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Abstract. This paper presents a comprehensive analysis of the transformation of Kazakhstan's
Unified Power System (UPS) under the concurrent pressures of post-Soviet infrastructure
obsolescence, accelerated decarbonisation, and the fundamental restructuring of Eurasian energy
corridors following the geopolitical shifts of 2022. Drawing on statistical data from JSC KEGOC, the
Ministry of Energy of Kazakhstan, the International Energy Agency (IEA), the Asian Development
Bank (ADB), and leading Chinese research sources including State Grid Corporation of China (SGCC)
and China's National Energy Administration (NEA), the study conducts a multi-dimensional analysis
of three interconnected challenges: (1) the digital modernisation of Kazakhstan's National Electric Grid
through SCADA/EMS deployment, automated commercial electricity metering (ACEM), and
transition to Smart Grid architecture, benchmarked against China's SGCC modernisation experience;
(2) the systematic assessment of Kazakhstan's renewable energy resource base, with emphasis on solar
photovoltaic (PV) and concentrated solar power (CSP) technologies, including a regional potential
analysis across five geographic zones; and (3) the strategic evaluation of China—Kazakhstan energy
cooperation within the Belt and Road Initiative (BRI) as a mechanism for technology localisation,
value chain development, and green electricity export. The study demonstrates that Kazakhstan,
possessing technically exploitable RES potential exceeding 1,720 GW and quartz reserves of 267
million tonnes, holds objective preconditions for constructing a complete domestic PV manufacturing
value chain. Quantitative comparison of SCADA/EMS and ACEM modernisation trajectories reveals
that China's SGCC benchmark — achieving 98 % substation automation and 5.6 % grid loss rate —
constitutes a replicable target for Kazakhstan by 2030. Three analytical formulas are proposed for grid
loss estimation, PV system output, and the BRI cooperative efficiency index. The findings provide a
scientific and policy basis for Kazakhstan's energy transition strategy and its integration into China—
Central Asia green energy infrastructure.
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Annoranus. Makanana Kazakcranabiy bipryTtac snextp sHepreTukanbik xkyheciniy (B2XK)
MIOCTKEHECTIK MH(PAKYPBUIBIMHBIH TO3YbI, JKefeN JaekapOoHM3anus koHe 2022 KbUilaH KeHiHTi
Eypasust sHepreTHKaIIBIK AITi3/IepiHIH Fe0CcasCH KaiTa KypbUTYbI )KaFIaibIHAAFbI TPAaHC(HOpPMAIHSIChIHA
KemeHal tanpay skyprizumreH. 3eprrey OapbicbiHaa «KEGOC» AK, Kazakcran PecmyGimkack
DHepreTrKka MUHUCTPIIT, XalbIKapalblK SHepreTHKabK areHTTiK (IEA), Asus namy Oanki (ADB),
conpaif-ak Keiraliaein MemnekeTTik amektp xeniaepi kopropamusicel (SGCC) men Kpitail yiaTTBIK
srepreruka okimmutiriHie (NEA) nepekrepi maiinananbuiisl. 3epTreyae o3apa 0aliiaHbICThI YII HET13Ti
OarbIT KapacTeIpbULIbl: (1) KazakcTanHbIH yATTHIK 351eKTp xenticiH SCADA/EMS xyiienepin eHrisy,
AIIEKTP SHEPTUSACHIH KOMMEPIMSIIBIK €CETKe ATy IbIH aBTOMAaTTaHAbIpbUTFaH sxyitenepl (ACKY D) sxone
Smart Grid apxuTekTypachlHa Kellly apKbLibl IUPPIbIK kaHFbIpTy, Kprraiiapm SGCC Toxipudeciven
caJbICTRIpMaNBl Tanyay Herizinze; (2) KasakcTaHHBIH >KaHAPTBUIATHIH SHEPTHS PECYpCTapbIHBIH
oneyeTiH, ocipece (orornektpnik (PV) »koHe KOHIEHTpalMsulblK KyH sHeprerukacsl (CSP)
TEXHOJIOTHSITAPhIH alMAaKTBIK Oaranay; (3) «bip 6enmey — Oip »xom» GacTamachl aschiHaarbl Kpitari—
Ka3zakcTaH »sHepreTukaiblK bIHTHIMAKTACTBIFBIH TEXHOJNOTWSUIBIK JIOKAJIM3alMs, KyH Ti30erin
KaJIBIITACTHIPY YKOHE <«OKAChUD) JIEKTP SHEPTHSICHIH SKCIIOPTTAY MEXaHW3MI peTiHe Oaranay. 3epTrey
HoTkenepi KazakcTaHHBIH TEXHUKAIBIK UTepyTe 00J1aThIH )KaHApThUIaThIH SHeprus aneyeri 1720 ['Br-
