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ARTICLE INFO ABSTRACT

Keywords: The integration of Compressed Air Energy Storage (CAES) with photovoltaic (PV) systems, complemented by
Microgrid (MG) grid interconnection capabilities and diesel generator backup, represents an advanced approach to sustainable
Optimization techniques microgrid design for future energy systems. In this study, a multi-objective optimization model for sizing

Multi-objective problem

. PV-CAES systems is formulated as a Mixed-Integer Nonlinear Programming (MINLP) problem with two
Compressed air energy storage system (CAES)

primary objective functions: (1) minimization of total system investment costs (CAPEX) and operational costs
(OPEX), and (2) enhancement of system reliability and maximization of RE penetration. The Augmented e-
constraint method is applied to solve this multi-objective optimization problem by incorporating the reliability
and RE penetration objectives as inequality constraints, while maintaining cost minimization as the overall
optimization goal. In application to a case study of a South African commercial building, the optimized
design saves annual operational costs by 35.2% and achieves 41.5% penetration of RE and 2.4% increase
in reliability compared with conventional designs. The results demonstrate the success of the framework in
providing economically viable PV-CAES configurations that simultaneously enhance sustainability and system
reliability via comprehensive mathematical optimization.

1. Introduction resulted in economic contraction, rising unemployment, and declining
government revenues due to sustained disruptions [6]. Furthermore,

South Africa has been experiencing energy insecurity for more than as a member of the Paris Agreement, South Africa must transition to
27 years, as its power generation crisis has been marked by repeated clean energy to contribute to reducing carbon emissions and combating
episodes of what are colloquially known as “load shedding” [1]. This climate change. Accelerated uptake of RE is one of the fastest-growing

crisis stems from peak demand outstripping supply, compounded by
frequent breakdowns in mostly aging coal-fired power plants, lack of
new capacity investment since 1998, financial mismanagement, and
operational inefficiencies [2]. At its worst, this can result in city-wide
disconnections and near-total blackouts, which may take as long as two
weeks to restore [3]. The economic impact of load shedding has been
severe. Since the onset of countrywide blackouts in 2008, the South
African economy has lost a lot: experts estimate that load shedding
costs the country over R2 billion per day [4]. Beyond economic im-

energy sources in Africa, part of the solution to the continuous energy
crisis the country faces. However, The integration of RE presents chal-
lenges due to its intermittent nature [7]. This has made energy storage
a key solution for solving the intermittency of renewable sources,
meeting peak demands, and avoiding overloading of the grid from coal-
fired power plants, thereby mitigating worsening load shedding [8].
Although there have been significant advances in the development
of small, distributed energy storage systems, only two technologies,

pacts, load shedding has significant social and personal consequences, pumped hydro energy storage and Compressed Air Energy Storage
disrupting daily life, businesses, and essential services. Although better System (CAES), are capable of storing both the high levels of energy
communication of load shedding schedules improves preparedness, it capacity (GWh) and high levels of power capacity (> 100 MW) needed
also highlights the extent of dependence on these measures [5]. Load for the large-scale storage of intermittent RE sources like wind and
shedding has seriously affected families, businesses, and the broader solar. Of these, CAES has been receiving increased interest because of
economy. A lot of businesses lose valuable working hours that could the geographical constraints in pumped hydro. Consequently, extensive
be used for production, while for households, Problems caused by efforts have been made to develop better CAES technology that can be
power outages include the complete destruction of electrical appliances more efficient and applicable in more situations [9].

due to power surges resulting from load shedding. These factors have
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While RE sources are praised for their environmental benefits, their
variability presents challenges, particularly in balancing energy supply
and demand. Energy storage systems (ESSs) play a crucial role in mit-
igating these fluctuations, especially within distributed RE setups [10,
11]. At the building level, most electric ESSs rely on electrochemical
storage, with batteries being the most commonly used due to their
efficiency and ease of on-site installation [12]. However, batteries also
pose environmental concerns, including the use of toxic materials,
waste management issues, recycling challenges, and high costs due to
their limited lifespan [13]. This has driven interest in alternative ESS
technologies that offer lower energy costs, a smaller environmental
footprint, and greater durability [14].

CAES has emerged as a promising alternative due to its small
environmental footprint, ease of maintenance, and recyclability. Early
studies explored CAES integration with hybrid energy systems (HES)
for storing intermittent RE and balancing demand fluctuations. For ex-
ample, Bazdar et al. [15] introduced an improved energy management
strategy (I-EMOS) that integrates thermal energy storage (TES) within
a hybrid PV-CAES-grid system. This approach was further advanced
in Bazdar et al. [16], which investigated the economic and resilience
co-optimization of decentralized HES by incorporating both adiabatic
CAES (A-CAES) and battery storage.

The techno-economic performance of large-scale CAES systems for
power grid decarbonization has been the subject of numerous studies.
The effects of combining CAES with RE sources on electricity costs,
operational flexibility, and grid reliability were evaluated by He et al.
[17]. They came to the conclusion that CAES provides an affordable
way to lower carbon emissions and mitigate the variability of re-
newable generation in large-scale applications after modeling different
CAES configurations and taking both capital and operating costs into
consideration. Building on this, Mersch et al. [18] used sophisticated
thermo-economic modeling to optimize cost and technical parameters
at the same time in their proposal for a unified optimization framework
for CAES systems combined with liquid or solid thermal energy storage.
Their results, which show increases in round-trip efficiency and de-
creases in lifecycle, offer useful recommendations for choosing thermal
storage technologies.

To increase functionality and application potential, researchers have
investigated new CAES configurations in addition to techno-economic
assessments. By employing integrated process modeling and optimiza-
tion to improve system efficiency and resource recovery, Alirahmi et al.
[19] presented a CAES system that can generate electricity, cooling, and
water, increasing financial returns in utility-scale and MG scenarios. A
multi-criteria optimization of a new CAES design was also carried out
by Nabat et al. [20], who used genetic algorithms to balance opera-
tional flexibility, lifecycle cost, and system efficiency while providing
suggestions for the best component sizing under practical limitations.
The “seesaw” CAES concept for long-term energy storage was finally
studied by Hunt et al. [21], who showed how it bridges the gap between
traditional CAES and other methods while emphasizing its scalability
and efficiency for seasonal or multi-week energy shifting.

The potential of building-integrated CAES has also been studied.
In Ko et al. [22], researchers explored the feasibility of using building
pile foundations as compressed air storage vessels while maintaining
their structural integrity. This concept was expanded in Ko et al.
[23], which examined the effects of different operational conditions,
including heat management strategies and soil properties, on CAES
performance in foundation piles. Results indicated that weaker sur-
rounding soils increased axial displacement and tensile stress, with heat
management methods significantly influencing system stability.

