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Reliability often conflicts with cost, making optimization 
essential for determining the optimal sizing of RE hybrid 
systems and battery energy storage systems (BESS) to achieve a 
suitable compromise [10]–[13]. Various studies have proposed 
optimization methods for hybrid energy systems, including 
Genetic Algorithm (GA), Particle Swarm Optimization (PSO), 
and Non-dominated Sorting Genetic Algorithm (NSGA-II) 
[14]–[16]. For instance, PSO was used in [13] to develop an 
optimal wind and solar PV hybrid system that minimizes the 
cost of electricity at high reliability, defined by Loss of Load and 
Loss of Power Supply Probability (LPSP). Similarly, [17] 
employed an enhanced PSO to minimize capital and 
maintenance costs for a standalone hybrid system comprising 
wind, solar PV, and BESS. In [12], a multi-objective PSO 
minimized emissions and grid electricity costs at high 
reliability, optimizing a grid-connected solar PV, wind, and 
BESS system. Likewise, [10] optimized a solar PV, wind, BESS, 
and diesel generator hybrid system using multi-objective PSO 
to minimize electricity costs while maintaining high reliability. 
GA was also used in [9] with MATLAB to develop an optimal 
hybrid system of solar PV, wind, BESS, and diesel. Another 
study in [18] applied GA to determine an optimal wind and 
solar PV configuration at minimal electricity costs while 
ensuring reliability. Additionally, [16] adapted a multi-objective 
NSGA-II to develop a mathematical model for Time-Of-Use 
(TOU) pricing optimization.

In [19], a multi-objective NSGA-II combined with the 
Python-based Pymoo framework was employed to minimize 
electricity costs while maximizing efficiency. This approach 
successfully determined an optimal grid-connected wind 
system with its corresponding wind turbine parameters. In a 
follow-up study [1], the same optimization technique was 
extended by incorporating a solar PV system to enhance cost 
efficiency and reliability through hybridization. The authors 
developed a model to minimize electricity costs from the grid 
and maximize efficiency at high reliability, resulting in an 
optimal grid-connected hybrid system (wind and solar PV) 
with ideal wind turbine parameters and solar PV module 
quantities. This paper extends the use of curtailed energy from 
renewable generation by proposing an optimal BESS dispatch 
strategy to reduce the redundancy of excess RE. The approach 
captures excess RE generation to enhance reliability and further 
reduce the cost of electricity purchased from the grid.

Abstract—This paper presents an optimization study for a grid-
connected hybrid energy system combining wind, solar PV, and a 
battery energy storage system (BESS) for hydrogen production. To 
address the intermittency of wind and solar resources, the grid 
compensates for insufficient energy to meet the electrolyzer load 
demand, while excess or curtailed energy is stored in the BESS to 
enhance reliability. The study employs a constrained multi-
objective non-dominated genetic algorithm within the Python-
based Pymoo framework. The optimization identifies an ideal grid-
connected hybrid energy system with minimized electricity costs 
and maximized efficiency at high reliability. Subsequently, the BESS 
is optimized to reduce storage and electricity costs while 
maintaining reliability. The optimized BESS is successfully 
integrated into the hybrid system. Cost of electricity and reliability 
are assessed based on time-of-use tariffs and loss of power supply 
probability, respectively. Using a 2 MW proton exchange membrane 
electrolyzer, the study achieves a highly efficient hybrid system with 
the BESS applied to six Renewable Energy Development Zones in 
South Africa. Including the BESS reduces electricity costs, improves 
reliability, and lowers curtailment ratios by 40-66%.

Index Terms—Battery Energy Storage System, Cost of Elec-
tricity and Storage, Non-dominated Sorting Algorithm, Pymoo, 
Reliability, Renewable Energy

I. INTRODUCTION

  Climate change and energy security remain critical global 
challenges due to the continued reliance on depleting fossil 
fuels that emit greenhouse gases [2]. To address these issues, 
renewable energy (RE) has been adopted as a pathway 
toward decarbonization and alignment with the 2015 Paris 
Climate Agreement [2]. Among RE technologies, wind and 
solar PV are the most widely utilized, given their maturity 
and widespread availability [3]. Alongside RE, there has been 
increasing adoption of green hydrogen, a clean energy carrier 
with versatile applications that accelerate decarbonization and 
enhance energy security [4]. Green hydrogen is produced 
using RE for water electrolysis, typically employing 
technologies such as alkaline and Proton Exchange 
Membrane (PEM) electrolyzers [5]. However, the 
intermittent nature of RE sources poses challenges in 
consistently meeting the electrolyzer's load demand. To 
overcome this, RE sources can be hybridized, enhancing their 
capabilities, improving cost savings and reliability, and 
diversifying the energy mix for greater efficiency compared 
to standalone alternatives [6].In addition, optimal integration 
of RE hybridization with Battery Energy Storage System 
(BESS) can balance the intermittence to improve reliability 
[7]–[9]. 
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 To achieve this, BESS optimization is conducted using 
NSGA-II in conjunction with Pymoo to minimize the cost 
of storage and cost of electricity purchased from the 
electrical grid at high reliability. NSGA-II is widely 
recognized for its ability to efficiently explore Pareto-optimal 
solutions in non-convex, high-dimensional spaces, making it 
ideal for simultaneous optimization of cost, reliability, and 
efficiency in hybrid energy systems. NSGA-II provides a well-
distributed Pareto front, ensuring multiple feasible solutions 
rather than a single local optimum, while PSO is prone to 
premature convergence in complex multi-objective problems, 
limiting exploration.