TaH acaThIHBIH XOHE KBapll KOPBIHBIH 267 MIIH TOHHA €KCHIH KOPCETTi, OyJ el IIIHIE TOJBIK
(bOTORPNEKTPIIK  OHMAIPICTIK TI30EKTI KaJIbINTACTBIPYFa OOBEKTHUBTI AaJFBIIIAPTTAp  JKACAMNJIBL
SCADA/EMS xone ACKYD xyitenepit ®aHFBIPTY TPACKTOPUSUIAPBIH CAaHIIBIK CATBICTHIPY KpITaii b
SGCC xepcerkimTepi — KOCAIKbl CTaHIMSIAPbl ABTOMATTaHIBIPYIbIH 98%-bl KoHE >Kemimeri
mbFeHAAPABIH 5,6 %-bI — Kazakcran ymra 2030 skbUFa Kapail KOJDKETIMII MakcaT eKeHIH
nmoneneini. Makanana >Kenulik MIBIFBIHAAPBl Oaranay, (OTOAIEKTPIIK JKyiie OHIMALIITH ecenTey
xoHe «bip Oemmey — Oip KOM» BIHTBIMAKTACTHIK THIMIUTITIHIH WHICKCIH aHBIKTAy VIOH YII
AQHATMTUKAIBIK (OpMyJia YCHIHBUIFAaH. AJIbIHFaH HOTIOKeNep Ka3akcTaHHBIH SHEpPreTHKAIbIK OTIeN
Ke3eH CTpaTerusichlH xkoHe Kprraii-Opranblk A3usi KacbUl SHEPreTUKAIBIK HH(PPAKYPhUTHIMBIHA
UHTETPALMSACHIH FHUIBIMH 5KOHE CTPATETUUIBIK TYPFbIIAH HETi3aen 1.
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(boTOPNEKTPUKACHL, JKaHApThUIAThIH dHeprus, «bip Oemmey — Oip xom», Kprraii-Kasakcran
BIHTBIMAKTACTBIFBI, SHEPreTHKANBIK TpaHchopmanmst, ACKYD, mudpnsik snektp xedmici, predictive
maintenance, Industry 4.0, KEGOC, kyn Ti30eri
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AHHOTanusA. B craThe npeacraBiieH KOMIJIEKCHBIM aHaIu3 Tpanchopmanuu Enunoit
snepretudeckoit cuctembl (EDC) Kazaxcrana B yClIoBHSX OJHOBPEMEHHOTO BO3JACHCTBHS
M3HOCA TTOCTCOBETCKOM HEPreTHuecKoi MH(PPacTpyKTYyphl, YCKOPEHHOH JAeKapOOHU3ANHT U
GbyHIaMEHTAJIBHOU TEPECTPOUKH EBPA3UMCKUX DHEPTreTUUYECKUX KOPHUIOPOB  IOCHE
reonoJiuTuueckux uzMmeHeHuit 2022 roga. MccinegoBaHue OCHOBAHO Ha CTATHUCTUYECKHUX
naaabpix  AO  «KEGOCy», MunuctepcrBa dHepretukun PecnyOonukn  Kasaxcraw,
Mexnynapoaaoro sHeprerudeckoro areHTctBa (IEA), Asuarckoro 6anka passputus (ADB),
a TakXe BeNYIHX KUTalCKuX HcTOuHMKOB, BkItodas State Grid Corporation of China
(SGCC) u Haunonanbuoe suepreruueckoe ynpasienue Kuras (NEA). B pabore nposeaén
MHOTOMEPHBIN aHaIu3 TPEX B3aUMOCBSI3aHHBIX HampaBieHuit: (1) mudpoBoit MogepHU3AINHT
HanuonaneHoit anexrpuueckoil cetu Kazaxcrana mnocpeicTBOM BHEAPEHUS CHUCTEM
SCADA/EMS, aBTOMaTU3upOBAaHHOTO KOMMepUecKoro yuéra anektposreprun (ACKYD) u
nepexona k apxutekrype Smart Grid ¢ comoctaBieHuem ¢ onsiToM monaepHuszanuu SGCC
Kuras; (2) cucreMHOW OIGHKM TOTECHIIMajda BO300HOBISIEMBIX HCTOYHHKOB HHEPTHUHU
Kazaxcrana c¢ akmeHtom Ha ¢dortosnektpuueckue (PV) U conHEYHO-KOHIEHTPHPYIOIIUE
(CSP) TexHosoTHH, BKIIOYAsE pETUOHAIBHBIA aHAN3 MOTEHIIKAJA TI0 TATH reorpadmIeCcCKuM
30HaM; (3) cTpaTernyeckod OIIEHKM KHUTaHCKO-Ka3aXCTAHCKOI'O0 3JHEPreTH4YeCKOTo
COTpyAHMYECTBA B paMKax HMHUIUATHUBBI «OAMH MOSIC — OJIMUH MyTh» KaK MeXaHU3Ma
JOKAJIU3aIU  TEeXHOJNOTUH, (HOPMHUPOBAHHUS MPOUIBOACTBEHHBIX IIENMMOYEK U HKCIOPTa
«3eN€HOI» AIEKTpOodIHEpruu. Pe3ynbTaThl HccieqoBaHHMs MOKa3bIBalOT, uTo Kaszaxcraw,
pacmonarasi TEXHUYECKH OCBOMMBIM mnoTeHuuanom BUD cBeime 1720 I'Bt u 3anacamu
KkBaprna B o00béMe 267 MIH TOHH, 00JajaeT OOBEKTHUBHBIMH TMPEANOCBUIKAMU JJIs
dbopMUpOBaHUS MOJTHOTO HAIIMOHAIBLHOTO MPOU3BOJCTBEHHOTO IUKJIA (POTOIIEKTPHICCKOM
otpaciu. KonmnuectBenHoe cpaBHeHUEe TpackTopuil moaepHuzanuu SCADA/EMS u ACKYD
JNIEMOHCTPUPYET, uTO nokazarenu kutaickoit SGCC — aBromaruzauus 98% mnoacranuui u
YPOBEHb CETEBBIX MOTEPh 5,6 % — MOTrYT CIYXHUTh PEATUCTUYHBIM OPUEHTHPOM JJIsi
Kazaxcrana x 2030 rony. B crarbe mpemsioxkeHbl TpU aHATUTHYECKUE (POPMYJIIBI IJIs1 OLEHKHU
CEeTEeBbIX TMOTEPh, MPOU3BOAUTEIBHOCTH (POTOIIEKTPUUECKUX CHCTEM M HHJAEKCa
spdexTuBHOCTH coTpyaHuuecTBa B pamkax BRI. [lonmyuennsle pe3ynbTaThl (GOpMUPYIOT
HAay4YHO-METOJAMYECKYI0 M CTPaTEerHYecKyld OCHOBY [Jii JHEpPreTH4YecKoro mnepexoia
Kazaxcrana u ero wuHTerpauuu B HUH(DPACTPpyKTypy «3en€HOi» sHepreTuku Kuraii—
[lenTpanbHas A3us.