Several studies have investigated multi-energy hybrid CAES systems
for commercial and residential buildings. Wang et al. [24] presented a
dynamic model of a solar-wind-based multigenerational system com-
bining a wind turbine, parabolic trough solar loop, an absorption
chiller, and CAES. Meanwhile, [25] examined a CCHP-PV/T-CAES in-
tegrated energy system in Gansu Longnan, simulating its operation in
Transient System Simulation (TRNSYS) software.
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The role of CAES in net-zero energy buildings has also gained
attention. In [26], researchers assessed the feasibility of CAES com-
bined with HES to supply electricity and hot water to 500 residential
buildings in Beijing, using TRNSYS and Engineering Equation Solver
(EES) for simulation-based energy and available energy (exergy) an-
alyzes. Further work by Aruta et al. [27] optimized a decentralized
adiabatic CAES system through thermodynamic, techno-economic, and
environmental simulations. From an urban planning perspective, CAES
has been proposed as a solution to reduce greenhouse gas emissions
in building energy systems. Wen et al. [28] applied the simulation-
based large-scale uncertainty/sensitivity analysis of building energy
performance (SLABE) methodology to analyze energy performance in
Naples, Italy, using Pareto multi-objective optimization to minimize
CO, emissions and payback time. The results showed emissions reduc-
tions of 55% and 51% for 1000 and 2000 buildings, respectively. Earlier
work by Razmi et al. [29] proposed a CAES-based CCHP system for
urban buildings, leveraging peak and off-peak electricity pricing for
economic benefits.

Innovative CAES designs have also been explored in small-scale
applications. Castellani et al. [30] proposed a hybrid system combining
an absorption-recompression refrigeration cycle, wind turbines, and
CAES for retail buildings, achieving a round-trip efficiency of 56.71%.
More recently, Adib et al. [31] developed a small-scale PV-integrated
CAES system installed in a basement, demonstrating its ability to store
96% of excess PV energy at pressures up to 225 bar.

Finally, numerical modeling tools have been developed to opti-
mize CAES integration in buildings. In Dib et al. [32], a bi-level
programming approach was used to optimize system size and opera-
tion for wind-CAES—diesel hybrid systems. Earlier, Geissbiihler et al.
[33] introduced a trigeneration micro-advanced adiabatic CAES (AA-
CAES) system, integrating it with building models and energy grids.
Their simulation-based approach assessed both autonomous and grid-
connected configurations, achieving electrical, heating, and cooling
coverage ratios of 25.52%, 20%, and 8%, respectively.

Recent research identifies Compressed Air Energy Storage (CAES) as
one of the most promising technologies for large-scale and commercial
building energy storage. However, its cost-effectiveness depends heav-
ily on accurate system sizing. Traditional sizing approaches, such as
probability distribution methods and worst-case evaluation, often rely
on oversimplified assumptions and fixed design parameters, leading to
inefficiencies, higher costs, or reduced reliability. Moreover, most prior
studies fail to capture the full operational complexity of CAES in MGs,
especially when interacting with variable RE sources, thermodynamic
constraints, and fluctuating demand profiles. This study addresses these
limitations by applying advanced optimization techniques for CAES
sizing in MGs. The key contributions are as follows.

1. Advanced Sizing Methodology: Introduces a sophisticated opti-
mization framework to determine optimal energy and power ca-
pacities, avoiding over-sizing and under-sizing, by fully consider-
ing renewable availability, demand variability, thermodynamic
feasibility, and economic viability.

2. Integrated Renewable-CAES Design: Unlike approaches treating
CAES in isolation, this method integrates CAES with renewable
generation under realistic thermodynamic and operational con-
straints, applicable to both standalone and grid-connected MGs
of different scales.

3. Multi-Objective Optimization: Simultaneously optimizes cost, ef-
ficiency, renewable utilization, and emissions reduction, with
adaptive adjustments to CAES parameters to improve dispatch
strategies and improve MG stability under real-world conditions.

4. Balanced Power-Energy Trade-off: Optimizes the relationship
between output power and storage volume by coordinating com-
pressor, turbine, and storage parameters to maximize perfor-
mance without excessive cost or inadequate capacity
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Fig. 1. Block flow diagram of the proposed hybrid MG system showing energy and material streams between PV, Adiabatic CAES, diesel generator, and the

building load.

5. Actionable Real-World Impact: Bridges the gap between theoret-
ical design and practical deployment, equipping policymakers,
grid operators, and developers with a decision support tool
that improves renewable integration, reduces system costs, and
accelerates the adoption of decentralized energy systems.

The remainder of this document is structured as follows. Section 2
provides a detailed description of the system operation. Section 3
presents the formulation of the optimization problem. A proposed case
study is described in Section 4. Section 5 and 6 present the optimization
results and the conclusion, respectively.

2. System description

In this section, a brief explanation of a CAES is provided, along
with the mathematical model formulation of its key components. Sub-
sequently, potential external energy sources supplying power to a CAES
system are presented, with their mathematical models established.

2.1. System architecture

The proposed hybrid MG system integrates multiple energy sources
and storage to ensure reliable power supply for commercial buildings.
Fig. 1 shows the overall system architecture and energy flows. The
system comprises three main generation/storage components: a solar
photovoltaic (PV) array, an Adiabatic Compressed Air Energy Storage
(A-CAES) system, and a diesel generator as backup power. These com-
ponents are interconnected and can supply power either individually
or in combination to meet the building’s electrical demand.

2.2. CAES model
As shown in Fig. 2, the mathematical model of CAES is defined

below: Fig. 2 shows the configuration of a CAES with its three main
components, which are the compressor, turbine, and air storage tank.

The surplus energy generated during off-peak demand from a renew-
able source such as photovoltaic (PV) panels and wind turbines or
grid electricity is used to drive the CAES compressor. The compressed
air is stored in a specialized air storage tank [34]. During charging
mode, ambient air is compressed in multiple stages, resulting in a
temperature increase throughout the process [35,36]. This rejected heat
is captured by a heat recovery system using a heat transfer fluid that
absorbs heat during compression and stores it in a hot oil tank [37].
Compressed air is stored in the CAES tank when the charging operation
is over. The discharge first passes through a pressure regulating valve,
which controls the discharge pressure while optimizing the utilization
of stored air [38]. After that, the recuperator and the hot oil stored
heat the air to the optimal temperature at the inlet turbine. Finally,
energy production is achieved by the expansion of compressed air
through turbines [39]. The system’s efficiency is further improved
by incorporating a recuperator that transfers heat from the exhaust
air of the final turbine to the incoming cold air [40]. In this part,
the mathematical modeling of every element of the suggested energy
system is described, along with important operating parameters and
energy flows.

