traction power systems,
what verifiable outcomes have been reported, and under what conditions could these practices be
transferred to Kazakhstan? The object is foreign digital control of traction power; the subject is its
technologies, outcomes and conditions of transfer. The analytical proposition was that the strength
of evidence differs more between technologies than between countries, and that transferability
depends mainly on the electrification system and on the digital readiness of substations.

Reviews of regenerative braking energy group recovery methods into operational measures
(timetable and driving), storage on board or at the wayside, and reversible substations that return
energy to the public grid (Gonzalez-Gil et al., 2013: 374-388; Khodaparastan et al., 2019: 2831—
2847). A recent review of railway storage finds supercapacitors and lithium-ion batteries viable
on board and recommends supercapacitors and flywheels for wayside use (Dominguez et al.,
2025). A 2026 review of distributed photovoltaic and storage integration distinguishes substation-
side, wayside-distributed and hybrid multi-port schemes and argues that single-phase, highly
dynamic traction loads and strict voltage and protection constraints make energy management of
traction systems distinct from that of conventional microgrids (Li, 2026).

Monitoring and digital-twin research forms a second stream. A systematic review of
railway digital twins covering 91 papers addresses four primary subsystems of the railway
(Thompson et al., 2025: 238-250). These reviews are organised by technology rather than by the
strength of field evidence.

The third stream concerns communication and security. Communication for power utility
automation is standardised in the IEC 61850 series (IEC, 2026). Railway-specific cybersecurity
requirements are set out in CLC/TS 50701:2023 (CENELEC, 2023). A 2026 systematic review of
cybersecurity in intelligent railway systems maps research trends and challenges at system level
(Abukeshek et al., 2026). Russian-language work on the digital traction substation describes digital
substations based on IEC 61850 and a pilot project for a digital traction substation at Inskaya
station commissioned in 2020 (Ryzhova, 2023: 15-31).

None of the reviews identified here compares national cases with an explicit grading of
evidence types or assesses transferability to a 1,520 mm network such as that of Kazakhstan.

Materials and Methods.

The study combined a structured scoping review with a comparative multiple-case
analysis. The review followed the methodological framework for scoping studies (Arksey,
O'Malley, 2005: 19-32) and was reported according to the PRISMA extension for scoping
reviews, PRISMA-ScR (Tricco et al., 2018: 467-473). The term systematic review is not used,
because no protocol was registered and most studies were charted from abstracts.
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The database search was run in the open bibliographic index OpenAlex on 10 October
2026. OpenAlex allows the query, filters and results to be reproduced without subscription
access. The search covered titles and abstracts, publication dates from 1 January 2016 to 10
October 2026, and the document types article and review; no language filter was applied. Five
strings combined traction-power terms with terms for storage and regenerative energy (S1),
substation automation and SCADA (S2), monitoring and digital twins (S3), energy
management, metering and microgrids (S4) and cybersecurity (S5); the full Boolean strings are
given in Supplementary file S1.

Other sources were identified by targeted searches of operator and agency websites (RFI,
JR East, the Swiss Federal Office of Energy, CORDIS) and by citation tracking.

Eligibility was defined by population, concept and evidence. The population was the
fixed installations of electrified heavy rail, metro and light rail. The concept was one of the
technologies of digital automation at the level of the traction power system: energy storage,
reversible substations and control or energy management of storage and converters; railway
microgrids and renewable integration; protection, SCADA and condition monitoring; smart
metering; digital twins and state estimation; load forecasting; or cybersecurity of power-supply
control. The evidence criterion required an outcome from an identified real system, either from
field implementation or a field experiment, or from a model or hardware-in-the-loop (HIL) test
driven by or validated against measured data from that system.

Records were excluded for five reasons: E1, not a railway traction fixed installation or
transport mode unclear; E2, no data from an identifiable real system (synthetic simulation or
concept only); E3, outside the concept (power-electronic topology without an automation
function, train-operation optimisation, signalling, rolling stock, or mechanical inspection of the
catenary); E4, incomplete bibliographic record without DOI or identifiable venue; ES, retracted
publication. Mechanical and image-based catenary inspection was excluded because it
addresses geometry rather than control of the electrical system. Reviews were retained as
background only.

Titles and abstracts were screened in two independent, Al-assisted passes, with final
decisions verified by the authors. The first pass used an automated flag for evidence terms (for
example, measured, field, in service); the second, blind to the first, read every full abstract.
Disagreements were arbitrated against the protocol. Full texts were sought for field-
implementation studies and for all sources used to define national cases. Charted fields included
country, system, electrification, technology, scale, evidence type, reported outcomes with units
and their location in the source, validation and reading level.

