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INTELLIGENT FORECASTING OF RENEWABLE
GENERATION FOR DEFICIT REDUCTION
AND GRID STABILITY

The increasing penetration of variable renewable energy sources
creates new challenges for regional power systems characterized by
structural electricity deficits and dependence on external power transfers.
This paper develops an intelligent forecasting framework for wind and
solar power generation aimed at supporting power balance assessment and
grid stability analysis in the Almaty region of Kazakhstan. The proposed
approach combines historical meteorological data, renewable generation
profiles, and machine-learning algorithms to forecast variable renewable
energy output under different operating conditions. Forecasting models
based on time-series analysis and machine-learning techniques are
evaluated using standard accuracy indicators, including RMSE, MAE, and
MAPE. The forecasted renewable generation is further integrated into a
regional power balance assessment to estimate its potential contribution to
reducing electricity deficit and supporting operational planning. The results
demonstrate that intelligent forecasting can improve the predictability
of renewable generation, reduce uncertainty in dispatch decisions, and
provide a data-driven basis for renewable energy integration in deficit-
prone power systems. The study contributes to the development of practical
forecasting tools for emerging power systems with growing shares of

renewable energy.
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Introduction

The rapid expansion of variable renewable energy sources is changing the
operational logic of modern power systems. Wind and solar generation are no
longer marginal technologies added at the edge of the grid; in many countries,
they are becoming central components of generation adequacy, investment
planning, and power system security. However, their technical value depends
not only on installed capacity, but also on the ability of system operators to
anticipate their output with sufficient accuracy. Unlike conventional thermal
units, wind and solar power plants are governed by meteorological variability,
which introduces uncertainty into generation scheduling, reserve allocation,
voltage control, and transmission planning [1; 2]. This challenge is particularly
important for power systems where renewable energy development is occurring
in parallel with structural regional imbalances. Kazakhstan represents such a case.
The national power system remains strongly dependent on thermal generation,
while renewable energy is growing steadily. By the end of 2024, Kazakhstan
had 157 renewable energy facilities with a total installed capacity of 3,038.6
MW, including 1,525.7 MW of wind power plants, 1,216.6 MW of solar power
plants, 295.2 MW of small hydropower plants, and 1.1 MW of bioelectric power
plants. Renewable generation reached 7.55 billion kWh in 2024, corresponding
to 6.4 % of total electricity production [3]. Although this share remains modest
compared with long-term decarbonization targets, the increasing penetration
of weather-dependent generation already requires more advanced tools for
forecasting and operational planning.
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Figurel — RES Installed Capacity [3]

The regional dimension of this problem is essential. Kazakhstan’s electricity
system is characterized by a spatial mismatch between generation and consumption.
Large conventional power plants are concentrated mainly in the northern part of the
country, while the southern regions experience increasing electricity demand and
dependence on power transfers. In 2024, national electricity consumption increased
by 4.3 % and reached 119,995.5 million kWh, while electricity consumption in
the Southern zone increased by 5.6 % compared with 2023 [3]. In 2025, this
trend continued: total electricity consumption reached 124,606.5 million kWh,
and the Southern zone accounted for 30,641.0 million kWh, or 24.6 % of national
consumption [4]. These figures indicate that the southern part of the system is not
merely a passive load area, but a structurally important region for future adequacy
and flexibility planning.

Almaty region is one of the most relevant examples of this transition. The
region combines growing electricity demand, proximity to major load centers,
and significant renewable energy potential. As of 2025, Almaty region had
23 operating renewable energy facilities with a combined installed capacity of
328.1 MW, including 8 hydropower plants with 25.78 MW, 9 wind power plants
with 142 MW, and 6 solar power plants with 160.365 MW [5]. This resource base
creates an opportunity to reduce regional dependence on external electricity supply.
At the same time, the variability of wind speed, solar irradiation, cloud cover,
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ambient temperature, and seasonal demand patterns makes renewable generation
difficult to use as a firm planning resource without reliable forecasting.

For this reason, renewable energy forecasting should be treated not as an
auxiliary data-processing task, but as a core element of power system operation
and planning. Accurate forecasting of wind and solar generation improves day-
ahead scheduling, reduces balancing costs, supports reserve management, and
helps system operators evaluate possible deviations between load and renewable
output. Recent studies show that machine-learning-based forecasting models can
capture nonlinear relationships between meteorological variables and renewable
power output more effectively than purely linear statistical methods, especially
when historical generation data, weather variables, and temporal features are jointly
considered [6]. Nevertheless, many forecasting studies remain focused on model
accuracy alone and do not sufficiently connect forecasting results with regional
power balance, import dependency, and grid stability indicators.