2.2.1. Compressors
During the compression stage, the power required to drive the
compressor’s motor is calculated as follows [39]:

W = K€, @

where m,C is the air compressor mass flow (kg/s), and K represents the
energy consumed per unit of mass flow (kJ) to drive the compressor
and can be calculated as follows [26]:

-1

. NCCygTE |/ poNTR *,f,cy | )

K== N 1SC pAMB I @
n

Where N€ is the number of compressor stages, C 4, is the specific heat
capacity of air (J/kg K), TnC is the compressor inlet temperature at STP,



T. Kalala and M.W.K. Mbukani

OFF PEAK
ELECTRICITY IN

sssssssssses Seeess ;‘

MOTOR &
COMPRESSOR

{

CAVERN

o@smo
%> VOLTAICS

THERMAL
ENERGY

veesssccssscsssssss,

Energy Conversion and Management: X 30 (2026) 101571

ON PEAK
ELECTRICITY OUT

} SLIDING PRESSURE
AIR TURBINE

GENERATOR

CAVERN

Advanced Adiabatic Compressed Air Energy Storage

Fig. 2. Schematic diagram of a CAES showing the compressor, air storage tank, turbine, and heat recovery components.

pENTR is the compressor pressure, p*M 2 is the ambient atmospheric
pressure, and y is the Adiabatic index. ,, and #/5€ are mechanical and
isentropic efficiencies of compressors.

2.2.2. Turbines
During the expansion stage, the power required to drive the tur-
bine’s motor is calculated as follows [39]::

wl =k"m!, 3)

where m,T is turbine mass flow of air (kg/s), and K7 represents the
energy consumed energy per unit of mass flow (kJ) to drive the turbine
and can be calculated as follows [26]:

CNTR

el
T _ .,  ISCNT T p NCy
K" =n,n,”" N" CygT, 1_<pAMB> R 4

where N€ is the number of turbine stages, C,, is the specific heat
capacity of air (J/kg — K), TnT is the inlet turbine temperature at
STP, p°NTR is the turbine pressure, pAM# is the ambient atmospheric
pressure, and y is the Adiabatic index. ,, and #/S¢ are mechanical and
isentropic efficiencies of the turbine.

2.2.3. Thermal management and exergy analysis

Following the compression process, the system transitions to ther-
mal management and expansion phases where exergy analysis provides
critical insights into system performance. The exergy balance during
expansion is governed by Xue et al. [41]; Zhang et al. [42]:

E E _ E E E
EXair,in + EXthermal,in - I/Vt + EXair,nut + EXd (5)
where EX tliermal,in represents the exergy of thermal energy injected

during expansion, calculated using the fundamental exergy relation:
EXt}IzlermaI,in = mf [(hthermal - hO) - TO(srhermal - SO)] (6)
The thermal exergy utilization efficiency during expansion quantifies
the effectiveness of heat recovery:

WE - AEXE

E _ air
r’EX,thermaI - EXE (7)
thermalin

The complete round-trip exergy efficiency integrates both compression
and expansion phases:

E
Z VV; % EXIhermaI,recovered (8)
Z VV,C + I/Vthermal,aux EXthermaI,stored

NEX,RT =

2.2.4. Air storage containers

Due to its constant volume (isochoric condition), air pressure inside
the Air Storage Container (ASC) changes over time depending on
charging and discharging durations. The air pressure in the ASC at time
t is given by Adib et al. [31]; Bazdar et al. [26]:

PASCt = PASC—1 T Peompyt * Aerg — Prurb, * Altrgs )
Ry Thasc .
Peompy = — 5 * Meomp s (10)
comp. VASC comp.
R, Thsc .
Pturby = aV * Myurb,ts an
ASC

where: pagc, is the air pressure in the ASC at time ¢ (bar), Vjgc is
the air storage volume (m?), Tasc is the air temperature (K), R, is the
specific gas constant for air (J/kg K), ricomp, and sy, , are the mass
flow rates (kg/s) of the compressor and turbine, respectively, 4t.; and
Aty are the charging and discharging time intervals (h), and Py, and
Pyyp, are the pressure contributions due to compression and expansion.
Accordingly, the State of Charge (SOC) of the CAES system at time ¢ is
calculated as:

PasCt — Page

SOC, = —_— 12)
ASC.t max _ ,min
Pasc ~ Pasc

where: pg‘é and pfé‘é are the minimum and maximum permissible air

pressures in the ASC.
2.3. Photovoltaic (PV) power model

The power output of a photovoltaic panel and the cell temperature
can be calculated as follows [16,43,44]:

I
Al d
Povy = Nov - Py (I—r) 1+ Ny (Teets = Tref)] - 10 as)

ref

NOCT - 20> v a4

Teens = Tams + ( 300
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where: Plﬁ\\f _ is the AC power output of the PV system at time 1 (KW),
Npy is the number of PV modules, P;@ted is the rated power of a
single PV panel (kW), I, and I, are the solar irradiance at time ¢
and the reference irradiance (W/m?), T, is the solar cell temperature
(°C), Ty is the reference cell temperature (usually 25 °C), Ty, , is the
ambient temperature (°C), #, is the inverter and system conversion
efficiency, N, is the temperature coefficient of power (%/°C), and
NOCT is the nominal operating cell temperature (°C).

2.4. Diesel generator model

The cost of operating the diesel generator to supply a certain power
level at time ¢ can be expressed as a function of both fixed and variable
components, as described in Xu et al. [40]:

Cng: = (apg + bng - Pog) - 4t (15)

where: Cpg, is the diesel generator cost at time ¢ (R), Ppg, is the DG
power output (kW) at time ¢, and 4r is the time interval (h).

AQU
OM DG ted
apg = Cpg + T +Fy - PR - x, (16)

where: apg is the fixed cost coefficient, COY is the O&M cost of
the diesel generator (R), CSSU is its acquisition cost (R), Lpg is the
lifetime of the generator (h), F; is the fixed fuel consumption coefficient
(L/kKWh), P];aGted is the rated power of the diesel generator (kW), and =

is the fuel price (R/L).
bpg = F| - 7, a7

where: bpg is the variable cost coefficient, F, is the load-dependent fuel
consumption coefficient (L/kWh), and = is the fuel price (R/L).

3. Optimization problem formulation

This section describes the optimization approach: including objec-
tive functions, optimization techniques, constraints, and the overall
algorithm.

The objective functions of our optimization problem are two-fold:
one is to minimize the total operating cost of the MG; the second is to
ensure reliability by meeting energy demand without interruption.

3.1. First objective

The first objective function is the minimization of the total MG
cost, which includes both capital expenditure (CAPEX) and operational
expenditure (OPEX)

3.1.1. CAPEX
CAPEX is the capital investment required for constructing the CAES
system, including procurement, installation, and infrastructure costs.

CAPEX, ., = (ICcags + ICpy + ECcags) (18)

where: CAPEX, , is the capital expenditure of the system, ICgagg and
ICypy are the investment costs of the CAES and PV systems, and ECgagg
is the CAES energy cost.