Six evidence types were distinguished and not combined: measured operational results;
pilot or field-experiment results; simulation or HIL results driven by measured data;
manufacturer claims; policy targets; and projected benefits. Case-defining sources were
appraised against five criteria: the system is identified; data provenance is stated; a baseline is
reported; validation is described; and the authors are independent of the operator and the
supplier. Evidence quality was rated high (at least four criteria met), moderate (three) or low
(two or fewer). The full screening log, extraction sheet and appraisal are provided as
Supplementary file S1.

A country was treated as a national case if at least one included source identified a real
system and reported quantified measured operational or field-experiment results, or if an
official operator or agency document described an operational system. Countries represented
only by model-based or projected evidence were used as supporting evidence.

Transferability was assessed against fourteen criteria for Kazakhstan, grouped into four
domains: technical compatibility (electrification system and voltage, condition of substations,
compatibility with existing SCADA, interoperability, communication coverage); geography
and environment (gauge, climate, distance between facilities); institutions (regulation including
grid-code rules for reverse power flow and tariffs, cybersecurity readiness, technical workforce,
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maintenance capacity, capital costs); and data availability (including traffic and substation load
data). The resulting matrix is given in Supplementary file S1. Each criterion was recorded as
supported by official Kazakhstani evidence, contradicted or unknown; no numerical weights
were assigned, because no expert survey was conducted. Synthesis was narrative with frequency
counts; effect sizes were not pooled because the metrics are not commensurable.

Results.

The five strings returned 310 records (S1, 45; S2, 13; S3, 127; S4, 118; S5, 7). After
removal of 18 duplicates, 292 records were screened. The two passes agreed on 267 of them (91.4
%; Cohen’s k¥ = 0.70); 25 disagreements were arbitrated, of which 15 led to inclusion and 2 to
exclusion of records first retained. In total, 235 records were excluded (E1, 32; E2, 103; E3, 81;
ES, 1; reviews, 18). Of the 57 records assessed for eligibility, full texts were retrieved for 5; the
remaining 52 were assessed on abstract and bibliographic metadata. One study was excluded
because it described an implemented monitoring system without outcome data. In total, 56
database studies and 7 documents from other sources were included (Figure 1); all 63 are listed in
Supplementary file S1.

Records identified in OpenAlex Records from other sources
(10 October 2026), n = 310 .
S1=45;S2 =13; S3 = 127; (operators, agencies, i
S4=118: S5~ 7 citation tracking), n = 7
Records after removal of — Duplicates removed, n = 18
duplicates, n = 292 (17 by identifier, 1 cross-language)

Excluded, n = 235
Titles and abstracts screened E1 not a traction fixed installation = 32
in two independent passes, E2 no real-system data = 103
n = 292 (agreement 91.4%, E3 outside concept = 81
Cohen's kappa = 0.70) ES retracted = 1
l Reviews kept as background = 18

Records assessed for eligibility,
n =57 (full text 5; —>
abstract and metadata 52)

l :

Database studies included, Documents from other sources
n =56 included, n =7

| |

Sources included in the synthesis, n = 63
National cases compared: Spain, Japan, China, Russia,
South Africa, Switzerland

Excluded: no outcome data
reported, n = 1

Fig. 1. PRISMA-ScR flow of source selection

Of the 56 database studies, 48 were published from 2021 onwards (by OpenAlex
publication year). By country of data, or of author affiliation where the system was not named, 41
studies came from China, three from Poland and two from Russia; Croatia, France, Italy, Morocco,
Romania, South Africa, Ukraine, the United Kingdom and Viet Nam contributed one each, and
one study could not be assigned. AC systems were studied in 33 studies (including one dual
AC/DC system) and DC systems in 18; in five the electrification was not stated or not applicable.
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Only 10 studies reported field implementation or field experiments; 46 relied on models or HIL
tests driven by measured data. Storage, energy management and converter control dominated (45
studies), while protection, monitoring and SCADA (4), digital twins and state estimation (4), load
forecasting (2) and smart metering (1) were rare. The cybersecurity string returned 7 records, none
of which was included; one dataset from a traction substation was excluded because the installation
was not identified as an operating system. No included study reported field evidence on the
cybersecurity of traction power control.

Six national cases met the selection rule: Spain, Japan, China, Russia, South Africa and

Switzerland. Their evidence is summarised in Table 1 and described below.

