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Abstract — This study contributes a methodological 

framework for identification of a holistic model of 

power output by multiple renewable power plants 

integrated into a power system at locations with distinct 

meteorological and geographical conditions. The 

scenarios generated based on individual predictions 

relying on −k medoids clustering demonstrate better 

capturing of the variable nature of the total output 

from multiple renewable power plants. A case study of 

the integration of several renewable power plants into 

a power system is presented to show that the direct 

prediction of the total output by these green sources 

proves effective in cutting operational costs of the 

system, mostly by better serving the peak load demand. 

The methodological framework proposed in this paper 

can be used for online management of power systems 

with several different renewable power plants such as 

solar power plants, wind farms, and small hydropower 

plants. This approach also enables the estimation of the 

contribution of each source to the overall output. 

 

Index Terms — Power system, renewable energy 

sources, serving electricity demand, online 

management, load profile, aggregation of renewable 

power plants. 

I. INTRODUCTION 

The drastically increased penetration of renewables is a 

key factor defining the process of transformation of the 

power sector. Over the last four decades, the total output of 

electricity in the world has increased by more than 25% 

and the global installed capacity of power plants running 

on renewables reached as much as 3 870 GW in 2023. In 

2024, renewables accounted for over 90% of new capacity 

additions that total about 585 GW [1]. 

Among all renewables integrated into power systems 

around the world, wind farms (WF), solar power plants 

(SPP), and hydropower plants lead in renewable energy 

production. In 2024, the installed capacity of PV plants was 

at 1 900 GW, surpassing the capacity of nuclear power 

plants by a factor of 5 [2]; and that of wind farms reached 

over 1 000 GW [3]. Unlike conventional electricity 

sources, wind farms, solar power plants, and small 

hydropower plants (sHPP) are usually sited in the areas 

with 'critical' meteorological conditions where winds and 

solar radiation persist for extended periods of time, thus 

ensuring the availability of renewable energy potential in 

these locations. Power output of sHPP, WF, and SPP is 

indeterminate and stochastic as it depends on 

meteorological conditions in the areas of their installation. 

In order to offset the random fluctuations in the power 

system induced by intermittent renewable generation, the 

system is provided with an additional source of energy. 

The choice of the additional source depends on technical 

and economic capabilities of the system as well as 

meteorological conditions in given areas [4–7]. Stable and 
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efficient operation of power systems with integrated WF, 

SPP, and sHPP requires an in-depth analysis of intermittent 

power generation by these plants. This analysis should be 

complemented by forecasting models that reflect the 

current time and factor in meteorological data. 

The findings from the scenario analysis of 

complementarity of wind farms and solar power plants and 

their use to serve the demand in the power system parts that 

lack renewable generation are presented in [10–15]. Spatial 

and temporal changes in climate variables are examined in 

[16, 17] to prove that the ability to meet the demand in a 

power system with wind farms and solar power plants can 

be enhanced by the additional output resulting from 

complementarity of such plants located in the areas with 

diverse geographical and climate conditions. The studies 

[18–20] rely on correlation analysis of different 

geographical areas with operating wind farms and solar 

power plants to establish that in areas with higher 

penetration of wind power than in other areas with lesser 

penetration of renewables, adding solar power can help 

meet the demand and offset its intermittency [20–24].  

This study presents a methodological framework for 

identification of scenarios of joint generation for 

intermittent renewable energy sources placed in the areas 

with different geographical and weather conditions. 

II. METHOD FOR IDENTIFYING SCENARIOS OF COMBINED 

POWER GENERATION IN INDIVIDUAL POWER SYSTEM 

PARTS WITH WIND FARMS, SOLAR POWER PLANTS, AND 

SMALL HYDROPOWER PLANTS  

A. Cluster Analysis of Changes in the Output of Wind 

Farms and Solar PV Power Plants Given Meteorological 

Conditions of Areas and Their Integration 

At its core, the identification of aggregated generation 

relies on cluster analysis of stochastic processes governing 

intermittent output of wind farms, solar power plants, and 

hydropower plants to extract clusters with identical 

parameters that meet some specified criteria. 

Establishing relationships for the aggregated power 

output from wind farms, solar power plants, and 

hydropower plants connected to the power system in its 

different areas enables the identification of key defining 

features of models of such relationships. This approach 

filters out the effects of individual areas with integrated 

renewable power plants and groups the points of the power 

grid topology exhibiting similar patterns of power 

generation.  