 For BESS optimization, excess RE generation from 
the optimal grid-connected hybrid energy system and 
energy from the electrical grid in [1] charges the 
BESS and become net load demand respectively. 
The optimal BESS dispatch model is successfully 
integrated with the optimal grid-connected hybrid 
energy system that was obtained in [1] to supply a 2 
MW PEM electrolyzer for green hydrogen production. 
Therefore, the proposed optimization study is 
successfully developed, evaluated and validated in a 
case study of chosen six Renewable Energy Development 
Zones (REDZs) in South Africa. The optimal grid-
connected hybrid energy system with BESS successfully 
reduces the cost of electricity and curtailed energy 
improving the reliability. The study fills key gaps in existing 
research by integrating a systematic battery energy storage 
dispatch strategy to enhance system reliability and cost-
effectiveness. The study also incorporates time-of-use tariffs into 
the optimization model, which is crucial for economic feasibility 
assessments but often overlooked in similar studies.

 The grid-connected hybrid energy system components are 
modeled and optimized in Sections II and III respectively with 
the results and discussions in Section V following case study 
discussion in Section IV. Furthermore, the grid-connected 
hybrid energy system with BESS is modeled and optimized in 
Section VI with the results and discussions in Section VII.

A. Wind System

The output power, Pw,ac generated by the wind system varies
with the wind speed at a given turbine hub-height, v calculated 
in [19]. Therefore, Pw,ac is mathematically defined as [1]

Pw,ac =




0 if v < vi or v > vo
Pw,r if vr ≤ v ≤ vo ,
Pq,ac if vi ≤ v ≤ vr

(1)

where vi, vi, vo are cut-in, rated and cut-out wind turbine
speeds. In (1), Pw,r and Pq,ac are calculated as [1]

Pw,r = 0.125πρηbηgCpD
2v3r

Pq,ac = Pw,r(v
3 − v3i )/(v

3
r − v3o),

(2)

where ηb, ηg, Cp, ρ and D are gearbox, generator, rotor
efficiencies, air density and rotor diameter respectively.

B. Solar PV System

The output power, Ps,ac generated by the solar PV system
is defined as [1]

Ps,ac = Ps,rηinvG [1 +NT (Tc − Tstc)] /Gstc, (3)

where Ps,r, ηinv, G, NT , Tc and Ta are rated DC power of
the solar PV system, total number of modules in the solar
PV system, DC/AC converter efficiency, solar radiance, cell
and ambient temperatures respectively. Gstc and Tstc are solar
radiation and temperature at standard conditions thus 1kW/m2

and 25◦C respectively [1]. In (3), Tc and Ps,r are defined as
[1]

Tc = Ta + 1.25G (Tnoct − 20) ,
Ps,r = PmNm

(4)

where Tnoct, Pm and Nm are normal operating cell temperature,
rated power of a PV module and total number of modules in
the PV system respectively.

II. GRID-CONNECTED HYBRID ENERGY SYSTEM
MODELING

Figure 1 presents the proposed grid-connected hybrid energy 
system for supplying the PEM electrolyzer in green hydrogen 
production.  In Fig. 1, wind (Pw,ac) and solar PV (Ps,ac) systems 
supply the PEM electrolyzer. However, due to their intermittent 
nature, the electrical grid (Pg,ac) system is utilized to supply 
insufficient energy to meet the PEM electrolyzer load demand.

  The energy management system controls the supply 
from wind,solar PV and electrical grid systems to ensure 
cost savings [1]. The power from energy management 
system (Ph,ac) is converted to DC power (Ph,dc) which 
is required by the PEM electrolyzer for green hydrogen 
production.

Fig. 1: Grid-connected hybrid energy system.
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In (5), the excess power from wind turbine and solar PV
systems is defined when (Pg,ac > 0) as

Pe,ac = |Pws,ac − Pl,ac| Pg,ac > 0.

D. Energy Management System

The energy management system in Fig. 1 ensures that Pg,ac

is supplied when necessary to allow cost savings. The energy
management system power, Ph,ac defined as [1]

Ph,ac =

{
Pws,ac + Pg,ac if Pw,ac, Ps,ac, Pws,ac < Pl,ac

Pl,ac if Pws,ac, Ps,ac, Pw,ac ≥ Pl,ac

(8)
Using a rectifier in 1, Ph,ac in (8) is converted to DC power
to supply the PEM electrolyzer.