ICcpps =1 Ccomp - P, rated +1Cyy - P, rated + ICstore * Vstore: 19)

comp turb

where: ICeopp, and ICy,y, are investment costs per KW for compressor
and turbine, respectively. Pcr;‘;fg and Ptrjrtsd are the rated power (kW)
of the compressor and turbine, respectively. ICgy,. is the investment
cost per m? of the air storage volume, and V. is the rated air storage

volume (m3).
ICpy = 1Cpy i - Pred, (20)

where: ICpy ypi; is the investment cost per kW of PV, and P;';ted is the
rated PV capacity (kW).

ECcppg = EC - prated (1)

comp’

where: EC is the electricity price (R/kWh).
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3.1.2. OPEX

OPEX includes operating costs such as diesel fuel, generator oper-
ational costs, fuel start-up costs, electricity costs, and degradation and
maintenance costs associated with the CAES system, including energy
conversion losses and routine servicing.

OPEX; ; = OCpg + OCgr + OCpy + OCcpps + M Ccpps + MCpy,  (22)

syst

where: OPEX, , is the annual operating cost of the system, OCpg is
the cost of the diesel generator, OCgg is the cost of imported grid
power, OCpy is the operational cost of the PV system, M Ccaps and
M Cypy are the respective maintenance costs, and OCgypg represents the
combined degradation and operational cost of the CAES system. The
diesel generator operating cost is modeled as:

OCpg = ((a+ b) - FCF + SCF) - Pied, (23)

where: a and b are cost coefficients related to fuel usage, FCF is the fuel
cost factor (R/liter), SCF is the start-up cost factor (R/start), and P];ged
is the rated power of the diesel generator (kW). The grid import cost is
given by:

OCgg = GICF - prated 24

comp’

where: GICF is the grid import cost factor (R/kWh), and ngfrfg is the

rated power of the CAES compressor (kW). The PV system operational
cost is calculated as:

OCpy = Cpy - Pated, (25)

where: Cpy is the PV operation cost per unit power (R/kW), and
P}fz‘/md is the rated installed PV power (kW). The CAES degradation and
operational cost is expressed as follows:

OCeags = (Caeg + Cop) - <P e P, rated) ;

comp turb

. (26)
MCpy = MCpy ynit - Poy?,

where: Cgye, is the degradation cost per kW, C,, is the CAES opera-
tional cost per kW, Pcrg}lfg is the rated power of the CAES compressor,
and Ptruartgd is the rated power of the CAES turbine. where DC¢ g
and OC. 4 are the degradation and operating cost factors of CAES,
respectively. M Cpy ;¢ is the maintenance cost per kW of PV.

MCcpps = M Ceomp - P, el + M Crurb - Ptrated @7)

comp urb

where: M Ceopp, and M Cy,, are maintenance costs per kKW for compres-
sor and turbine, respectively.

3.2. Second objective

The second objective function is to ensure the reliability of the MG
by consistently meeting energy demand without interruptions while
maximizing the renewable fraction (the proportion of total energy
demand met by renewable).

3.2.1. Reliability

The reliability metric, following established power system reliability
assessment methods [45], ensures the MG meets demand with minimal
outages:

Nsteps
Z,=1 max(Pload,t - Pgen,r’ 0) - Ar

Reliability = 1 — ~ (28)
steps
Z,=1 P Pload,t - At
Pgen,r = PPVJ + PDGJ + Pturb,t - PcompJ + Pgrid,t > Pload,t —-€ (29)

where Py, is total generated power (kW), Ppy, is PV solar power
kW), Ppg, is diesel generator power (kW), Py, is turbine discharge
power (kW), Peonp, is compressor power (kW), Pyq, is grid power
import (kW, positive when importing), Pj,,q, is load demand (kW),
Nyieps is the total number of hourly time steps in a daily optimization
horizon, and ¢ is unmet load tolerance (kW).
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3.2.2. RE fraction
The RE penetration is quantified as follows:
:lslteps PPV,{

Nsteps
Z =1 P, gen,t

Renewable Fraction = (30)

3.3. Constraints

3.3.1. Compressed air energy storage constraints

The following mathematical formulation defines key operational
limits for the components of the CAES system. Eq. (31) ensures that
the rated power output of the compressor and turbine are maintained
within their respective design ratings to prevent mechanical failure.
Eq. (31) also prescribes the limits on the volume of air storage, which
is regulated by the maximum permissible tank pressure and capacity.
Finally, Eq. (31) define the required range for compression mass flow
rates and expansion mass flow rates for maintaining the system in stable
form, regulating pressure, and facilitating efficient energy conversion.

0< Prated < pmax

comp — ~ comp’
0:< Pt < P
0<Vioe < Viore 3D
0 < rnfaed < i

; rated . max
0< Miurb = Murb>

3.3.2. Pressure constraints

Constraints below ensure the compressor, turbine, and air storage
chamber’s safe and optimum operating pressures within their range.
Specifically, Eq. (32) keeps the compressor and turbine’s rated pressure
within their respective minimum and maximum design level to avoid
system performance loss or equipment damage. Eq. (32) applies the
permitted pressure range to the air storage chamber for maintaining
safe storage conditions and system integrity during operation.

pmin < prated < pmax

comp = Fcomp = Fcomp’
min rated max

P = Prurb < Prurb (32)
min rated max

pstore - pstore - pstore’

3.3.3. PV power generation constraint

Equation (33) constitutes the constraint for operation in the photo-
voltaic (PV) power production system. The restriction avoids excess in
the PV rating above the optimum generation of which the system was
designed.

ted
0 < prated < pmax, (33)

3.3.4. Diesel power generation constraint

Constraint (34) enforces diesel generator operational limits, en-
suring rated power output is positive to reflect active contribution
to the system’s design capacity. This constraint guarantees reliable
generator operation by preventing overload and maintaining consistent
performance under varying load conditions. Additionally, the start-up
and shutdown constraints are specified in Eq. (36).

rated max

0< Py < Ppg - (34
Diesel generator start-up and shutdown constraints

SU,, = UPE,

SU,, > UPE - UPE

= s it—1’

t=1,IC; <0 35)
vt=23,...,NT

where IC; is the initial state of unit i. A negative value of IC; means the
unit is off, while a positive value means the unit is on.

{SD,-V, =1-UPE,
DE DE
SD,, > UPE - U]

it

t=1,1C; >0

vt=2,3,...,NT (36)

where SU;, and SD;, are binary variables indicating start-up and shut-
down of the unit i at time ¢, U,.DtE is the on/off status (1=on, 0=off), and
NT is the total time horizon.
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3.3.5. Power balance constraint

The power balance constraint Eq. (37) plays a crucial role by making
sure that the total power supplied to the system matches the load
demand at any given moment. By aligning the net power supply with
the load demand, this constraint helps keep the energy equilibrium in
the hybrid energy system in real-time.