Identification of scenarios of combined power output 

from power plants running on renewable energy is a key 

step in assessing prospective capacity additions of wind 

farms, solar power plants, and hydropower plants in the 

power system during the planning horizon. Cluster analysis 

proves effective in terms of precision and detail in 

capturing data on intermittency of renewable energy 

potential and weather conditions in geographical areas.  

This study leverages k-medoid clustering to identify 

patterns in power output of wind farms, solar power plants, 

and hydropower plants installed in the power system. The 

k-medoid clustering model can have the following form 

[19]: 
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where  D  is the distance between the current values of 

hourly changes and the medoid of each cluster;  kC  is the 

k-th cluster medoid;  n  is he number of measured 

parameters; ,n iw  is power outputs of renewable power 

plants, power system loads, wind speed, solar radiation, 

ambient temperature, etc. to be grouped into k-clusters 

( )k n ; i  is the number of renewable power plants. The 

clustering algorithm is applied separately to each 

renewable power plant and the entire area with installed 

wind farms, solar power plants, and hydropower plants.  

B. Algorithm for Choosing the Scenarios of the Most Cost-

Effective Capacity Additions of Wind Farms and Solar 

Power Plants to Meet the Expected Demand Growth in the 

Power System 

The optimization technique applied makes use of linear 

objective functions to evaluate possible expansion 

scenarios for wind farm, solar power plant, and 

hydropower plant capacities installed before 2024. The 

algorithm that relies on the above method proves 

exceptionally useful because it is simpler than its 

alternatives based on heuristic search techniques. The 

function of demand variability is treated as the “net” load 

netN  (the total demand less the total output by all 

renewable power plants). The subsequent period of the 

netN  increase by 
netN  implies the expansion of wind 
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farms, solar power plants, and hydropower plants during 

the same period combined so as to optimally serve the 

demand for 
netN . The objective functions utilized to 

identify scenarios of expansion for renewable power plants 

installed in the power system are as follows: 

1. The minimum mean square error of the random 

variable of annual change in the net load (
demandNS ) 

( ) minSO z → .       (3) 

2. The minimum mean square error of the net load by hour 

during the year:  

( )
2

1

( )

( )   min  
1

T
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SO z t
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=

−

= → 
−


,   (4) 

where )( () net hourz t N t=  is changes in the net load by 

hour during a single year; 8760T =  h; z  is the average 

hourly change in load by hour during a single year. 

Minimization of functions (3) and (4) has the following 

solutions: 

)( )    (year net year yearz t N t t=        (5) 

and 

1( )( ( ))  hour net net hh hz t N Nt t t−= −  .    (6) 

Solutions (5) and (6) meet the constraints on the annual 

power output of   renewable energy plants up to 30% of 

demand (under the assumption that by 2030 wind farms 

and solar power plants will serve up to 30% of demand in 

Azerbaijan's power system): 
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Fig. 1. Overall layout of operating intermittent renewable sources located in two regions of Azerbaijan. 

 
a)                                                                                     b) 

Fig. 2. Clusters of solar radiation in the regions of Absheron (a) and Karabakh (b). 
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,, , , , ,surplus WF SPP HPPz NL VRE VRE N N N NR , (11) 

where  1 2 8760,  ,...,   t t t t represents indices of the hourly 

power output from renewables by time;  1 2,  ,..., mit it it it  

is the number of renewable energy units at power plants; 

 1 2,  ,...,SPP SPP SPP SPPMr r r r ,  1 2 WFN,  ,...,WF WF WFr r r r , and 

 1 2 HPPK,  ,...,  HPP HPP HPPr r r r  are the number of areas with 

installed renewable power plants.   surplusVRE is surplus 

output of renewable power plants; ( )WFP t , ( )SPPP t , and 

) (HPPP t  stand for hourly generation from wind farms, solar 

PV power plants, and hydropower plants. In equations (7)–

(11), 
WFN  and 

SPPN  are the number of wind farms and 

solar power plants as determined by the optimization 

algorithm for wind and solar power output models. 