E. Electrolyzer

A 2 MW PEM electrolyzer, manufactured by H-TEC
Systems, is utilized in this study for green hydrogen 
production. While detailed modeling of the electrolyzer is not 
performed, the specifications provided in Table I serve as 
guidelines for accurately sizing the grid-connected hybrid 
energy system to meet the required operational demands 
effectively.

TABLE I: Specifications of 2 MW H-TEC proton exchange 
membrane electrolyzer [1], [20].

Parameter Value
Nominal power
H2 production
Energy consumption
Efficiency, ηe

2 MW
900 kg/day (420 Nm3/hr)
4.8 kWh/Nm3 H2

74%

The yearly load profile for the PEM electrolyzer is generated 
between 1900-2100 kW, subjected to a load factor of 0.85 
with the assumption it operates throughout the year.

III. GRID-CONNECTED HYBRID ENERGY SYSTEM
OPTIMIZATION

Generally, any multi-objective optimization function consists 
of design variables (x), objective functions (f ), constraints (g) 
formulated as [1]

minimize / maximize fj(x) j = 1, .., J

subjected to. gk(x) ≤ 0 k = 1, ..,K

xl
i ≤ xi ≤ xi

u i = 1, .., I

i, j, k ϵ N

(9)

where J , K and I are the number of objective functions,
constraints and design variables respectively. xl

i and xk
u are

lower and upper boundaries of design variables.

C. Electrical Grid System

The electrical grid system (Pg,ac) supplies the deficient
power required to meet the PEM electrolyzer load demand,
Pl,ac. Pg,ac is defined as [1]

⩽ 0 (5)Pg,ac = |Pws,ac − Pl,ac| Pg,ac

where Pws,ac is defined as

Pws,ac = Pw,ac + Ps,ac. (6)

A. Optimization Problem Formulation

Following (9), nine design variables expressed in matrix
form in (10) are considered and they include wind turbine 
parameters and total number of solar PV modules.

[x] = [x1 x2 . . . x9]
T = [vi vr vo ηb ηg Cp D H Nm]T (10)

The lower (xl) and upper (xu) boundaries of the design 
variables are subject to the designer’s choice and for 
this study the chosen bounds are listed in Table II.

For example, the wind turbine parameters are selected 
based on the cut-in, cut-out and rated wind speed, while 
the number of PV modules are selected according to the 
required generation capacity. Since the optimization employs 
NSGA-II, an evolutionary approach, the initial population of 
design variables are randomly generated within the predefined 
boundaries using Latin Hypercube Sampling. 

TABLE II: Design variables of the grid-connected hybrid energy 
system [1].

Parameter Unit Symbol Boundaries
x xl xu

m/s vi 3.00 4.00
m/s vr 12.0 15.0
m/s vo 23.0 25.0

- ηb 0.85 0.95
- ηg 0.90 0.96
- Cp 0.40 0.50
m D 60.0 120.0
m H 60.0 120.0

Cut-in speed
Rated speed
Cut-out speed
Gearbox efficiency
Generator efficiency
Rotor efficiency
Rotor diameter
Hub height
Number of modules - Nm Nmin Nmax

Using the design variables, two objective functions namely;
cost of electricity purchased from the electrical grid (Ce) and
efficiency (η) expressed in matrix form in (11) can be evaluated.

(11)[f ] = [f1 f2]
T = [Ce η]T .

In (11), Ce is calculated as [1]

Ce = (Pg,ac∆t)τ = Eg,acτ, (12)

where Eg,ac is the deficient energy from the grid with only
wind and solar PV generation considered and τ is the yearly
TOU tariff charge based on TOU periods.

Furthermore, η in (11) is defined as [1]

η = ηc
Pws

Pw,r + Ps,r
, (13)

where Pws is the cumulative power from the wind turbine and
solar PV systems. In (13), ηc is calculated as [1]

ηc = ηmηrηe, (14)

where ηm, ηr, ηe are efficiencies of energy management,
rectifier and electrolyzer systems in Fig 1 respectively. For
this study, ηm and ηr are set to 0.90 and 0.95 respectively
while ηe is given in Table I [1].

The objective functions in (11) are constrained by 2 inequal-
ity constraints expressed in matrix form as [1]

[g] = [g1 g2]
T = [Re Pws,ac ]T . (15)
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where Re is the reliability of wind turbine and solar PV systems
defined based on LPSP concept thus ratio of deficient energy
supplied by the electrical grid system and PEM electrolyzer
load demand. Re is mathematically defined as [1]

Re = Pg,ac/Pl,ac. (16)

In (15), Pws,ac limits over-sizing the wind turbine and solar
PV systems using the generated PEM electrolyzer load demand
upper and lower bounds. In addition, Re is bounded by [0 1]
thus at Re = 0 and Re = 1, the PEM electrolyzer load is fully
and never satisfied respectively. Therefore, mathematically the
(15) constraint boundaries are expressed as

Re,min ≤ Re ≤ Re,max,
Pl,min ≤ Pws,ac ≤ Pl,max.