Prurv — Pcomp,t + PDG,x + PPV,r = Pload,x’ 37

where: Py,: Turbine output power at time step ¢ (KkW), Peopp,: Com-
pressor input power at time step ¢ (kW), Ppg,: Diesel generator output
power at time step ¢ (kW), Ppy,: PV output power at time step ¢ (kW),
Pioad,: Load demand at time step ¢ (kW).

3.3.6. Reliability constraint

This constraint represents the power balance equation in an energy
system, ensuring that total generation matches total demand at every
time step ¢

Ngens Nstorage

Z P, + z Piischarge.jt = Ploads — € viell,...,T} (38)
i=1 j=1
where: Py, ,: Turbine output power at time step ¢ (kW), Peomp,: Com-
pressor input power at time step ¢ (kW), Ppg,: Diesel generator output
power at time step ¢t (kW), Ppy,: PV output power at time step ¢ (kW),
Pioad;: Load demand at time step ¢ (kW).

3.3.7. RE constraint
This constraint ensures that at least a fraction # of the total energy
generated in all time steps comes from renewable sources (solar PV).

Nsteps Nsteps
D Povi2n Y, Py (68, 1=03) (39)
t=1 =1
PPV,t’Pgen,r ZO Vi e {lw-'*Nsteps} (40)

3.4. Solution algorithms

The formulated optimization problem is a multi-objective Mixed-
Integer Nonlinear Programming (MINLP) model with continuous and
binary variables. We solve it using the e-constraint method, suitable
for multiple conflicting objectives [46] and Genetic Algorithm (GA) for
non-linear and convex problems [47]. See Fig. 3 for schematic

3.4.1. The augmented e-constraint method

The Augmented e-constraint method is a multi-objective optimiza-
tion method that keeps one primary objective and converts remain-
ing objectives into constraints. A disadvantage of the method is that,
in order to determine extreme values, sorting, expanding, and com-
pressing of the solution space are required, which makes it difficult
to achieve the global optimum. To address this, the augmented e¢-
constraint technique introduces relaxation variables that convert in-
equality constraints into equality constraints. Relaxation penalty func-
tion is included to reduce the impact of non-convexity in the objec-
tive space and ensure the solution is non-dominated. The augmented
objective function is given as:

. Bp) S3 S,
Fx)=minFi(x)+e| =+ =+ + — (41)
ry 13 r,

Subject to the constraints:

Fy(x)+ 5y =e (42)
F.(x)+s,=e, (43)
x€X, 5,20 44
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here, ¢ is a small positive constant (typically between 10~3 and 107°),
s; are slack variables, and r; represents the range of the ith objective
function, defined as r; = F/™* — F™" The step-adjusted target value e;:

e =F" +k- % (45a)

i€f2,...,n}, kel{l, ... ,g} (45b)

where g is the total number of steps. By iterating k from O to g, the
e; values are gradually adjusted, producing a series of Pareto-optimal
solutions for the multi-objective problem.

3.4.2. Genetic algorithm

Genetic Algorithm (GA) is a metaheuristic optimization technique
inspired by the laws of biological evolution and natural selection. It
is particularly suitable for solving hard, nonlinear, multi-modal opti-
mization problems when other conventional techniques, gradient-based
techniques or linear programming, are bound to be out of order. The
following are the steps involved in the operation of a Genetic Algorithm
(GA):

1. Population Initialization:
0) — | (O () ©0)
P —{x] JX, ,...,XN} (46)

where each candidate solution x; € R” for real-coded GA, or
{0, 1}" for binary-coded GA.
2. Fitness Function:
_
1+ f(x;)
where f(x;) is the objective function to be minimized.
3. Selection:

Fitness(x;) = 47)

* Roulette Wheel Selection:
Fitness(x;)

P(x;) = ————~
' > ]’\; , Fitness(x;)

(48)

» Tournament Selection:
Xyinner = arg max Fitness(x;) (49)
X jeT

4. Crossover (Recombination): For one-point crossover between
parents x, and xp:

Xchildl = (@15 -+ @c, byt o5 by) (50
Xchildz = (Ops o5 bes @eyys oo @) (1)

where ¢ € [1,n — 1] is a randomly selected crossover point.
5. Mutation:

* Real-coded mutation:
xl'. =x;+6, 6~U(-¢,e) (52)
* Binary mutation:

, {1 —x; with probability p,, (53)

X; otherwise

6. Constraint Handling:

* Penalty Function Method:

penalized®) = F(X)+ Y py - max(0, g (x))? (54
k=1

* Repair Function:

X < Repair(x) (55)
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7. Evolution Cycle: At each generation ¢, perform:

Evaluate f(x") vx* € P®

Compute fitness values

Select parents using selection operator
Apply crossover and mutation

Apply constraint handling techniques

Form new population P¢+D

4. Case study

In this section, we explore a case study on the proposed optimization
problem. We detail the operational mode of the MG, including control
strategies and energy flows among its components. Additionally, we
organize the relevant data and clearly define economic parameters for
analysis.

The case study involves a commercial building designed for sea-
sonal operation with shift-based schedules. It operates during the day
in summer and at night in winter, resulting in significant seasonal
variation in energy demand. Variable energy demand arises from the
seasonal shift schedule, presenting one of the major challenges for the
system. In summer, peak energy demand coincides with the daytime
when maximum solar generation is available. In winter, energy demand
shifts to nighttime, which requires greater reliance on stored energy
and backup sources. Being able to understand these fluctuations means
a great deal in optimizing the energy management strategies for reliable
power supply.

4.1. Operation mode

A grid-connected power supply system comprising an on-site PV
system along with an A-CAES is considered to meet the demand of high
energy-intensive buildings acting as prosumers as presented in Fig. 4 .
Since the output power of the PV system is DC, a converter system is
also used to convert DC to AC. A-CAES units include PCSs (e.g., com-
pressor and expansion trains) and energy storage units. The PV system
is designed to supply the building and CAES when production exceeds
capacity. The designed CAES should be able to supply electricity to the
building during PV shortages and load shedding. If the power from
the CAES is insufficient, a diesel generator can be used to meet the
load during load shedding, or grid power can be utilized during non-
load-shedding periods. See Fig. 4 for the schematic and Fig. 5 for the
flowchart.

4.2. Data

Solar irradiance and load demand data were collected over a six-
month period. Using these data, along with predefined work plans, a
Monte Carlo simulation was conducted to generate a range of possible
scenarios that reflect the operation of the microgrid under uncer-
tainty [48]. From these simulations, two representative scenarios were
selected for detailed analysis. These scenarios capture distinct opera-
tional conditions, enabling a comprehensive assessment of the system’s
performance under varying energy supply and demand patterns. The
selected scenarios are as follows:

1. Normal operation scenarios: Nominal operating cases are those
where the irradiance is high, for example, during summer, and
the amount of power generated by the solar energy sources
in the microgrid is large. The system operates steadily and
smoothly under such conditions, with a minimum and maximum
disruption of two to six hours of load shedding per day.
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Fig. 3. Flowchart of the multi-objective optimization framework combining genetic algorithm and e-constraint method.