This paper addresses this gap by developing an intelligent forecasting based
on random forest method with framework for wind and solar power generation in
the Almaty region of Kazakhstan. The proposed approach combines meteorological
data, historical renewable generation profiles, and machine-learning techniques
to forecast variable renewable energy output.

Materials and methods

Research design

This study develops an intelligent forecasting framework for estimating
variable renewable energy generation in the Almaty region of Kazakhstan
and linking the forecasted output to regional power balance assessment. The
methodological design follows the logic that renewable energy forecasting should
not be treated only as a statistical prediction problem, but as an operational tool for
power system planning. In a deficit-prone region, the practical value of a forecast
is determined by its ability to reduce uncertainty in dispatch, reserve planning,
import dependency, and grid stability evaluation.

The proposed framework consists of four main stages. First, meteorological,
renewable generation, and power system data are collected and harmonized.
Second, statistical and machine-learning forecasting models are developed for
wind generation. Third, the forecasting performance is evaluated using standard
accuracy indicators. Finally, the predicted renewable generation is incorporated
into a regional power balance model to assess the contribution of wind and solar
power to deficit reduction.

Study area and power system context

The Almaty region was selected as the case study because it combines three
important characteristics: growing electricity demand, limited local generation
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capacity, and significant potential for wind power development. These conditions
make the region a suitable test case for evaluating the operational role of renewable
energy forecasting in a structurally constrained power system.

Unlike regions with abundant conventional generation, the Almaty region
depends partly on electricity transfers from other parts of the national power
system. Therefore, the integration of variable renewable energy sources must
be assessed not only in terms of installed capacity, but also in terms of hourly
availability, seasonal variability, forecast uncertainty, and their effect on the
regional power balance. This is particularly relevant for wind generation, whose
output depends strongly on meteorological conditions and cannot be dispatched
in the same way as conventional thermal units [7; 8; 9; 10].

Mathematical model for solar generation:

(1
where:
Ppy + — the power of the solar station at time t,
npy — efficiency of photovoltaic modules
Apy — area of PV modules
G ; —solar irradiation
S — temperature coefficient
Teennc— PV panel temperature
T,y — temperature
For wind generation:
0, v, < vy
3 3
Py = rz; — :}i Ve <V < Uy
B, Vv <V < Vg
0, Ve < Vg )

where:

V¢ — wind speed,

Vi — cut-in speed

U, — rated speed

V., — cut out speed

P. —nominal power of wind turbine

Random forest method

The Random Forest method [11] was applied as a machine-learning approach
for forecasting wind power generation based on historical meteorological and
operational data. Wind power generation is highly dependent on meteorological
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conditions and shows a nonlinear relationship with wind speed, wind direction,
air density, temperature, and atmospheric pressure.

The accuracy of the model was assessed using statistical error indicators
such as Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and the
coefficient of determination (R?). These indicators allow evaluation of how closely
the predicted values correspond to the actual measured wind power generation.

) (€)
MAE=-¥iL, (i —7)? 4)
MAX=max|y; — ¥, 5
221 _ ZimOii?
R e (6)

where n=1,2,...n; -actual values; 3, —predicted values, n-number of validation

In this study, the Random Forest method is used to forecast wind power
output because it can effectively capture nonlinear dependencies between input
variables and generated power without requiring strict assumptions about the
statistical distribution of the data.

(™)

Random forest based wind power forecasting model

The proposed model is a data-driven framework for forecasting wind power
generation under variable meteorological conditions. It combines time-series
weather data, historical renewable generation, Random Forest regression, scenario
generation, and power system analysis.

At the input stage, the model uses wind speed, wind direction, temperature,
humidity, atmospheric pressure, and previous wind and solar generation values.
These variables are preprocessed through data cleaning, missing value treatment,
outlier detection, normalization, and train-test splitting.
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Figure 2 — Overall model

The figure shows multiple regression trees. Each tree learns a different
relationship between meteorological variables and renewable power output. The
final forecast is obtained by averaging the outputs of all trees, which improves
robustness and reduces overfitting.