III. SCENARIO ANALYSIS OF COMBINED POWER OUTPUT 

OF WIND FARMS AND SOLAR POWER PLANTS FOR SUPPLY 

AND DEMAND PLANNING 

A. Key Data on Meteorological Conditions and Power 

Output of Wind Farms, Solar Power Plants, and 

Hydropower Plants in Individual Regions 

The installed capacity of the Azerenergy system is about 

7.5 GW, the largest share of which comes from gas turbine 

 
Fig. 3. Silhouette values of optimal numbers for clusters of wind speeds: (a) for the 1st cluster of radiation and loads; (b) for 

the 2nd cluster of radiation and loads. 

 
Fig. 4. Clustering by the total annual water flow rate (a) and flow rates for individual sHPPs (b). 
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thermal power plants (about 5.6 GW), followed by 

hydropower plants (1.4 GW). Wind farms, solar power 

plants, and small hydropower plants combined contribute 

0.5 GW. In 2004, renewable power plants generated 850 

mln kWh, of which 6% was generated by wind farms, 67% 

– by solar power plants, and 27% – by small hydropower 

plants. Wind and solar power potential is primarily 

concentrated in two major geographical and economic 

regions of the country: the Absheron region (including the 

coastal areas of the Caspian Sea) and the Eastern Zangezur 

region (including the Karabakh region). This is the reason 

for the placement of wind farms, solar power plants, and 

hydropower plants in those regions. Figure 1 shows the 

overall layout of wind farms and solar power plants in the 

regions of Absheron and Karabakh. As of 2023, there were 

two wind farms operating in the Absheron region, 

including the 240 MW Khizi-Absheron wind farm and the 

50 MW Yeni-Yashma wind farm. The Karabakh 

renewable power plants connected to the power grid 

include the 240 MW Jabrayil SPP, 100 MW Kalbajar wind 

farm, and sHPPs with a total capacity of 170 MW. 

B. Clustering of Power Output from Renewable Power 

Plants in the Region Given Meteorological Conditions 

Figure 2 shows clusters of solar radiation in the regions. 

Solar irradiance in the regions makes it possible to generate 

electric power by solar power plants for most of the day. 

The silhouettes in Fig. 3 and 4 show the number of 

significant clusters of wind and hydro power with the 

corresponding clusters of system loads. 

IV. RESULTS FROM THE ANALYSIS OF SCENARIOS OF 

COMBINED POWER OUTPUT FROM GREEN RENEWABLE 

SOURCES LOCATED IN THE AREAS WITH DISTINCT 

METEOROLOGICAL AND CLIMATE CONDITIONS 

The cluster analysis was performed to identify common 

scenarios of power output in each region as well as cross-

regional interactions. The analysis relied on hourly 

measurements of demand in the power grid and 

 
Fig. 5. Annual power output of SPP-WF in the Absheron region (a) and probability of distribution of the annual power output 

(b). 

 
Fig. 6. Annual power output of SPP-WF-sHPP in the Karabakh region (a) and probability of annual power output (b). 
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meteorological data. The meteorological data (wind speed, 

solar radiation, and ambient temperature) were collected 

hourly during a single year in two regions (see. Fig. 1) with 

installed renewables. 

Figures 5 and 6 show, respectively, the power output and 

probability of its distribution among wind farms, solar 

power plants, and hydropower plants located in the 

Absheron and Karabakh regions in 2024. 

The mean-square error of the power output of wind 

farms is derived from wind power potential. The wind farm 

output is a key factor to decide on the feasibility of 

complementarity of wind farms in the region. 

V. CONCLUSION 

1. This study proposes a clustering-based algorithm for 

identification of power output scenarios for wind farms, 

solar power plants, and hydropower plants that operate 

within the power system in the areas with distinct climate 

conditions. An algorithm designed to detect patterns in the 

power output scenarios of renewable power plants located 

in different regions of the country is presented.  

2. The cluster analysis of data was performed to identify 

spatial and temporal variability in the power output of wind 

farms, solar power plants, and hydropower plants in the 

Azerbaijan power system. The analysis revealed two 

regions with different wind and solar power profiles as well 

as availability of hydropower resources. These profiles 

were utilized to investigate different scenarios of new 

capacity additions of renewable power plants for operation 

as part of the power system. 

3. The findings suggest that the highest penetration of 

renewables (in terms of the annual consumption) is 

achieved when the outputs of wind farms and solar power 

plants complement each other. Under the WF+SPP 

scenario, a sustainable way to raise the penetration of 

renewables up to 30%, given the annual surplus output of 

5 to 10% (relative to consumption), is to increase the 

capacity of solar power plants and small hydropower 

plants. 
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