(17)

B. Optimization Procedure and Implementation

The grid-connected hybrid energy system is optimized
following the procedure illustrated in Fig. 2 and discussed
in detail as follows:
1. Evaluate Pw,ac in (1) using initial design variables

[x] in (10) and determine maximum net-residual PEM
electrolyzer load demand, Pn,max using (18)

Pn,max = max (|Pl,ac − Pw,ac|) . (18)

2. Pn,max guides the selection of chosen solar PV module
and inverter in Table III determined in [1] to calculate
Ps,ac in (3)

TABLE III: Chosen solar PV module and inverter.

Solar PV module Sun Power SPRX22 475 COM
Inverter Power Electronics FS2300CU15 690V

3. The deficient power from the electrical grid, Pg,ac required
to meet the PEM electrolyzer load demand when Pw,ac

and Ps,ac are insufficient is determined using (5).
4. The initial objective functions in (11) and the constraints

in (15) [f g] are calculated using NSGA-II and passed to
the interface model defined as [19]

u′
i = ui + ul

i/ui
u − ul

i, (19)

where u′
i is the scaled variable between [0 1] bounds,

ui, ul
i, and ui

u are the actual variable, lower and upper
boundaries of ui respectively.

5. The interface model in Fig. 2, scales [x] to [x′] in order
to give equal dominance and ensure satisfactory global
solution from NSGA-II. As a result, the scaled objective
functions and constraints are [f ′ g′].

6. NSGA-II repeats the steps above using new generated
[x] values until convergence is achieved based on the
chosen NSGA-II operators. A Pareto front is formulated
upon convergence and a single optimal solution of
[x f g] is determined using multi-criteria decision making.

 In Pymoo, only pure minimization of objectives is possible, 
therefore, to maximize any objective a multiple of −1 is used to 
define it for minimization [21]. As a result, (11) becomes [1]

f1
f2

=
Eg,acτ

−ηc(Pws/(Pw,r + Ps,r))

[ ] [ ]
. (20)

Additionally, in Pymoo, the formulation of constraints must

g1
g2

−Pws,ac + Pl,min , Pws,ac − Pl,max

−Re +Re,min , (Re −Re,max)

be less than or equal to zero (⩽ 0). Therefore, the constraints
in (15) become [1]
[ ] [ ]

= g1, g2 ⩽ 0.

(21)
Furthermore, the optimal solution in Fig. 2 is determined

using multi-criteria decision making technique in Pymoo [21].

To implement the optimization procedure in Fig. 2, a python 
framework, Pymoo which offers multi-objective NSGA-II and 
multi-criteria decision making techniques to find the optimal 
solution from a Pareto front upon convergence [1]. Fig. 2: Grid-connected hybrid energy system optimization 

procedure.



Vol.116 (3) September 2025 SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS 129

4

where Re is the reliability of wind turbine and solar PV systems
defined based on LPSP concept thus ratio of deficient energy
supplied by the electrical grid system and PEM electrolyzer
load demand. Re is mathematically defined as [1]

Re = Pg,ac/Pl,ac. (16)

In (15), Pws,ac limits over-sizing the wind turbine and solar
PV systems using the generated PEM electrolyzer load demand
upper and lower bounds. In addition, Re is bounded by [0 1]
thus at Re = 0 and Re = 1, the PEM electrolyzer load is fully
and never satisfied respectively. Therefore, mathematically the
(15) constraint boundaries are expressed as

Re,min ≤ Re ≤ Re,max,
Pl,min ≤ Pws,ac ≤ Pl,max.

(17)

B. Optimization Procedure and Implementation

The grid-connected hybrid energy system is optimized
following the procedure illustrated in Fig. 2 and discussed
in detail as follows:
1. Evaluate Pw,ac in (1) using initial design variables

[x] in (10) and determine maximum net-residual PEM
electrolyzer load demand, Pn,max using (18)

Pn,max = max (|Pl,ac − Pw,ac|) . (18)

2. Pn,max guides the selection of chosen solar PV module
and inverter in Table III determined in [1] to calculate
Ps,ac in (3)

TABLE III: Chosen solar PV module and inverter.

Solar PV module Sun Power SPRX22 475 COM
Inverter Power Electronics FS2300CU15 690V

3. The deficient power from the electrical grid, Pg,ac required
to meet the PEM electrolyzer load demand when Pw,ac

and Ps,ac are insufficient is determined using (5).
4. The initial objective functions in (11) and the constraints

in (15) [f g] are calculated using NSGA-II and passed to
the interface model defined as [19]

u′
i = ui + ul

i/ui
u − ul

i, (19)

where u′
i is the scaled variable between [0 1] bounds,

ui, ul
i, and ui

u are the actual variable, lower and upper
boundaries of ui respectively.