2. Extreme operation Scenarios: These are the extreme fault op-
eration scenarios when the microgrid has lower levels of solar
irradiance, especially during winter months, and hence very
low solar power generation. In this case, the system may have
more difficulties with a maximum of up to four hours of load
shedding per day. During these days, the system works with
both minimum and maximum cuts; two to six hours of load
shedding are occurring per day. Even with these much-extended
stoppages, the system is performing steadily-under the reduced
availability of RE sources and at the mercy of the other sources
for keeping the operation going.

Using the data, we applied probabilistic techniques (Monte Carlo simu-
lation) to characterize potential operating conditions. The table below
outlines the different scenarios we found, along with their associ-
ated probabilities, showcasing both normal and extreme load shedding
situations. Table 1 provides additional details.

Table 1
Probabilities of reduced scenarios based on Monte Carlo simulation.
Number Scenarios Probability
1 Normal condition with 2 hours of load shedding 0.714
2 Normal condition with 6 hours of load shedding 0.075
3 Extreme condition with 2 hours of load shedding 0.121
4 Extreme condition with 6 hours of load shedding 0.009

Tables 2 and 3 show a sample of daily solar irradiance values
selected from the dataset by applying the reduction technique, while
the corresponding variations in load demand throughout the day for
normal and worst-case conditions are depicted below. This sampled
data illustrates how solar energy generation aligns with the building’s
energy demand under varying operational conditions.
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CAES Microgrid Diagram
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Fig. 4. Proposed system architecture.

4.3. Economic parameters

This section outlines the cost analysis, with detailed expenses pre- Table 2
sented in Table 4 for the PV system, Table 5 for the diesel generator, Normal case scenario data.
and Table 6 for the CAES system [49-51]. Hour Irradiance_Profile Load_Power
1 0 1.5819e+03
4.4. Assumptions and optimization parameters 2 0 7.3274e+04
3 0 6.2507e+04
L . ) o 4 0 5.4412e+04
To ensure the optimization model yields physically realistic and 5 0 1.6253e+04
commercially viable solutions, several key assumptions were made, 6 0.0670 2.0318e+04
and practical bounds were defined for all decision variables. The pri- 7 18.2030 1.5039+04
mary assumptions include: the use of above-ground pressure vessels 8 52.8010 5.2919e+03
v P X : 8 p ! 9 471.8570 1.7715e404
for air storage; an isothermal process assumption for the air storage 10 739.1330 3.3162e404
tank to simplify the thermodynamic model; and the consideration of 11 921.9910 3.2838e+04
steady-state operation for turbomachinery within their defined oper- 12 1.0403e+03 2.1666e+04
ating ranges. The following table summarizes the decision variables S 34%8?;2303 1';23:82
and their feasible ranges, which were determined based on component 15 044.5800 2.553864.04
manufacturability, physical limits, and the typical scale of commercial 16 815.3330 2.2011e+04
building energy systems. See Table 7 17 572.8040 2.8653e+04
18 351.9560 2.5151e+04
1 d di . 19 99.1860 9.1093e+03
5. Results and discussions 20 15.0320 1.0413e4+03
21 0.1060 571.5450
In this section, the optimization results are presented and thor- 22 0 321.0310
oughly discussed. The optimal sizes of the PV system and the CAES ii g 2;2-22;3

system are provided under normal and worst-case conditions. The op-
timal power balance and power flow of the microgrid and the efficiency
of key components are examined. In addition to the technical aspects,
consideration of the financial aspects also will be taken into account,
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Fig. 5. Operational flowchart of the MG energy management system showing decision logic for power distribution among PV, CAES, DG, and grid sources.

like CAPEX, OPEX, and total Cost of the System. Reliability and RE
penetration are also considered.

The following figures show how the number of iterations and time
needed to determine the local optimum of the fitness function for each
situation relate to one another. The graphs in Figs. 6(a) to 6(d) all show
a linear increase in total time as the number of iterations increases.
This suggests that iterations have a fairly constant computational time
per iteration, with the total time differing by scenario. In the range
of scenarios 1 to 3 (Figs. 6(a)-6(c)), the iterations number required is
relatively high (4000-5000), giving cumulative times ranging between
approximately 400 and 600 s. On the other hand, Scenario 4 (Fig. 6(d))
fewer iterations (2500) and a total time of approximately 250 s

10

5.1. Economic costs

Financial and technical performance comparison in Table 8 demon-
strates the benefits of integrating CAES into a grid-connected MG
with RE. he present situation, without CAES or renewable integration,
has annual OPEX of $83,258.17, zero CAPEX, and 91.67% system
reliability. Significantly, it is entirely based on conventional energy
sources, with 0% RE penetration. Alternatively, every scenario put
forward (1 to 4) includes CAES and PV units integrated into them,
with resulting low OPEX and high RE contribution. Scenario 2 stands
out with the lowest cost of $13.62 million, highest RE percentage
(41.54%), and high reliability (93.97%), despite its high CAPEX of
$13.57 million. Scenario 3 offers a less costly solution with lower



T. Kalala and M.W.K. Mbukani Energy Conversion and Management: X 30 (2026) 101571

450 Number of Iterations vs Time for fmincon Number of Iterations vs Time for fmincon

T T 450 T T

400 - 400 -

350 350
%TBOD* T %TBOD* b
H H
g g
sas0f 1 sas0f 1
£ £
F F
2200t 1 2200t 1
- -
s s
E E
5 150 - T 5 150 - T

100 i 100 i

50 [ T 50 [ T

0 5[;0 1 0‘00 1 5‘00 20‘00 2500 3000 GE‘DB 40‘00 4500 0 5[‘)0 1000 1 5‘00 20‘00 25‘00 3000 35‘00 4000
Number of Iterations Number of Iterations
(a) Convergence analysis of the optimization algorithm for (b) Convergence analysis of the optimization algorithm for
Scenario 1 (normal conditions with 2 hours load shedding) Scenario 2 (normal conditions with 6 hours load shedding)

600 Number of Iterations vs Time for fmincon Number of Iterations vs Time for fmincon

T T 250 T
500 i
200 b
"'27400’ b "'g
H H
2 S 150 8
o o
E 300 X é
2 2
s S 100 - e
E E
3200 1 a3
50 [~ T
100 |
0 5[‘][] 1 D‘DD 15‘00 20‘00 25‘00 30‘00 35‘00 40‘00 45‘00 5000 0 5[‘]!] 10‘00 15‘00 20‘00 2500
Number of Iterations Number of Iterations
(c) Convergence analysis of the optimization algorithm for (d) Convergence analysis of the optimization algorithm for
Scenario 3 (extreme conditions with 2 hours load shedding) Scenario 4 (extreme conditions with 6 hours load shedding)

Fig. 6. Convergence analysis of the optimization algorithm across four operational scenarios showing iteration count versus computational time relationships.