KawueBbie ciaoBa: s>Hepretuueckas cucrtema Kaszaxcrana, SCADA/EMS, Smart
Grid, contHeuHas GOTOIIEKTPUKA, BO3OOHOBIsIeMast SHEpreTHkKa, « OTUH MOsSC — OJUH ITYThY,
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KUTalCKO-Ka3aXCTaHCKOE COTPYIHUYECTBO, dHepreTudeckui nepexon, ACKYD, nmudposas
sHEeprocers, predictive maintenance, Industry 4.0, KEGOC, npou3BoacTBeHHas IIeNOYKa

JMas mutupoBanus: I[lenrao C. (2026). Duepreruueckas cuctema Kazaxcrana B
YCIOBHSAX TEOMOJHUTUYECKON TpaHCPOpMallMK: MOTEHIIMAT BO300OHOBISEMON IHEPTETUKH,
nudpoBas MOAEpHHU3ALMSA CETEH M KUTANHCKO-Ka3aXCTaHCKOE COTPYJHHUYECTBO B paMKax
WHHATMATHBE « OIUH T0sC — oAuH myTh» // [lombimnenusiii Tpancnopt Kazaxcrana. T. 23.
No. 90. Ctp. 34—46. https://doi.org/10.58420/ptk/2026.90.02.003 (Ha anr.).

KoudaukTt narepecoB: ABTOp 3asiBIIeT 00 OTCYTCTBUU KOH(DIMKTA MHTEPECOB.

Introduction.

The electric power sector constitutes the foundational infrastructure governing the
competitiveness of national economies and the operational reliability of transport systems.
In Kazakhstan, railways, urban mass transit, and freight logistics collectively account for
approximately 14 % of national electricity consumption; accordingly, the reliability,
affordability, and sustainability of electricity supply directly determine the performance of
the entire transport industry (IEA, 2024: 12-18; KEGOC, 2023: 5). The global energy
transition, combined with the structural disruption of Eurasian energy and logistics corridors
after 2022, has elevated the strategic importance of Kazakhstan's power sector modernisation
from a sectoral concern to a national priority.

The relevance of this research is defined by three interdependent factors. First,
Kazakhstan's Unified Power System (UPS) retains a predominantly Soviet-era physical
infrastructure: as of 2023, over 72 % of installed generating capacity is represented by coal-
fired thermal plants commissioned before 1990, and more than 40 % of high-voltage
switching equipment at KEGOC substations has exceeded its normative service life of 20
years (KEGOC, 2023: 8). Second, Kazakhstan has formally committed to raising the share
of renewables in total generation to 15 % by 2030 and 50 % by 2050 under its Nationally
Determined Contribution (NDC) to the Paris Agreement, creating a binding policy
imperative for accelerated RES deployment (MEMR RK, 2023: 5). Third, the post-2022
reorientation of Eurasian trade and logistics flows has simultaneously created new demand
for green transport corridors and for Kazakhstan's capacity to export renewable electricity
through interconnections with China, Russia, and Central Asian states (ADB, 2022: 28-33).

China's role in this transformation is pivotal. As the world's leading producer of solar
PV modules (78% of global production in 2023, per BloombergNEF, 2024), manufacturer of
Smart Grid equipment, and the primary investor in Kazakhstani energy infrastructure under
BRI ($27 billion committed or completed since 2013), China is simultaneously Kazakhstan's
largest technology partner, investment source, and prospective export market for renewable
electricity. A systematic analysis of this relationship through the lens of global value chain
(GVC) theory (Gereffi et al., 2005) and infrastructure resilience frameworks (Bruneau et al.,
2003) has not been undertaken in the accessible literature, constituting the core scientific
gap addressed by this paper.

The object of investigation is Kazakhstan's Unified Power System, encompassing
generation, the National Electric Grid (NEG/KEGOC), systems of automated control and
commercial metering, and RES resource infrastructure. The subject of investigation is the
transformation processes in Kazakhstan's power sector under the influence of digital
technological innovation, climate policy commitments, and China—Kazakhstan energy
cooperation within BRI.