Results and discussion

To understand the objective patterns underlying the process of formation and
development of personal and professional competencies of social workers through
advanced training courses, it is necessary to clearly understand their model [12; 13].
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Figure 3 — Historical wind speed [14]

At previous research the wind speed forecast was investigated by Auto-
regressive moving average method (ARMA) in [14].

Using the same historical data, we apply random forest method in order to
evaluate the accuracy of this method.

Figure 4 — Prediction using random forest method

The Random Forest model reproduces the main dynamics of the historical
wind-speed profile with reasonable accuracy. The model captures the initial stable
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wind regime, the increase to the peak value of about 13 m/s, the subsequent rapid
decline, and the low-wind period near the end of the forecast horizon. Minor
deviations appear during sharp local fluctuations, which is expected for an
ensemble model that tends to smooth short-term variability.

Figure 5 — Random forest test performance

The Figure-5 show that the Random Forest model captures the general low-
wind regime but overestimates the actual wind speed during the final forecast
interval. While the observed values increase from about 2.5 to 3.6 m/s, the model
prediction remains nearly constant at around 3.6—3.7 m/s. This indicates that the
model smooths short-term variations and is less sensitive to rapid changes when
only a limited historical dataset is used. From a power-system perspective, such
overestimation is important because it may lead to an optimistic assessment of
available wind generation.

189



TopaiirspoB yHuBepcuTeTiHiH Xabapisicel. ISSN 2710-3420. Onepeemuxanvik cepusicol. Ne 3. 2026

Figure 6 — Wind contribution to deficit reduction

The graphs compare the regional electricity deficit before and after the
integration of wind power under the 100 % WPP scenario for winter and summer
operating conditions. In the winter scenario, the deficit without wind remains high
throughout the analyzed 48-hour period, generally ranging between 2,500 and
3,300 MW. After wind generation is included, the remaining deficit decreases
substantially, mostly to the range of 500-1,200 MW. This indicates that wind
power provides a significant contribution to deficit reduction, although it does
not fully eliminate the winter deficit. In the summer scenario, the impact of wind
power is even more visible. The deficit without wind varies strongly over time
and reaches more than 3,000 MW during several hours. With wind generation
included, the remaining deficit is sharply reduced and, in some hours, approaches
zero. This shows that wind power can cover a considerable part of the regional
shortage during favorable operating conditions.

Financing information

This work has been supported financially by the Science Committee of the
Ministry of Science and Higher Education of the Republic of Kazakhstan, grant
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Conclusions

The analysis of the generation scenarios demonstrates that wind power has a
substantial and quantifiable impact on the regional power balance of the Almaty
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region. Across both winter and summer operating conditions, higher wind power
penetration consistently reduces the remaining supply deficit and improves the
balance between local generation and regional demand.

In the winter case, the system remains structurally constrained even under
high wind availability. When WPP output increases from 20 % to 100 %, the
average remaining deficit decreases from approximately 1517 MW to 942 MW.
This corresponds to an average deficit reduction of about 68 %. The result is
technically significant: wind generation materially improves adequacy, but it
does not fully close the winter supply gap. This reflects the combined effect of
high seasonal demand, limited dispatchable local generation, and the variability
of renewable output.

The summer case shows a similar but slightly more favorable pattern. The
average remaining deficit declines from approximately 1342 MW under the
20 % WPP scenario to about 845 MW under the 100 % WPP scenario. The average
deficit reduction reaches approximately 65 %. In several hours, the remaining
deficit approaches zero, indicating that wind power can temporarily provide a major
contribution to regional self-sufficiency when weather conditions are favorable.

From a power engineering perspective, the results lead to an important
conclusion: wind power is not merely an additional energy source, but a strategic
resource for reducing regional import dependency and improving operational
adequacy. However, the persistence of a residual deficit under all scenarios
confirms that wind generation alone cannot guarantee full supply security. Its
variability requires complementary flexibility resources, including battery energy
storage, fast-ramping conventional generation, demand-side response, reserve
capacity, and accurate short-term forecasting.

Therefore, the integration of wind power in the Almaty region should be
planned as part of a coordinated system strategy rather than as an isolated capacity
expansion measure. The most reliable pathway is the combined deployment of wind
generation, storage, forecasting tools, and grid reinforcement. Such an approach
would allow renewable energy to contribute not only to decarbonization, but
also to regional adequacy, operational reliability, and long-term energy security.
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K. K. bexboramosa’, /. B. I pucopveé’,

A. A. Hypvimog®, JK. A. Kyamorcanos?

1234K. U. CotbaeB atbiHaarsl Ka3ak ynTTeik
3epTTey TEXHUKAIBIK YHUBEPCUTETI,
Kazaxcran PecrryOmikacel, AJIMaTHI K.
10.07.26 . 6acnara TYCTI.