5. The interface model in Fig. 2, scales [x] to [x′] in order
to give equal dominance and ensure satisfactory global
solution from NSGA-II. As a result, the scaled objective
functions and constraints are [f ′ g′].

6. NSGA-II repeats the steps above using new generated
[x] values until convergence is achieved based on the
chosen NSGA-II operators. A Pareto front is formulated
upon convergence and a single optimal solution of
[x f g] is determined using multi-criteria decision making.

 In Pymoo, only pure minimization of objectives is possible, 
therefore, to maximize any objective a multiple of −1 is used to 
define it for minimization [21]. As a result, (11) becomes [1]

f1
f2

=
Eg,acτ

−ηc(Pws/(Pw,r + Ps,r))

[ ] [ ]
. (20)

Additionally, in Pymoo, the formulation of constraints must

g1
g2

−Pws,ac + Pl,min , Pws,ac − Pl,max

−Re +Re,min , (Re −Re,max)

be less than or equal to zero (⩽ 0). Therefore, the constraints
in (15) become [1]
[ ] [ ]

= g1, g2 ⩽ 0.

(21)
Furthermore, the optimal solution in Fig. 2 is determined

using multi-criteria decision making technique in Pymoo [21].

To implement the optimization procedure in Fig. 2, a python 
framework, Pymoo which offers multi-objective NSGA-II and 
multi-criteria decision making techniques to find the optimal 
solution from a Pareto front upon convergence [1]. Fig. 2: Grid-connected hybrid energy system optimization 

procedure.

5

IV. CASE STUDY: SITE DESCRIPTION AND DATA

The case study is based on six REDZs in South Africa shown 
in Fig. 3, chosen because of they have both high wind and solar 
resources for large-scale RE development [19]. The REDZs 
are a study conducted to support large-scale RE development 
in South Africa through with limited environmental impacts 
[22], [23].

1

2 3

4

5

6

Key:
Western, Northern and Eastern Cape Provinces
renewable energy development zones
1 Overberg
2 Komsberg
3 Cookhouse
4 Stormberg
5 Springbok
6 Beaufortwest

400 kV voltage level line.
132 kV voltage level line.
substation

Fig. 3: The chosen six REDZs [24].

In addition, the REDZs in Fig. 3 have electrical grid infras-
tructure, both substation and overhead lines for transmission,
voltage support and supply of energy when the RE resources
are insufficient. The wind data for REDZs in Fig. 3 were
obtained from Wind Atlas South Africa as 10-minute interval
wind speed data at 60m anemometer height [25]. The average
wind speed and respective standard deviation for each of the
REDZs are listed in Table IV [19].

TABLE IV: Annual average wind speed and standard deviation
of the six REDZs [24].

REDZs Mean speed (m/s) Standard deviation (m/s)
Overberg 8.04 4.00
Komsberg 7.15 3.34
Cookhouse 6.97 3.57
Stormberg 6.46 3.23
Springbok 7.21 2.90
Beaufortwest 6.65 3.00

The REDZs all have relatively high wind speeds, with 
highest and lowest wind speeds in Overberg and Stormberg 
respectively. Furthermore, Table IV gives standard deviation 
to show consistency of the wind speed. Where, low and 
high standard deviation in (Springbok and Beaufortwest) and 
Overberg thus wind consistency and inconsistency respectively.

For solar data, the solar radiance, G and ambient temperature, 
Ta listed in Table V are obtained through processing Typical 
Meteorological Year data using System Advisor Model [26].

TABLE V: Annual average solar radiance and ambient tem-
peratures of the six REDZs [24].

REDZs Solar radiance (kW/m2) Temperature (◦C)
Overberg 0.191 17.1
Komsberg 0.212 17.1
Cookhouse 0.226 17.8
Stormberg 0.237 15.6
Springbok 0.250 17.6
Beaufortwest 0.243 18.3

The REDZs have relatively high solar resources with the
highest and lowest solar radiance are in Springbok and
Overberg respectively.

V. GRID-CONNECTED HYBRID ENERGY SYSTEM: RESULTS
AND DISCUSSIONS

Since the case study is based in South Africa, following
discussion in Section IV, the electrical grid system discussed
in II-C represents Eskom, the respective grid system operator
[27]. For this study, the deficient energy from the electrical grid
is assumed to be from Eskom’s wind farm of 100 MW [28]
Therefore, the cost of electricity purchased from the electrical
grid in (12) relies on the published TOU periods and charges
in Fig. 4 and Table VI respectively.

Low demand season: September to May

High demand season: June to August

Fig. 4: Low and high demand seasons TOU periods [27].

In Fig. 4, the TOU periods: peak (P), standard (S) and 
offpeak (O) are defined f or e ach d emand s eason: (high 
demand: June to August) and (low demand: September to 
May). The TOU charges in Table VI are in South African 
Rand (R) excluding VAT. In addition, they are determined 
based on the transmission zones thus location of the load [19],
[27]. Therefore, in this study, the load or PEM electrolyzer is 
assumed to be located in the REDZs.