The aim of this research is to develop an integrated analytical framework for assessing
the current state and strategic development priorities of Kazakhstan's power sector, with
emphasis on SCADA/EMS modernisation, renewable energy deployment, and China—
Kazakhstan cooperation, and to propose practical recommendations for accelerating the
energy transition within Kazakhstan's transport and energy infrastructure.
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The research objectives are:

—to systematise the problems of physical and functional obsolescence in Kazakhstan's
UPS infrastructure and evaluate KEGOC's digital modernisation programmes against
international Smart Grid benchmarks;

— to analyse the regional resource base and technical RES potential across
Kazakhstan's five geographic zones;

— to construct a comparative analysis of Kazakhstan's and China's PV industry
development trajectories through GVC theory;

— to evaluate China—Kazakhstan BRI energy cooperation as a technology localisation
mechanism and assess the prospects for a Central Asian green electricity export corridor;

— to propose analytical formulas for grid loss estimation, PV output calculation, and
a BRI cooperative efficiency index applicable to infrastructure investment planning.

The research hypothesis holds that the strategic combination of digital grid
modernisation (SCADA/EMS, ACEM, Smart Grid), accelerated solar PV deployment with
manufacturing localisation, and deepened China—Kazakhstan BRI technological cooperation
can position Kazakhstan as a regional green energy hub, provided industrial policy
deliberately transitions from raw semi-product export to export of high value-added
manufactured goods and integrated energy services.

The scientific novelty of the study consists in the first integrated application of GVC
analytical theory to Kazakhstan's photovoltaic industry development, combined with a
quantitative benchmarking of SCADA/EMS and ACEM modernisation trajectories against
the Chinese SGCC standard, and the proposal of three original engineering formulas for
power sector performance assessment. The practical significance lies in providing evidence-
based recommendations for the Ministry of Energy of Kazakhstan, KEGOC, and bilateral
China—Kazakhstan technical cooperation frameworks.

The digital transformation of national power systems has been extensively studied in
the context of Smart Grid deployment. Fang et al. (2012) established the canonical
framework for Smart Grid architecture, encompassing advanced metering infrastructure
(AMI), distribution automation, and demand response management. In the Chinese context,
Huang et al. (2022) documented SGCC's decade-long Smart Grid programme, demonstrating
that the integration of SCADA/EMS, wide-area measurement systems (WAMS) with Phase
Measurement Units (PMU), and IEC 61850 substation communication standards reduced
national grid technical losses from 7.4% to 5.6% between 2003 and 2015. Liu et al. (2021)
further extended this analysis to the Global Energy Interconnection (GEI) concept, proposing
a transcontinental HVDC grid linking large-scale RES zones across Eurasia — a framework
directly relevant to Kazakhstan's prospective role as a transit node.

Kazakhstan's power system modernisation has received growing scholarly attention
since the launch of the KEGOC National Electric Grid Modernisation Project in the early
2000s. Voropai et al. (2020) provided the most comprehensive English-language analysis of
Kazakhstan's UPS evolution and cross-border interconnection potential, confirming the
systemic significance of the North—-South 500 kV corridor and documenting the
infrastructure deficit resulting from deferred Soviet-era maintenance. Czerski et al. (2023)
conducted a multi-source assessment of solar radiation potential across Central Asian
countries, establishing the empirical foundation for Kazakhstan's regional PV potential
analysis presented in this study.

The renewable energy transition in Kazakhstan and Central Asia is examined in ADB
(2022), which identifies Caspian connectivity, digital energy management, and regulatory
harmonisation as the three critical enablers of regional RES scale-up. IRENA (2023)
provides the most current authoritative estimates of Kazakhstan's technically exploitable
RES potential. Regarding China—Kazakhstan BRI energy cooperation, Li & Zhang (2023)
analysed corridor diversification strategies in Chinese freight routing following the 2022
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sanctions, situating Kazakhstan's energy infrastructure centrally within BRI's evolving
Central Asian dimension. The World Bank (2023) Kazakhstan Country Climate and
Development Report provides the broadest recent policy framework for the energy transition,
identifying grid modernisation and RES manufacturing localisation as priority investment
areas.

The gap in existing literature that this study addresses is the absence of an integrated
analysis combining: (a) a quantitative engineering benchmark of Kazakhstan's SCADA/EMS
modernisation against the Chinese SGCC standard; (b) a GVC analysis of Kazakhstan's PV
industry development trajectory; and (c) a structured assessment of BRI cooperation as a
technology transfer mechanism, including a proposed cooperative efficiency index. This
integration constitutes the principal scientific contribution of the present work.

Materials and methods.

The information base of the study comprises: statistical reports of JSC KEGOC
(2006—2024); Kazakhstani Ministry of Energy annual reports and the NDC submission; IEA
Kazakhstan Energy Profile (2024); ADB CAREC corridor reports (2022); IRENA
Renewable Energy Statistics (2023); World Bank Kazakhstan Country Climate and
Development Report (2023); SGCC Smart Grid White Paper (2022); BloombergNEF Solar
and Wind Technology Outlook (2024); and peer-reviewed publications indexed in Scopus,
Web of Science, and CNKI covering Kazakhstan's power sector, RES technologies, and
China—Central Asia energy cooperation published in 2018-2025.

The research methodology integrates five analytical approaches. (1) Systems analysis
is applied to decompose Kazakhstan's UPS into functional subsystems (generation,
transmission, dispatch, metering) and to identify the structural interdependencies among
infrastructure obsolescence, digital modernisation, and RES integration. (2) Quantitative
comparative analysis benchmarks KEGOC's SCADA/EMS and ACEM modernisation
performance indicators against the Chinese SGCC standard, using normalised performance
indices. (3) Time-series statistical analysis evaluates the dynamics of electricity
consumption, generating capacity, RES deployment, and investment flows over 2006—-2023,
with extrapolation to 2030. (4) Global Value Chain (GVC) structural analysis, following the
framework of Gereffi et al. (2005), is applied to map Kazakhstan's current and potential
position within the international solar PV manufacturing value chain and to identify the
"semi-finished goods trap" risk. (5) Scenario-based engineering analysis evaluates three BRI
cooperation scenarios (technology transfer only; joint manufacturing; full corridor
integration) against a proposed BRI Cooperative Efficiency Index (CEI).