30.07.26 x. Ty3eTyJepiMeH TYCTI.

03.09.26 >x. OacsIm mbIFapyra KaObUIJaH B

KIK OHJAIPICIH UHTEJVIEKTYAJIJIBI BOJIKAY
APKBLIBI TAITIIBLIBIKTHI ASAUTBII JIEKTP
JKYWUECIHIH TYPAKTBLUIBIFBIH APTTBIPY

AtiHbIMATBL HCAHAPMBIIAMBIE IHEpeUs KO30epiHiK YAeCiHiy apmybl
KYPbLIBIMObLE, DJIEKMP IHEPSUACHl MANUBLIbIZLIMEH JCOHE CbIPMKb
NEKMP IHEP2UACHL A2blHOAPbIHA MY eNOLNiciMeH CUNAMMANamblH OHIPIIK
9HEP2eMUKANbIK JCYllenep YUWiH Jdcana col-Kamepiep mybinoamaowl. byn
makanada Kazaxcmanuviy Anmamer oyipi mbicanvinoa Kyam 6aiaHCobiH
bazanayovl JHCoHe INeKMp AHCeNiCiHIH MmYypaKmulibl2blH Maidayobl
Konoayaa 6a2blmmanzan JHceil HCoOHe KyH SNeKmp IHepeUsCcbiH oHOipyoi
uHmennexmyanovl 6oaxcay aodicmemeci ozipaenedi. ¥coiHblieaH Mocin
OPMYPIL JHCYMBIC pedcumoepinde aHbIMANbl JHCAHAPMBLIAMbBIH IHEPIUs
K630epineH OHOIpilemin 31eKmp dHep2UACLIH O0NAHCAY YUIH Mapuxu
MemeopoNo2UANbIK 0epeKmepOi, HaHapmuliambvll IHep2Us oHOIpy
npounbOepin HcoHe MAUWUHATBIK OKbIMY al20pUmmOepin 0ipikmipedi.
Yaxwimmuix xamapaapowvr manoay scone MawuHanbik 0KbImy d0icmepine
Hezizoencen bonsxcay mooenvoepi RMSE, MAE swcone MAPE cusxmul
cmanoapmmsl 0d10IK Kepcemkiwmepi apkuvlivl bazananadvl. byoawn opi
OONIHCAH2AH HCAHAPMBLIAMBIH IHEP2UA OHOIPICI OHIPIIK Kyam OANaHCbIHA
OIpikmipinin, OHblY 271eKMp dHepUSACHl MANUBLIbIZbIH MOeMeHOemye2e
JHCOHE ONEPAYUSNBIK HCOCNAPAAYObL KOAOAY2A KOCAMBIH bIKIMUMANL Yaeci
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bazananaovl. Homuoicenep unmeniekmyanovl OONx#CAy HCAyapmulLiambiH
9Hepeus OHOIPICIHIK DONIHCAMOBLIbIZLIH APMMBIPLIN, OUCTeMYepliK
wewimoepoezi ben2iciz0ikmi a3aumoin, 2NeKmMp SHePSUACHl MANULLLIbI2b]
bap snHepeemuKanvlk Jcytienepoe JHcayapmuliamol dHepeus Ko30epin
uHmeepayuanay yuwiin depekmepee HezizoenzceH d0icmemenik Hezi3
KAIbINmacmolpamulHulh Kopcemeoi. 3epmmey dHcayapmoliambii IHepeUs
yaeci apmuin Keie JHcaman 0oCmypii dSHepeemuKanblk Jcyuenep yuin
Konoaubanvl 6013cay KypaioapvlH 0amsimyaa yiec Kocaobi.

Kinmmi ce3dep: uumennexmyanovl 60axcay, dHcayapmoliambsii
9Hep2UsAHbL NAUOANaHy 0bl DONICAY, AUHBIMAIBL HCAHAPMBLIATNBIH IHEPUS,
JHcesl IHeP2UACHIH Nadananyovl bonxcay, MawuHanblx oKblmy, Hcacanovl
UHMeNIeKm.