Table 1 — Evidence for the six national cases

Evidence Transferability | ;. . .
Country System Technology Scale Reported outcome quality to Kazakhstan Limitations
iﬁ;ﬁ;ﬁﬁ ) 1 substation; Measured Conditional: One line;
. Metro de ; 1 train; 18 On-board . DC sections; short
Spain L MVA DC/AC ] . operational; . .
(Cascetta et Madrid line converter in days; about | dissipated energy peer- requires campaign;
10B, 1500 V . 6,951 202 — 159 kWh . permission for | converter
al., 2021) DC anti-parallel brakin (—21.4%) reviewed; reverse power | below
with 3 MVA & 7 high (4/5) p
. events flow rated use
rectifier
. About 400
l‘)’:;}éSlde MWh/yr (4%) and Conditional:
storar}é' 2 storage 750 MWh/yr (8%) | Measured storage on ’ Not peer-
Japan JR East DC &% . & discharged; about | operational; & reviewed;
. power sites; 1 DC, .
(Sekijima et | sections; Joban | : Do 2,500 MWh/yr operator . baseline
. . interchange sectioning . . interchange
al., 2019) Line (Ushiku) . . regenerative report; low . method not
device; station | post ] device on AC
energy used; peak | (2/5) . stated
demand . sections
response —3-12%in
P verification tests
Converter
energy .
management Flllealriltiefizcgrsl " Field Conditional to Abstract-
China (Li et . over 4G; 6.4 MW q ) experiment; level data;
) Ningbo Metro . . abstracts; more . low: needs .
al., 2021; . fuzzy-logic field test; 6 model with Ningbo
) Line 4; Beijing . than half of converter-
Liu et al., . storage field studies; . measured study
. Batong line; . regenerative ) based
2021; Wu, . control; 35 model data; . authored
AC sections . energy can be substations .
Wu, 2024) power studies : . abstract . mainly by
. used in adjacent and data links .
conditioner . level; low a supplier
sections (authors)
between
sections
Moscow metro | Uncontrolled | In service Peak Eof”er Measured Conditional:
. . . . . —13.4%; peak . . Small,
Russia Filevskaya line, | supercapacitor | since 2014; operational; | DC sections;

. . current 7 — 5.5 seasonal
(Shevlyugin | substations T- storage on several KA: eneray saving | PEET no control savings:
etal., 2017) | 23 and T-24 substation months of ’ Ogy IVINE | reviewed; software 25;

(DC) buses measurement 0.5-2.5% (winter), high (4/5) required one line
5.6% (spring) & !
. Test trip times Conditional:
South Gautrain, 2 x Protectlp n 42.4-62.0 ms Measqred AC sections;
. IEDs with . operational . No energy
Africa 25kV . . above settings; . consistent
disturbance 5 substations o and on-site . outcomes;
(Moyo et autotransformer ) recorded trip times -y with KTZ
al., 2021) system recorders,. up to 100 ms tests; high telemetry one system
? SCADA links . 4/5)
above test times renewal
A Digital load About half Operational Insufﬁm.ent
Switzerland management . No measured data: tariff No
SBB, 16.7 Hz of rolling deployment .
(SFOE, by short outcome structure in outcome
network . stock; target . and target;
2021) shedding of published Kazakhstan data
. >70 MW low (1/5)
heating loads unknown

Spain. On line 10B of the Madrid metro (1500 V DC, about 15 km, 11 stations),a2 MVA
DC/AC converter was installed in anti-parallel with the 3 MVA rectifier of the La Moraleja
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substation. On-board measurements on one train during 18 days of commercial service from
October 2019, covering about 6,951 braking events, showed that energy dissipated in on-board
resistors fell from 202 kWh in conventional mode to 159 kWh in reversible mode, a reduction
of 21.4 % (Cascetta et al., 2021). The converter operated below capacity because grid injection
was not yet permitted (Cascetta et al., 2021).

Japan. The East Japan Railway Company reports annual discharged energy of about 400
MWh, about 4% of feeding energy, for the battery storage at Haijima substation, and about 750
MWh, about 8%, at Okegawa substation (Sekijima et al., 2019: 18). A power interchange device
at the Ushiku sectioning post on the Joban Line, in full operation since April 2015, made about
2,500 MWh of regenerative energy usable per year (Sekijima et al., 2019: 19). In verification
tests, demand response reduced peak power by 3—12% at single stations (Sekijima et al., 2019:
22). The storage and interchange-device figures are measured operational results, but they are
published by the operator itself and not peer-reviewed.