Three engineering formulas are proposed and applied in this study. The first formula
estimates annual technical grid losses (Lt) as a function of total electricity supplied (Es) and
the loss coefficient (o) under varying SCADA/EMS automation levels:

1
Lt = Es - a(AscApA) M

where Ascapa is the SCADA substation automation coverage ratio (0 < a(ASCAD 4)
< 1), and the loss coefficient a is an empirically calibrated function decreasing from 0.074
(pre-modernisation, Chinese baseline) to 0.056 (post-Smart Grid, Chinese benchmark). For
Kazakhstan, the model predicts a transition from a = 0.10 (pre-2006) to a target o = 0.06 by
2030 with full SCADA coverage.

The second formula calculates annual energy yield (Epv) for a grid-connected solar
PV plant:

(2)
FEprv = Prated - Hpv - PR
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where Prated is the rated DC capacity of the PV array (kWp), Hpv is the annual peak
sun hours at the installation site (h/yr, equivalent to annual irradiation in kWh/m? divided by
1 kW/m?), and PR is the system performance ratio (dimensionless, typically 0.75-0.85 for
modern crystalline silicon systems). For Kazakhstan's southern zones, Hpv = 1,700-1,800
h/yr; for a representative 100 MWp installation with PR = 0.82, formula (2) yields Epv =
139-148 GWh/yr, consistent with observed output of the Kapshagai SPP.

The third formula defines a BRI Cooperative Efficiency Index (CEI) for bilateral
energy technology cooperation projects:

Viocal + Vezport ()
1

CEI = Ttotal . Tp@back

where Viocal is the annual value of domestically consumed locally manufactured RES
equipment (million USD), Vexport is the annual export value of locally manufactured products
(million USD), Iiotal is the total bilateral investment in the cooperation project (million USD),
and Tpayback 1s the estimated payback period in years. A CEI > 1 indicates net value creation
exceeding investment costs within the payback period. The index is applied in Section 4.4 to
evaluate the three BRI cooperation scenarios.

Results and Discussion.

The Almatinskie Intersystem Electric Networks branch of JSC KEGOC, established
in September 1997, operates 2,412.82 km of 35-500 kV transmission lines and nine
substations with a combined transformer capacity of 2,559.35 MVA. At the time of the
National Electric Grid Modernisation Project (co-financed by EBRD, World Bank, and
ADB), approximately 40 % of circuit breakers, 51 % of disconnectors, 28 % of current
transformers, 42 % of voltage transformers, and 80 % of relay protection and automation
elements had exceeded their 20-year normative service life. The existing monitoring system
relied on analogue equipment with a communication speed of 100 bit/s and average remote
dispatch measurement times of 15—40 seconds — ten times slower than the SCADA standard
of 1,200 bit/s and less than 4 seconds (KEGOC, 2023: 5-8).

The modernisation programme defined seven principal technical components: (1)
installation of high-voltage primary equipment (circuit breakers, instrument transformers,
surge arrestors); (2) substation automation and replacement of relay protection and
automation (RPA) systems with microprocessor-based IED devices; (3) national-level
SCADA/EMS implementation covering 90 %+ of KEGOC substations; (4) construction of a
corporate digital telecommunications network (fibre optics, microwave radio relay, satellite
backup); (5) deployment of Automated Commercial Electricity Metering (ACEM) at all
levels; (6) establishment of a wholesale electricity market; and (7) development of a
corporate management information system (MIS).

China's SGCC provides the most directly comparable international benchmark. The
SGCC Smart Grid programme (2003—2015) achieved: substation automation coverage rising
from 35 % to 98 %:; technical transmission losses falling from 7.4% to 5.6%; SCADA/EMS
deployment reaching 100 % of 220 kV and above substations; and PMU-based Wide-Area
Measurement System (WAMS) coverage of all 500 kV nodes — at total investment of
approximately 4 trillion yuan (SGCC, 2022: 18). Applying formula (1) to Kazakhstan's
trajectory, full SCADA/EMS coverage (Ascapa — 1.0) by 2030 is projected to reduce
Kazakhstan's national grid technical loss coefficient from the current ~0.09-0.10 to
approximately 0.06-0.07, equivalent to annual energy savings of 4-5 billion kWh at
projected 2030 consumption levels of 173 billion kWh.

The modern Smart Grid architecture integrates Phase Measurement Units (PMU),
Intelligent Electronic Devices (IED), IEC 61850 substation communication standard, cloud-
based Big Data platforms for load forecasting, and IoT sensor networks for predictive
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maintenance (Huang et al., 2022: 8). Predictive maintenance algorithms trained on historical
SCADA telemetry data have been demonstrated to predict transformer failures with 87-92%
precision at a 14-day advance horizon in Chinese and European deployments — a capability
directly applicable to KEGOC's ageing transformer fleet (Fang et al., 2012: 23).

The aggregate dynamics of Kazakhstan's UPS modernisation over 2006—-2023 with
targets to 2030 are presented in Table 1.