*IK. K. bexboramosa', /1. B. I pucopveé’,

A. A.Hypoimod®, JK. A. Kyamoicanog®
1234Ka3axcKkuil HAMOHAIBHBIN UCCIIE10BATEIbCKUN
texHuueckuil yuusepcuteT umenu K.M. Carnaesa,
Pecny6imka Kazaxcras, T. AnMaThI

IMoctynuno B penakuuio 10.07.26.

Ioctynuno ¢ ucnpasnenusmu 30.07.26.

IIpunsTo B neuars 03.09.26.

HHTEJJIEKTYAJIBHOE TPOI'HO3NPOBAHHUE
BUD JJIA CHUWXKXEHUA JEOULIUTA
U YCTOHMYHUBOCTH SHEPTOCUCTEMBI

Pacmywee pacnpocmpanenue pasiuuHwvlx 60300H08IAEMbIX
UCMOYHUKO8 dHepeuu c030aem Hosble NpobieMbl O PecUOHANbHBIX
IHEpeoCUCmeM, XapaKkmepusyiowuxcs cmpyKmypHoim 0eQuyumom
ANEKMPOIHEPSUL U 3ABUCUMOCHIBIO O BHELUHUX NOCHIABOK NEKMPOIHEPUL.
B daunnom Odoxymenme paszpabamvieaemcs uHMeNNEeKMYANbHAA
cucmema npoSHO3UPOBaHUs 01 6eMPOBOU U CONHEYHOU IHEPLeMUKU,
HANPAGIeHHAA HA NOOOEPAHCKY OYEHKU IHep2emuieckozo bananca u
aHanu3a cmabulbHOCMU SHeP2ocucmemvl 6 AIMAMUHCKOM pecuoHe
Kaszaxcmana. Ilpeonazaemsiii n00xo00 00veduHnsem ucmopudeckue
Memeoponozuteckue OanHvle, NPOPuUIU 80300HOBIAEMOL 2eHepayuu U
aAneopuUmMbl MAWUHHO20 00YYeHUs 0I5t NPOSHO3UPOBAHUS GbIPADOMKIL
IHepeuu U3 60300HOBNAEMbIX UCMOYHUKOB 6 PA3IUYHBIX YCA0BUAX
akenayamayuu. Mooenu npoeHo3upo8aHusl, OCHOBAHHbIE HA AHANU3E
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BPEMEHHBIX PAO0E U MEmOoO0ax MAUUHHO20 00YYeHUs, OYEeHUBAIOMCA
C UCNONb308AHUEM CMAHOAPMHBIX NnoKazameneu MOYHOCMU,
exnoyas RMSE, MAE u MAPE. Ilpoeno3upyemas 60300HO8IAeMAS
2enepayust OONOIHUMENLHO UHMEZPUPYEMCS 8 OYEHKY Pe2UOHANbHOZ0
IHepeemuuecko2o 6anianca 01 OYeHKU ee NOMEHYUAIbHO20 BKAA0d 8
cokpawjerue oedhuyuma 31eKmpoIHepeuU U NOO0EPAHCKY ONepamueHoO20
naanuposanus. Pezyremamul nokaswieaiom, 4mo unmeniekmyanbHoe
NPOCHO3ZUPOBANUE MOIHCEM NOBBICUNL NPEOCKAZYEMOCHb B0300HOBNAEMOU
2enepayuu, CHU3UMb HeONPeoeieHHOCHb NPU NPUHAMUU OUCNEMYEPCKUX
peutenuil u obecneyums OCHO8Y 01 UHMeZPaAYUuU 60300HOBIACMbIX
UCTNOYHUKOG IHEPIUU 6 IHEeP2OCUCMEMDbL, NOO0BepICEeHHble dePuyumy
anepeuu. Hccredosanue cnocobcmeyem paspabomke npaKkmuiecKux
UHCIPYMEHIO8 NPOSHOZUPOBAHUSL OJiS PA3BUBAIOUUXCS IHEPSOCUCTIEM C
pacmywjeii 0oell 60300HOGAAEMbIX UCHOYHUKOG IHEPUU.

Knwouesvie crnosa: unmeniekmyaibnoe npocHo3uposaHie,
NPOCHO3UPOBAHUE UCNONLI0BAHUS B0300HOBIAEMBIX UCHIOYHUKOS IHEPSUL,
nepemeHHas B0300H0BAEMAs IHEP2USL, NPOSHOZUPOBAHUE UCHOIb30BANUS
9HepeuU 6empd, MawuHHoe 00yyeHue, UCKYCCMBEHHbII UHMELTEeKM.
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