China. Six studies reported field-level evidence. A converter-based energy management
system linked trains, ground bidirectional converters and a supervisory level over 4G
communication and was tested at full power scale (6.4 MW) on Ningbo Metro Line 4 (Li et al.,
2021:798-807). A fuzzy-logic energy management strategy that adapts the charge and discharge
thresholds of a ground storage system was tested in the field on the Beijing Batong line (Liu et
al., 2021: 9945-9956). For a regenerative braking power conditioner between adjacent AC
power sections, the authors report a case study and an engineering application and state that
more than half of the regenerative energy can be utilised in adjacent sections (Wu, Wu, 2024:
174—184). Three further field studies cover storage control on a metro main track, short-circuit
capacity identification and a maintenance platform on the Wuhan—Guangzhou line
(Supplementary file S1). The other 35 Chinese studies used measured load data in models or
HIL tests, for example on the Beijing—Shanghai high-speed line (Ying et al., 2021: 64127—
64141) and the Lanzhou—Xinjiang line (Wang et al., 2023). The abstracts of the field studies do
not quantify energy savings.

Russia. On the Filevskaya line of the Moscow metro, an uncontrolled supercapacitor
storage system connected directly to the buses of traction substations has been in regular
operation since January 2014 (Shevlyugin et al., 2017: 81). Measurements showed a reduction
in peak substation power of about 13.4%, a fall in peak current from 7 kA to 5.5 kA, and traction
energy savings of 0.5-2.5% in winter and 5.6% in spring (Shevlyugin et al., 2017: 81-82).
Russian research also reports a digital-twin method for identifying load-capacity violations on
DC lines, using operational indicators recorded during transport operations and test runs
(Garanin et al., 2026: 100-109).

South Africa. On the Gautrain 2 x 25 kV autotransformer system, disturbance records
from protection intelligent electronic devices (IEDs), linked to SCADA, were analysed together
with on-site primary-injection tests (Moyo et al., 2021: 5704-5713). In the tests, relay trip times
exceeded the settings by 42.4—62.0 ms, and the disturbance records showed trip times up to 100
ms longer than in the tests; a fibre break was located 6,100 m from a substation.

Switzerland. On the 16.7 Hz traction network of Swiss Federal Railways (SBB), digital
load management switches off train and points heating for seconds to about a minute at peaks.
About half of the rolling stock is available for this purpose, and the stated target was at least 70
MW of flexible load by 2023; demand can swing by up to 300 MW within 15 minutes (SFOE,
2021). No measured outcome has been published.

Other countries provided unquantified field implementations (smart metering in Ukraine,
remote SCADA access in Romania; Supplementary file S1) or model-based, pilot or projected
evidence. A Polish study sized hybrid storage for a 3 kV DC substation with a model checked
against one year of 15-minute data (average daily energy 31.00 MWh simulated against 34.46
MWh measured) (Szelag et al., 2025). In Viet Nam, a hybrid digital twin reconstructed second-
level substation power from SCADA readings logged every 3—5 minutes on the 750 V DC Cat
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Linh—Ha Dong line, in a simulation validated against SCADA data (Tran, An, 2026: 983-993).
Rete Ferroviaria Italiana projected savings of 100 MWh per year, or 10-15% of a substation's
consumption, from a 3 kV DC braking-energy recovery prototype at Forli (RFI, 2021). In the
European IN2STEMPO project, tests at a 16.7 Hz 110 kV switchgear station of DB Energie
showed that 50 Hz merging units can be adapted to a 16.7 Hz environment, but no quantified
operational results were reported, so Germany was not treated as a national case (CORDIS,
2024).

Measured effects exist for reversible substations, wayside storage and protection data
analytics; evidence for flexible traction substations, reinforcement-learning energy management
and digital twins remains largely model-based; and reported magnitudes use incompatible
metrics, so the figures in Table 1 cannot be ranked or transferred.

Discussion.

The data are consistent with the analytical proposition: evidence strength followed the
technology more than the country, since China contributed both field experiments and model-
based studies, while reversible substations and wayside storage had measured results in three
countries. The Chinese evidence (41 of 56 studies) was assessed at abstract level and has not
been independently replicated, and the Japanese case rests on one operator report that is not peer-
reviewed.

Table 2 applies the transferability criteria to five technology groups. The criteria
supported by official Kazakhstani evidence are few: the construction of new lines to the 1,520
mm broad gauge standard (AIIB, 2026), the length of the electrified network and the planned
extension of telemetry (KTZ, 2025). Other critical criteria could not be confirmed from official
sources, so all five groups are at most conditionally transferable.

Table 2 — Transferability of technology groups to Kazakhstan.