Following the optimization procedure in Fig. 2, using 
operators given in Table VII, NSGA-II in conjunction with 
Pymoo is utilized to solve the objective, constraints and 
design variables of the grid-connected hybrid energy system.
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TABLE VI: Eskom TOU tariff charges for 2022/2023 [27].

Energy Charges (R/kWh)
Cookhouse, Stormberg and Beaufortwest

Peak Standard Off Peak
Low demand 1.4984 1.0314 0.6543
High demand 4.5935 1.3917 0.7557

Overberg, Komsberg and Springbok
Peak Standard Off Peak

Low demand 1.5131 1.0412 0.6607
High demand 4.6392 1.4052 0.7628

TABLE VII: Chosen NSGA-II operating parameters [1].

Operator Parameter
Population Size 200
Number of off-springs 200
Number of generations 300
Sampling Random
Crossover (Probability of crossover) Simulated Binary (0.9)
Mutation Polynomial

In Table VII, the number of generations determine conver-
gence upon which a Pareto front is formulated. As a result,
the scaled objective functions, [C ′

e η′] shown in Fig. 2 are
obtained and presented in Fig. 5 for each REDZ together with
the respective Optimal Solution (OS).

−0.3 −0.28 −0.27

0.8

0.8

0.81

C
′ e

Overberg
OS

−0.36 −0.35

0.6

0.61

Komsberg
OS

−0.31 −0.3

0.79

0.79

0.79

0.79

0.79

C
′ e

Cookhouse
OS

−0.25 −0.25 −0.25

0.78

0.8

0.82 Stormberg
OS

−0.32 −0.32 −0.32
0.6

0.6

0.6

0.6

η′

C
′ e

Springbok
OS

−0.39 −0.38 −0.37

0.56

0.56

0.56

0.56

η′

Beaufortwest
OS

Fig. 5: Scaled Pareto fronts of the grid-connected hybrid energy
system for the six REDZs [1].

From the Pareto front in Fig. 5, OS is identified using the
multi-criteria decision making method namely; compromise
programming available in Pymoo [21]. Following Fig. 2, the
actual optimal solutions of objective functions, [Ce η] in (11)

and constraints, [Re Pws,ac] in (15) are listed in Table VIII
for each REDZ.

TABLE VIII: Actual optimal objectives and constraints of the
grid-connected hybrid energy system for the six REDZs [1]

REDZs Ce (R’ million) η Re Pws,ac(kW )
Overberg 7.97 0.29 0.35 2 470
Komsberg 6.05 0.36 0.27 2 471
Cookhouse 7.88 0.30 0.35 2 470
Stormberg 7.97 0.25 0.37 2 342
Springbok 5.95 0.32 0.26 2 471
Beaufortwest 5.59 0.38 0.22 2 471

From Table VIII, because of Beaufortwest’s wind and solar
consistency, it resulted in low cost of electricity purchased
from the electrical grid, high efficiency and reliability. This
is true for REDZs with inconsistent wind in Overberg which
gives high cost of electricity, low efficiency and reliability
even though the average wind speed is high.

The actual optimal design variables in (10) that calculated
the optimal objective functions and constraints in Table VIII
are listed in Table IX.

TABLE IX: Actual optimal design variables of the grid-
connected hybrid energy system for the six REDZs [1].

REDZs vi vr vo ηb ηg Cp D H Nm

Overberg 3 12 23 0.95 0.96 0.45 118 60 7026
Komsberg 3 12 25 0.95 0.96 0.45 102 119 6284
Cookhouse 3 12 25 0.95 0.96 0.46 120 114 6663
Stormberg 3 12 25 0.95 0.96 0.50 120 120 7018
Springbok 3 12 25 0.95 0.96 0.50 108 120 6074
Beaufortwest 3 12 25 0.95 0.96 0.43 97.0 120 6526

With the optimal design variables known, the average powers
of {(Pw,r, Pw,ac), (Ps,r, Ps,ac), Pg,ac and Pe,ac} calculated
in (1), (3), (5) and (7) respectively are given in Table X. In
addition, the annual average PEM electrolyzer load demand
(Pl,ac) obtained following discussion in Section II-E is given
in Table X.

TABLE X: Optimal average annual powers in kW of the grid-
connected hybrid energy system for the six REDZs.