Table 3 Table 4

Extreme case scenario data. PV parameters.
Hour Irradiance_Profile Load_Power Specification Cost ($/kW)
1 0 1.6093e+04 Reward factor 10
2 0 1.3566e+04 Operation & Maintenance 30
3 0 1.5978e+04
4 0 1.4286e+04
5 0 2.2128e+04 Table 5
6 0 2.7168e+04 Diesel parameters.
7 12.9720 2.0884e+04 Specification Cost ($/kW)
8 247.5400 7.5450e+03
9 452.9200 2.0033e-+04 Penalty factor -10
10 525.6870 3.2029e-+04 Fuel cost factor 20
11 768.8230 4.1823e+04 Operation & Maintenance 10
12 817.8020 4.7788e+04
13 780.5650 3.2036e+04
14 675.1100 2.5754e+04 Table 6
15 385.5950 3.0577e+04 CAES parameters.
16 257.4390 2.4824e+04 Specification Cost ($/kW)
17 68.5340 1.3869e+04 X X
W s e =
19 0 1.1864e+03 . .

Air storage capital cost factor 1000

20 0 2.0475e+03 . . .
21 0 179026404 Diesel operation &‘Malntena‘nce 0.03
29 0 2.09150+04 Compressor operation & Maintenance 0.03
23 0 7.2966e+03
24 0 1.5680e+04

CAPEX ($9.2 million) and slightly lower reliability (92%) but with
reduced renewable integration (18.59%). These results indicate that

integration of CAES and PV can considerably enhance economic and

11
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Table 7

Ranges of decision variables for the optimization problem.
Parameter Symbol Min value Max value
Rated PV Capacity prated 0 kw 100 kW
Air Storage Volume Viore 50 m? 500 m®
Max Storage Pressure Patore 5 bar 15 bar
Min Storage Pressure p;‘:(‘;?e 0.1 bar 2 bar
Rated Compressor Power Pc'g“:g 5 kW 50 kw
Rated Turbine Power prated 5 kW 50 kW
Number of Compressor Stages N€¢ 1 3
Number of Turbine Stages NT 1 3
Rated DG Power P 10 kw 100 kW

environmental efficiency of microgrids, along with improving energy
reliability, compared to conventional systems.

5.2. PV and CAES sizes

Table 9 presents a comparison of four scenarios that examine the siz-
ing of the PV system and the parameters of CAES. Highlights important
factors such as PV capacity, air storage volume, compressor and turbine
power, and pressure levels. The larger PV system (37.51 kW) used in
scenarios 1 and 2 increases energy production while maintaining a
constant volume of the air storage tank at 200 m>. Unlike the other
scenarios, Scenario 1 and 2 have a significantly higher storage pressure
(up to 10 bars), which enhances energy availability during extended
load-shedding periods. Additionally, the compressor and turbine power
in these scenarios is elevated, making them more effective for long-
duration energy support, although this results in higher operational
costs due to the increased workload on the compressor. Scenarios 3
and 4 utilize a smaller PV system (28.15 kW), which lowers the initial
investment while still providing energy supply. The compressor power
in these scenarios is much lower (0.97 kW), leading to reduced energy
consumption, although this may slow down the rate at which air stor-
age is replenished. However, because the turbine has four stages rather
than two, it is more effective at drawing energy from storage. Despite
their emphasis on efficiency and cost reduction, these configurations
rely on a lower storage pressure (0.2 bars) than the higher-pressure
storage in Scenarios 1 and 2. This suggests that rather than prolonged
outages, Scenarios 3 and 4 are more appropriate for periods of high
load shedding and low solar irradiance.

5.3. Optimal power balance in different scenarios

With a peak of almost 7.5 x 10* kW between 0 and 5 h, Scenario
1 (Fig. 7(a)) exhibits the largest grid reliance during the early hours.
Although Scenario 2 (Fig. 7(b)) marginally lessens reliance on the grid,
it still uses it in the early hours, reaching about 6.5 x 10*kW. Scenario
3 7(c), on the other hand, has the least amount of grid dependence,
keeping grid power below 5 x 10* kW all day long. In Scenario 4 (Fig.
7(d)), grid demand is more evenly distributed during the day, but it
spikes sharply to 8x10* kW almost 24 h later. Scenario 1 (Fig. 7(a)) uses
diesel extensively in the early hours, up to around 2x 10* kW, although
this usage decreases as PV generation rises. Although it follows a similar
trend, Scenario 2 (Fig. 7(b)) uses a little less fuel than Scenario 1. With
an output of 3 x 10* kW, Scenario 3 (Fig. 7(c)) illustrates higher diesel
utilization between 4 and 8 h. With a maximum output of 2.5 x 10*kW,
Scenario 4 (Fig. 7(d)) uses diesel more effectively, but only when PV
generation is not enough. The CAES system behaves differently in each
case. While discharging is restricted to roughly —2 x 10* kW between
6 and 8 h, CAES charging takes place during PV peak hours, reaching
roughly 2 x 10* kW. Scenario 2 (Fig. 7(b)) shows a balanced charging
pattern during daylight hours and a larger CAES discharge of about
—2.5%10* kW. The goal of scenario 3 (Fig. 7(c)) is to minimize discharge
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while optimizing CAES charging to 3 x 10* kW. The maximum CAES
discharge, roughly —7 x 10* kW around 20 h, is shown in scenario
4 (Fig. 7(d)), which is probably meant to handle the peak nighttime
demand. Additionally, there are differences in PV utilization among the
four scenarios. There is some curtailment in Scenarios 1 (Fig. 7(a)) and
2 (Fig. 7(b)), as only a portion of the available PV power is utilized.
Scenario 3 (Fig. 7(c)) makes the best use of PV energy, using 3 x 10*
kW of solar energy mostly for CAES charging. Like Scenario 3 (Fig.
7(c)), Scenario 4 (Fig. 7(d)) likewise uses PV energy efficiently, but
in order to meet late-hour demand, it concentrates on CAES discharge
in the evening. With its little reliance on the grid and ideal CAES
charging during PV hours, Scenario 3 (Fig. 7(c)) seems to be the most
energy-efficient overall. Scenario 4 (Fig. 7(d)) exhibits a large rise
in grid reliance around 24 h, although it is well-balanced and uses
CAES discharge well to regulate peak nighttime demand. In contrast,
Scenarios 1 (Fig. 7(a)) and 2 (Fig. 7(b)) are less efficient because they
integrate PV and CAES systems less successfully and rely more on the
grid and diesel power in the early hours. See Figs. 7(a)-7(b).