Strongest evidence (type Kazakhstani criteria
Technology group case)g ype, supported by official Critical criteria unknown Assessment
evidence
Measured operational Telemetry renewal
A. Monitoring and (South Afrlc?); ﬁeld. planned to cover 2,448 Condition of substations; Conditional;
implementation (China, SCADA protocols; .
telecontrol from IED . of 4,237 km of o candidate for
‘Wuhan—Guangzhou line); : . communication coverage; .
and SCADA data . electrified sections . . early pilot
demonstration (Germany, (KTZ, 2025) cybersecurity readiness
IN2STEMPO) ’
B. Wayside storage Measured operational Electrification system b, Conditional;
- Ay & (Japan, Russia); field Length of electrified . ystem by . ’
with rule-based or . . section; data availability candidate for a
experiment (China, network (KTZ, 2025) . .
fuzzy control (traffic, substation load) DC pilot
Batong)
C. Rev.ers1ble Measured operational . . Regulation (grid code for Conditional on
substations and energy o None identified ) .
(Spain); projection (Italy) reverse power flow; tariffs) regulation
feedback
D Convrirbued, | ld sprinen (i
&y £ i £90); ¢ None identified availability; technical Low at present
flexible and co-phase models with measured A
. workforce; capital costs
substations data
Operatlonal deployment Regulation (tariff structure);
E. Load management without outcomes . . oy .
. ) None identified data availability (controllable | Insufficient data
and demand response (Switzerland); measured
. loads)
at stations (Japan)

Note: climate and distances between facilities were not assessed with official data for any
group.

Two groups appear most suitable for early piloting: monitoring and telecontrol based on
IED and SCADA data, because KTZ is already modernising telemetry and no reverse power flow
is required; and wayside storage with rule-based or fuzzy control on a DC section, because
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Moscow, Japan and Beijing provide measured or field-tested results. Reversible substations
depend on permission to inject energy into the public grid, which limited the Madrid converter
(Cascetta et al., 2021). Flexible substations and learning-based energy management need
converter-based substations and data infrastructure not yet documented in Kazakhstan, and their
evidence is mostly model-based.

Based on these findings, a six-stage framework is proposed (Figure 2) as a basis for
discussion, not as an implemented or approved programme. It moves from a digital audit and a
measured baseline of at least one year on one pilot section, so that seasonal variation of the kind
reported in Moscow is captured, through SCADA and monitoring integration under IEC 61850
and CLC/TS 50701, to energy management, forecasting and a calibrated digital twin, and ends
with an independent evaluation before any scaling. Each decision gate uses measured results from
the pilot section rather than results reported for other networks.

Digital audit of substations, telemetry, protection
Stage 1 devices and data formats; official confirmation of
the electrification system by section

decision gate: go / adjust / stop on measured results ----=-==------

Pilot deployment on one selected traction section;
Stage 2 measured baseline of at least one year before
intervention

decision gate: go / adjust / stop on measured results ----=--------

Integration of SCADA and condition monitoring (IEC
Stage 3 61850 communication; CLC/TS 50701 cybersecurity
requirements)

decision gate: go / adjust / stop on measured results -------=-----

Energy management and load forecasting functions on

Stage 4 the pilot section
decision gate: go / adjust / stop on measured results ------=------
Stage 5 Digital twin and p.redlc.tlve control calibrated
against pilot data
decision gate: go / adjust / stop on measured results -------------
Independent evaluation against th line befor
Stage 6 dependent evaluation against the baseline before

any network-wide scaling

Fig. 2. Proposed phased framework for digital automation of traction power supply in Kazakhstan

The search used one open index; Scopus, Web of Science and IEEE Xplore were not
searched directly, so relevant records may have been missed. Screening used two passes, but
charting and appraisal one. Full texts were retrieved for only 5 of the 57 records assessed for
eligibility, so quantitative outcomes of the Chinese field studies could not be extracted. Official
Kazakhstani data on electrification systems, substation condition and SCADA were not available,
and no cost data were analysed.

Conclusion.

Measured operational evidence exists for reversible substations (Spain), wayside storage
(Japan and Russia) and protection-device data (South Africa); China provides field experiments
on converter-based energy management and adaptive storage control. Flexible substations,
learning-based energy management and digital twins rest mainly on models, and no field evidence
on the cybersecurity of traction power control was found.

For Kazakhstan, the available evidence is consistent with a staged approach that starts with
a digital audit and a measured baseline, then pilots monitoring and telecontrol functions and, on a
suitable DC section, wayside storage with transparent control rules. Transferability depends on

16 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
4.0 International License @ s




Industrial Transport of Kazakhstan. Vol.23 (3). 2026

information that is not yet publicly available, above all the electrification system by section, the
condition and communication capability of substations, and the grid-code rules for reverse power
flow. Further work should obtain these data from KTZ, repeat the search in subscription databases
and evaluate a pilot against a measured baseline.
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