REDZs Pw,r Pw,ac Ps,r Ps,ac Pl,ac Pg,ac Pe,ac

Overberg 5 267 1 846 3 347 624 2 354 831 948
Komsberg 3 938 1 849 2 994 622 2 354 635 752
Cookhouse 4 965 1 769 3 175 701 2 354 826 943
Stormberg 5 985 1 565 3 344 777 2 354 863 852
Springbok 4 772 1 763 2 894 708 2 354 610 727
Beaufortwest 3 332 1 732 3 110 739 2 354 511 628

VI. GRID-CONNECTED HYBRID ENERGY SYSTEM WITH
BATTERY ENERGY STORAGE SYSTEM

Following Sections IV and V respectively, it is evident that
the challenge with RE (wind and solar), is that resources
availability does not always coincide with the load demand.
This is problematic especially for a hybrid energy system
connected to an electrical grid which do not allow supply of
excess energy back to the grid, thus, energy is lost. To quantify
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the lost energy, a new term, curtailment ratio, is introduced
following (6) and (7), expressed as

Rc =
∑
t

Pe,ac/
∑
t

Pws,ac. (22)

Thus, from (22), curtailment ratio is defined as the RE total
annual excess energy to the corresponding production of RE
energy. Table XI gives the curtailment ratios and it is evident
that a lot of RE energy (up to approximately 38%) is lost.

TABLE XI: Curtailment ratios of the grid-connected hybrid
energy system for the six REDZs.

REDZs Rc (%)
Overberg 38.4
Komsberg 30.4
Cookhouse 38.2
Stormberg 36.4
Springbok 29.4
Beaufort West 25.4

To mitigate the problem of losing such amount of energy,
the paper extend the studies by utilizing BESS. Rechargeable
BESS allow RE systems to store the excess energy for later
use. This process is called energy shifting, which enables RE
generation coincide with the load [29]–[32].

The following sections illustrates the approach adopted
to optimally size the BESS by utilizing the excess energy
in return, further minimizing and maximizing the system
cost of electrical grid and reliability respectively. The same
optimization algorithm used in Section III is also utilized in
finding the optimal BESS size.

A. Battery Energy Storage System Optimization

Following (9), the BESS optimization considers two design
variables with direct impact on the performance of the BESS
and are expressed in matrix form as

[x9 x10]
T = [Pb,r Db]

T , (23)

where Pb,r and Db are the BESS rated power and duration
respectively, with their chosen lower and upper boundaries
given in Table XII.

TABLE XII: Design variables for the battery energy storage
system.

Parameter Unit Symbol Boundaries
xi xl xu

BESS rated power kWh Pb,r 1 000 20 000
BESS duration hour Db 1 8

By varying the design variables of (23) using values given
in Table XII, an optimal BESS size is obtained by minimizing
two objectives functions expressed in matrix form as

[f3 f4]
T = [Cs Cen ]

T . (24)

In (24), Cs is the cost of storage calculated as

Cs = CcapCb/
∑
t

Pd,ac. (25)

where Ccap is the BESS fixed CAPEX which is taken as
R4 000/kWh [33]–[35] and Pd,ac is the BESS dispatch power.
In (25), Cb is the BESS rated capacity and it is calculated as

Cb = Pb,rDb (26)

Furthermore, in (24), Cen is the cost of electricity purchased
from the grid after BESS integration and is calculated as

Cen = (Pgn,ac∆t)τ = Egn,acτ, (27)

τ is calculated as discussed in Section III-A and Pgn,ac is
the power supplied by the electrical grid after the BESS is
considered with the wind and solar PV systems defined as

Pgn,ac = |(Pws,ac + Pd,ac)− Pln,ac| Pgn,ac ⩽ 0 (28)

where Pln,ac is equivalent to the power supplied by the
electrical grid when BESS was not considered in (5).

It is important to note that, minimizing (25), maximizes
Pd,ac, thereby reducing the lost energy which in turn increases
the system reliability. For a feasible design, the objective
functions of (24), are constrained by the system reliability
given by

[g3] = [Ren ], (29)

where Ren is the reliability of wind, solar PV and BESS
generation systems defined as

Ren = Pgn,ac/Pln,ac. (30)

Thus, constraints in (29) become

Ren,min ≤ Ren ≤ Ren,max. (31)

In (31), Ren is bounded by [0 1] thus at Ren,min = 0 and
Ren,max = 1 the PEM electrolyzer load is fully and never
satisfied respectively.

B. Battery Energy Storage System Dispatch Management
System

The BESS is dispatched in such a way that if the wind and
solar PV excess power (Pe,ac) is greater than the electrolyzer
net-load (Pln,ac), the BESS will charge until full and the
reverse process is true. The BESS round-trip efficiency (nb) is
taken as losses when the BESS is discharging and it is taken
as 85% [36]–[38].

Thus, at a point given in time (t), the actual battery discharge
Pd,ac and charge Pc,ac is calculated by comparing the RE
excess power Pe,ac with the net-load Pln,ac as

Pd,ac = min(Pmd,max(0, Pln,ac)),
Pc,ac = min(Pmc,max(0, Pe,ac)),

(32)

where Pmd and Pmc are the BESS maximum discharge and
charge power respectively, given by [39]

Pmd = min(Pb,r, Sb(t−1)ηb)
Pmc = min(Pb,r, Cb − Sb(t−1)).