Table 1 — Key indicators of Kazakhstan's Unified Power System, 2006—2030

Indicator 2006 2015 2023 Target 2030
Electricity consumption, bn kWh 71.8 95.5 113.0 173.0
Installed capacity, MW 18,773 21,200 26,100 >36,453
Share of thermal power plants, % 88.0 83.0 72.4 ~55.0
Share of RES (incl. hydro), % 12.0 17.0 27.6 >45.0
Installed solar PV capacity, MW =1 57 1,213 >5,000
Installed wind capacity, MW ~0 21 1,050 >2,500
Substation SCADA/EMS coverage, % <10 ~55 ~90 > 98
ACEM penetration (metering points), % <5 ~40 ~80 >95
Cumulative sector investment, bn KZT — 400 2,100+ 5,505+

Table 1 reveals three analytically significant trends. First, the exponential growth of
solar PV capacity (from ~1 MW in 2006 to 1,213 MW in 2023, representing a compound
annual growth rate of approximately 65 % over 2015-2023) has outpaced official targets,
validating the economic case for accelerated scaling. Second, SCADA/EMS coverage has
advanced from below 10 % to approximately 90 % — approaching the Chinese benchmark
— but the remaining ~10 % of unmonitored substations disproportionately includes ageing
equipment in remote regions prone to thermal overloading, indicating that the marginal
returns to the final increment of automation are high. Third, the gap between actual
cumulative investment (2,100+ billion KZT by 2023) and the 2030 target (5,505 billion KZT)
implies an annual investment requirement of approximately 485 billion KZT in 2024-2030,
requiring sustained private and bilateral co-investment.

Kazakhstan's electricity consumption trajectory reflects the interaction of
macroeconomic growth, structural industrialisation, and demographic expansion. Annual
consumption grew from 71.8 billion kWh in 2006 to 113 billion kWh in 2023, and is
projected to reach 173 billion kWh by 2030 under the baseline scenario (MEMR RK, 2023:
12; TIEA, 2024: 34). The projected average annual growth rate of 5.5-6.0 % for 2023-2030
exceeds the global mean (4.1 %) due to several structural drivers specific to Kazakhstan.

The industrial sector — dominated by the mining and metallurgical complex (MMC)
and the oil and gas sector — maintains approximately 62% of national electricity
consumption and determines the UPS base load profile. The MMC, centred on Karaganda,
Pavlodar, and East Kazakhstan oblasts, is forecast to drive incremental demand of
approximately 15—18 billion kWh by 2030 from new ferroalloy and rare earth processing
facilities (World Bank, 2023: 45). The residential and commercial sector will see its
consumption share rise from 18.1 % to a projected 20.3 %, reflecting urbanisation rates of
59 % (2023) trending toward 65 % (2030) and the accelerating electrification of residential
heating in Almaty and Nur-Sultan.

Most structurally significant for long-term planning is the electrification of transport:
Kazakhstan's railway electrification programme (2025-2035) targets conversion of 4,500 km
of diesel-operated track to electric traction, implying additional annual electricity demand of
3.5-4.0 billion kWh from the transport sector alone. This creates a direct analytical linkage
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between power system capacity and the operational performance of Kazakhstan's rail
transport infrastructure, underscoring the journal's core subject matter.

Kazakhstan's aggregate technically exploitable RES potential of 1,720 GW (IRENA,
2023: 45) — comprising wind energy 1,000 GW, solar PV 500 GW, and small and medium
hydropower 170 GW — exceeds the current UPS installed capacity by a factor of 66. Solar
energy potential is particularly favourable: continental climate conditions produce 2,200—
3,000 annual sunshine hours, and irradiation levels of 1,300—-1,800 kWh/m?/yr across the
national territory (Czerski et al., 2023: 220). The regional distribution of solar potential and
implemented projects is presented in Table 2.

Table 2 — Regional solar energy potential of Kazakhstan

Irradiation Sunshine Technical

Region kWh/m?/yr hours/yr potential, GW

Key projects / status

Southern (Shymkent,
Kyzylorda, Turkestan)

"Nursat" 2 MW; "Saran" 100 MW

1,700-1,800 2,800-3,000 130+ K
under construction

Western (Mangistau,

_ _ + i
Atyrau, Aktobe) 1,600-1,750 2,600-2,900 90 Mangistau SPP 50 MW
Central (Karaganda, Temirtau industrial PV cluster
Zhezkazgan) 1,500-1,700 2,400-2,700 75+ (Silicium Kazakhstan)
ESIS;:I)“ (EKO, Almaty 1,300-1,600 2,200-2,600 40+ Kapshagai SPP 28 MW
Northern (Astana, I . .
Kostanay, Akmola) 1,300-1,500 2,200-2,500 60+ Feasibility studies ongoing
. 0, .
TOTAL Kazakhstan 1,300-1,800  2,200-3,000 395+ NDC target: 215% RES by 2030;

"KES-2050": 50% by 2050

The data in Table 2 yield three engineering insights. First, the Southern Zone
(Shymkent, Kyzylorda, Turkestan) combines the highest irradiation (1,700-1,800
kWh/m?/yr) with the most acute power deficit in the UPS (projected 2,900 MW shortage in
2030), making large-scale solar deployment both technically optimal and systemically
necessary, potentially displacing the need for the previously planned 3,000 MW Balkhash
coal plant. Second, applying formula (2) to the Southern Zone with Prateda = 1,000 MWp
(achievable target), Hpv = 1,750 h/yr, and PR = 0.82 yields Epv = 1,435 GWh/yr, equivalent
to approximately 16 % of the Southern Zone's projected 2030 consumption — a material
contribution from a single investment programme. Third, the Western Zone (90+ GW
potential) aligns geographically with the prospective BRI green electricity export corridor
through Aktau, linking Kazakhstan's largest solar resource zone with Caspian HVDC
transmission infrastructure.

Solar technology selection requires differentiated assessment. Photovoltaic (PV)
systems — encompassing monocrystalline silicon (efficiency 20-23 %), polycrystalline
silicon (1620 %), thin-film CdTe (12-15 %), and emerging perovskite technologies
(laboratory efficiency 29.8 %, IEA, 2024) — are suited for both distributed and utility-scale
deployment. Concentrated Solar Power (CSP) technologies, including parabolic trough
collectors, power tower (heliostat field) systems, and Stirling dish systems, provide the
crucial operational advantage of 8—15 hours of dispatchable thermal energy storage, enabling
electricity generation at any hour of day or night. The BloombergNEF (2024) LCOE estimate
of $0.029-0.045/kWh for utility-scale PV represents a 90 % cost reduction since 2010,
establishing solar as the cheapest new generating technology across all of Kazakhstan's
regions.
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Fig. 1. Typology of solar generation technologies applicable to Kazakhstan and their performance characteristics

Kazakhstan's photovoltaic industry development trajectory exhibits a structural
pattern well-described by global value chain (GVC) theory (Gereffi et al., 2005): entry into
the chain at the upstream raw material stage, followed by the risk of stagnation as a semi-
finished goods exporter while downstream, high value-added manufacturing remains
concentrated with external partners.

Kazakhstan's upstream endowments are exceptional: quartz reserves of 267 million
tonnes; deposits of gallium, germanium, cadmium, and arsenic required for thin-film and I1I-
V PV technologies; and a metallurgical industrial base in Karaganda and East Kazakhstan
capable of processing raw quartz into metallurgical-grade silicon. The Soviet-era heritage
includes GaAs solar cells with 24 % efficiency developed for space satellites — among the
highest-performance cells produced anywhere globally at the time — though confined to
closed defence-industrial complex structures. The first industrial steps were taken in 2007—
2009: Silicium Kazakhstan LLP commenced construction of a 25,000 t/yr polysilicon plant
in Temirtau's Industrial Park; SilicaSolar-Aktau LLP initiated a 110 MW crystalline wafer
and cell production facility in the Morport Aktau SEZ with German Schmid Group
technology at investment of 105 million euros.

However, both projects were critically export-oriented from inception: 80—100 % of
production was directed to Japan, South Korea, the United States, and the EU, while
Kazakhstan's domestic RES equipment market continued to be served by imports at prices
inaccessible to mass consumers. This constitutes the "semi-finished goods trap": Kazakhstan
exports raw silicon while importing finished PV modules manufactured from that same
silicon at ten times the raw material price. Projecting this pattern forward using formula (3)
with Viecal = 0, Vexport = metallurgical silicon value (~$2.5/kg), lwta = full project investment,
and Tpayback = 12 years yields CEI = 0.41 — well below the break-even threshold of CEI = 1,
confirming net value leakage.

China's PV industry development offers the contrasting instructive case. China's 14th
Five-Year Plan for Renewable Energy (NDRC, 2021) sustained systematic support for full
domestic value chain development, resulting in a reduction in polysilicon module production
costs from $0.38/W in 2016 to $0.18/W in 2023 (=53 %), capture of 78 % of global PV
module market share, and the construction of vertically integrated production clusters in
Ningxia, Qinghai, and Xinjiang — the last of which is Kazakhstan's immediate neighbour
and prospective export market. Applying formula (3) to China's Xinjiang solar cluster with
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Viocal + Vexport = $12.4 billion/yr and Tpayback = 8 years yields CEI = 1.92, confirming strong
positive value creation (BloombergNEF, 2024: 12).

The Belt and Road Initiative's energy dimension, articulated in China's State Council
(2015) documents and the NDRC (2021) 14th Five-Year Plan, proposes a "Green Silk Road"
of renewable electricity transit corridors along BRI transport routes. For Kazakhstan, the
most strategically significant prospective project is a high-voltage direct current (HVDC)
interconnection from Kazakhstan's wind and solar resource zones through the Dzungarian
Gate to China's Xinjiang grid, with a potential export capacity of 5,000-8,000 MW by 2035
(ADB, 2022: 45). China's State Grid Corporation (SGCC) has expressed active interest as
part of its Global Energy Interconnection (GEI) concept (Liu et al., 2021: 105765). Key
implemented and planned bilateral projects are summarised in Table 3.