(33)

In (33), Pb,r and Cb are given in (25) and the state of charge
Sb is given as [40]

Sb = Sb(t−1) + Pc,ac − Pd,ac/ηb. (34)
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VII. GRID-CONNECTED HYBRID ENERGY SYSTEM WITH
BATTERY ENERGY STORAGE SYSTEM: RESULTS AND

DISCUSSIONS

Following the grid-connected hybrid energy system with
BESS discussed in Sections VI, the NSGA-II optimization
algorithm is used to search for the optimal BESS size using
the BESS dispatch management system discussed in Section
VI-B. The NSGA-II operators as given in Table VII are utilized
to achieve convergence upon which the Pareto fronts in Fig. 6
for all the REDZs is formulated. In addition, the OS determined
using multi-criteria decision making in Pymoo is presented for
each REDZs in Fig. 6.
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Fig. 6: Pareto fronts of the battery energy storage system for
the six REDZs.

Using compromise programming discussed in Section V,
the optimal solutions for the objective and constraints for each
REDZs shown in Fig. 6 are listed in Table XIII.

TABLE XIII: Optimal objective functions and constraints for
the battery energy storage system for the six REDZs.

REDZs Cs (R/kWh) Cen (R’ million) Ren
Overberg 49.6 4.26 0.183
Komsberg 45.5 2.30 0.092
Cookhouse 38.7 3.32 0.133
Stormberg 37.9 3.54 0.150
Springbok 47.2 2.34 0.096
Beaufortwest 43.9 2.43 0.074

The optimal solution of design variables,[Pb,r Db] in (23) as
well as the BESS capacity, Cb in (26) for the BESS optimization
are given in Table XIV for each REDZs. Using the optimal
design variables of Table XIV, the calculated curtailment ratio
in (22) of the grid-connected hybrid energy system with battery

TABLE XIV: Optimal design variables for the battery energy
storage system for the six REDZs.

REDZs Pb,r (kW) Db (hours) Cb (kWh)
Overberg 6220 7 43 540
Komsberg 5940 7 41 580
Cookhouse 5430 8 43 440
Stormberg 7180 6 43 080
Springbok 13190 3 39 570
Beaufortwest 8110 4 32 440

energy storage system considered for each REDZs are given
in Table XV.

TABLE XV: Curtailment ratios of the grid-connected hybrid
energy system with battery energy storage system for the six
REDZs.

REDZs Rcn (%)
Overberg 20.3
Komsberg 11.6
Cookhouse 15.0
Stormberg 12.4
Springbok 12.2
Beaufortwest 10.2

It is evident that with the consideration of BESS, the
curtailment ratios of the grid-connected hybrid energy system
in Table XI have improved as given in Table XV thus the lost
or curtailed energy has been reduced.

To have a comprehensive analysis the cost of electricity,
reliability and curtailment ratio of both systems (i.e., without
and with BESS), the percentage improvements between the
two systems are tabulated in Table XVI.

TABLE XVI: Percentage improvement of cost of electricity,
reliability and curtailment ratio for the six REDZs.

REDZs Cost of electricity
(%)

Reliability
(%)

Curtailment
ratio (%)

Overberg 46.6 48.2 47.1
Komsberg 62.0 65.8 62.0
Cookhouse 58.0 62.0 60.6
Stormberg 55.6 58.7 66.0
Springbok 60.8 63.0 58.5
Beaufortwest 56.6 66.4 59.7

From Table XVI, there is an improvement of 46 − 66%
in the cost of electricity, reliability and curtailment ratio. 
Thus, adoption of optimal BESS size in RE generation system 
does not only improve the curtailment ratio or lost energy 
of RE generation system but also reduce further the cost 
of electricity purchased from the electrical grid therefore, 
increasing reliability.

VIII. CONCLUSION

The grid-connected hybrid energy system was successfully 
developed and mathematically formulated to optimize cost of 
electricity, efficiency, and reliability while incorporating 
renewable energy generation constraints. The optimization 
approach, implemented using NSGA-II in conjunction with 
Pymoo, effectively identified Pareto-optimal solutions that 
minimize electricity costs and curtailment while maximizing 
system reliability. 
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i. The study highlights the need for policy incentives that
encourage the deployment of energy storage systems to
complement variable renewable energy sources.

ii. The results underscore the importance of time-of-use
(TOU) tariffs in optimizing grid-connected hybrid
systems, suggesting that revised tariff structures could
enhance economic viability.

iii. The optimization approach can be adopted in national
energy planning models to improve renewable energy
penetration in the South African grid while ensuring
system stability and affordability.

iv. The case study of six Renewable Energy Development
Zones (REDZs) provides a replicable framework for
identifying optimal sites for future large-scale renewable
energy projects.

  In conclusion, this study demonstrates that optimal 
integration of energy storage with renewables can 
significantly enhance South Africa’s energy transition by 
reducing reliance on fossil fuels, lowering electricity costs, and 
increasing energy security. Future work can focus on 
extending this approach to larger-scale energy systems, 
incorporating hydrogen storage, and refining grid flexibility 
strategies to further support South Africa’s decarbonization 
goals.
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