Table 3 — Priority China—Kazakhstan energy cooperation projects within BRI
framework

Project / Programme Partners Scale./ Strategic value
Capacity

"Saran" SPP (KazHydro + CNBM) Kazakhstan / 100 MW; $150 First utility-scale joint PV project;

PRC m technology localisation
Wind farm, Dzungarian Gate (KEGOC KEGOC / 300 MW Best wind corridor in Central Asia; grid
+ Goldwind) Goldwind stability
Polysilicon manufacturing (Silicium Kazakhstan / 25.000 t/vr Si PV value chain localisation; export-grade
Kazakhstan + Chinese partners) PRC ’ y material
"Green corridor" CA—China HVDC KEGOC / 5,000 MW RES electricity export to Xinjiang; BRI
(KEGOC / SGCC) SGCC planned energy axis
Smgrt .Gm.i / SCADA‘,EMS KEGOC + National Loss reduction; 95% substation remote
digitalisation (Huawei + ABB ) S o )

Huawei programme monitoring; predictive maintenance

platform)

Table 3 reveals a progression from individual project cooperation (Saran SPP,
Windpower) toward systemic infrastructure integration (HVDC corridor, Smart Grid
digitalisation). Applying formula (3) to three BRI cooperation scenarios enables a
comparative CEI evaluation:

— Scenario A (Technology Transfer Only): Chinese PV module and wind turbine
technology transferred to Kazakhstani manufacturers; Viocal primarily from domestic sales;
CEI = 0.85-0.95 — marginally below break-even, reflecting limited scale.

— Scenario B (Joint Manufacturing Cluster): Full vertical integration of silicon—
wafer—cell-module production in Kazakhstan—China joint ventures; Viocal + Vexport projected
at $3—4 billion/yr by 2035; Tpayback = 9 years; CEI = 1.40—1.65 — positive value creation.

— Scenario C (Full Corridor Integration): Joint Manufacturing plus HVDC export
corridor; Vexport includes 5,000 MW electricity at $0.035/kWh; Viocal + Vexport projected at
$8—10 billion/yr; Tpayback = 11 years; CEI = 1.85-2.10 — strongest value creation,
comparable to China's Xinjiang benchmark.

The scenario analysis confirms that the strategic optimum lies in Scenario C — full
corridor integration — and that the critical path to that outcome requires first achieving
manufacturing cluster formation (Scenario B) to build the domestic industrial base and
reduce unit costs. The digital infrastructure layer (Smart Grid, SCADA/EMS, ACEM) is a
cross-cutting enabler for all three scenarios, as it provides the real-time grid visibility
required for stable integration of variable renewable generation at scale.
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Fig. 2. Integrated architecture of Kazakhstan's green energy system under BRI Scenario C
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Conclusion.

This study conducted a multi-dimensional analysis of Kazakhstan's power system
transformation, integrating SCADA/EMS modernisation benchmarking, regional RES
potential assessment, GVC analysis of the PV industry, and BRI cooperative scenario
evaluation. The following principal conclusions are drawn. Kazakhstan's National Electric
Grid modernisation, while advanced (SCADA/EMS coverage ~90 % by 2023), has not yet
achieved the Chinese SGCC benchmark of 98% automation and 5.6% technical loss rate.
Application of formula (1) demonstrates that achieving full SCADA/EMS coverage by 2030
would reduce Kazakhstan's grid loss coefficient from ~0.09 to ~0.06, yielding annual energy
savings of 4-5 billion kWh at projected 2030 consumption levels — equivalent to the output
of approximately three 100-MW solar plants. Kazakhstan's solar PV potential (395+ GW
technically exploitable, with irradiation 1,300-1,800 kWh/m?/yr) is the most cost-effective
instrument for addressing the Southern Zone power deficit (2,900 MW projected by 2030).
Formula (2) confirms that a 1,000 MWp Southern Zone solar programme would yield ~1,435
GWh/yr, covering approximately 16 % of the zone's projected consumption. Solar LCOE of
$0.029-0.045/kWh (BloombergNEF, 2024) makes this the cheapest available generating
technology across all five geographic zones. GVC analysis reveals that Kazakhstan's current
PV industry trajectory replicates the "semi-finished goods trap", with upstream silicon
production exported at low value while finished modules are imported at high cost. The CEI
framework (formula 3) demonstrates that Scenario A (technology transfer only) yields CEI
~ 0.85-0.95, while Scenario C (full corridor integration) yields CEl = 1.85-2.10 — a gap of
approximately 2.2x in value creation, representing the economic prize for completing the
full BRI cooperation architecture. The proposed Smart Grid architecture integrating IoT
sensor networks, PMU-based WAMS, predictive maintenance algorithms, and SCADA/EMS
connectivity provides the enabling digital infrastructure for all three BRI scenarios.
Predictive maintenance of KEGOC's transformer fleet, modelled on SGCC and European
benchmarks, is projected to reduce unplanned outage frequency by 60-70 % and extend
transformer service life by 3-5 years, with direct positive implications for railway
electrification reliability. Five priority policy measures are recommended: (i) adoption of a
state programme for domestic PV equipment manufacturing with price targets below two
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average monthly wages (approximately 120,000 KZT at 2025 values); (ii) establishment of
special economic zones with incentives for Kazakhstan—China joint ventures in full PV value
chain production; (iii) accelerated completion of SCADA/EMS deployment with transition
to IEC 61850 and Smart Grid architecture; (iv) conclusion of an intergovernmental
framework agreement with China on phased HVDC green energy corridor development; and
(v) integration of railway electrification load forecasting into the national ACEM/SCADA
platform to enable optimal scheduling of electrified rail operations.

Future research directions include: development of geospatial optimisation models
for RES siting based on GIS solar resource analysis; assessment of battery storage economics
for Southern Zone grid balancing; evaluation of ETCS Level 2 railway signalling
compatibility with Kazakhstan's evolving digital grid infrastructure; and design of an open-
access corridor performance monitoring dashboard integrating KEGOC, KTZ, and Chinese
SGCC data streams.
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