5.4. Optimal power flow in different scenarios

With an emphasis on how each component — diesel, grid, CAES
(compressor and turbine), and PV — responds to the needs of the
system, the power flow figures show how energy sources interact and
change throughout the day throughout the four scenarios. In Scenario
1 (Fig. 8(a)), the grid provides the majority of the power in the early
hours, peaking at about 7.5 x 10* kW after two hours. During this time,
diesel also makes a substantial contribution, reaching a peak of 2 x 10*
kW, but the CAES compressor is largely idle. The compressor turns
on between 10 and 15 h as the day goes on and the PV output rises,
enabling a modest amount of energy storage. Turbine discharge is still
comparatively modest, though, indicating a reduced ability to release
stored energy during the day. In Scenario 2 (Fig. 8(b)), the system
exhibits greater engagement from the CAES compressor between 10
and 15 h, reaching roughly 2.5 x 10* kW, even if the grid continues
to be the primary power source throughout the early hours. A more
noticeable increase in turbine discharge than in Scenario 1 (Fig. 8(a))is
made possible by this greater charging. The grid stays operational and
the diesel contribution is somewhat decreased, but the system uses
more stored energy during periods of peak PV generation, enabling
improved energy management. Power flow gets increasingly dispersed
among several sources in Scenario 3 (Fig. 8(c)). Diesel is active in the
early hours with a maximum of 3x10* kW, while the grid’s contribution
is reduced, remaining below 4 x 10* kW. In line with PV generation,
the CAES compressor is more reliably operational during the day. A
smoother and greater turbine discharge throughout the day is made
possible by this prolonged charging, which reflects a more constant
power release. Better integration of RE is made possible by the system’s
more efficient transition between the charging and discharging phases.
In Scenario 4 (Fig. 8(d)), a notable charging event is indicated by a
noteworthy increase in compressor activity towards the end of the day,
around 20 h, reaching 6 x 10* kW. A sharp turbine discharge that
compensates for energy deficiencies follows, peaking at —7 x 10* kW.
Although diesel is used sparingly, the grid is still a significant source,
particularly in the latter few hours. Large, concentrated phases of
charging and discharging are characteristics of the system’s aggressive
energy storage and release behavior.

5.5. Optimal compressor and turbine power of different scenarios

The figures demonstrate how compressed air energy storage (CAES)
functions within the microgrid system by displaying the compressor
and turbine power in four distinct scenarios. The power of the turbine
shows notable increases in the early morning in Scenario 1 (Fig. 9(a)),
suggesting a high discharge rate to satisfy the energy demand. Later
increases in compressor power indicate that energy is stored during
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Table 8

Financial comparison of all operational scenarios.
Parameters Existing system Scenario 1 Scenario 2 Scenario 3 Scenario 4
OPEX ($/year) 83258.17 53973.59 52149.01 65255.32 57238.07
CAPEX ($) 0.00 13565270.58 13565270.58 9200478.08 9492279.00
TOTAL COST ($) 83258.17 13619244.17 13617419.59 9265733.40 9549617.07
Reliability 91.67% 94.10% 93.97% 92.00% 91.89%
RE Fraction 0% 41.48% 41.54% 18.59% 10.45%

Table 9

Optimal component sizing results across all operational scenarios.
Parameters Scenario 1 Scenario 2 Scenario 3 Scenario 4
Optimized PV size (kW) 37.51 37.51 28.15 28.15
Air storage tank volume (m?) 200 200 200 200
Rated compressor power (kW) 20.10 20.10 3.8 0.96
Rated turbine power (kW) 20.31 20.31 1.6 0.18
Air storage maximum pressure (bar) 10 10 3 3
Air storage minimum pressure (bar) 1.2 1.2 0.2 0.2
Compressor number of stages 2 2 1 1
Turbine number of stages 2 2 1 1
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Fig. 7. Power balance analyses across four operational scenarios.

times of excess. The disparity between these powers points to the need
to prioritize discharging in order to sustain the grid during periods
of high demand. A more balanced relationship between compressor
and turbine power is depicted in Scenario 2 (Fig. 9(b)). In accordance
with the availability of solar energy, compressor power increases from
the tenth to the fifteenth hour. The system switches between charging
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and discharging modes more frequently, and the turbine output surges
earlier to make up for energy shortages. Although there are fewer
charging and discharging occurrences in Scenario 3 (Fig. 9(c)), the 24th
hour is when compressor power peaks. This points to a late energy
storage operation that might be fueled by solar or extra grid capacity.
Lower discharge requirements are reflected in the turbine’s inactivity
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Fig. 8. Power flow analysis across four operational scenarios showing energy distribution among PV, CAES, diesel generator, and grid sources.

for the most of the day. The 20th hour in Scenario 4 (Fig. 9(d)) shows a
significant compressor power surge, which is indicative of a significant
energy excess. Although its magnitude is restricted, the turbine runs
earlier in the day. By using extra energy from the grid or renewable
sources later in the day for future discharge, this scenario proposes a
delayed energy storage strategy.

5.6. Optimal compressor and turbine pressure in different scenarios

The graphs in Figs. 10(a)-10(d) exhibit the pressure flow in the Air
Storage Tank (AST) in four scenarios, with the blue line indicating com-
pressor pressure and the orange line representing turbine pressure in a
24-hour time period. In Scenarios 1 (Fig. 10(a)) and 2 (Fig. 10(b)), both
the compressor and turbine pressures experience huge fluctuations,
indicating high utilization of the CAES system. Both maximum and
minimum compressor pressures for both instances are approximately
10 bars and 1.1-1.2 bars, respectively, pointing to ongoing energy
storage cycles. Similarly, turbine pressure peaks at approximately 10
bars during discharge. The frequency of charge and discharge cycles
occurring in a comparatively short duration suggests the important
role CAES is probably performing in the supply/demand balancing of
power. Curiously, Scenario 2 (Fig. 10(b)) also has a slightly higher
rated compressor power (20.25 kW) compared to Scenario 1 (Fig.
10(a))(20.10 kW), which explains the increased turbine discharge cy-
cles in the second scenario. The high storage utilization for both
scenarios indicates that the microgrid is effectively using CAES to store
excess RE and deliver power when needed. By contrast, Scenarios 3

14

(Fig. 10(c)) and 4 (Fig. 10(d)) indicate significantly lower compressor
pressure, indicating reduced charging activity and increased utilization
of grid and diesel sources. The peak compressor pressure drops to as
low as 3 bars, with a trough at around 0.2 bars, and this shows that
the system does not try to store energy in the AST. Turbine pressure
here is also not very high, at a maximum of 3 bars, showing that CAES
cannot be the energy source here. The compressor power rating in
such cases is also quite low (0.97 kW for Scenario 3 (Fig. 10(c)) and
0.98 kW for Scenario 4 (Fig. 10(d)), adding to the assurance of very
low utilization of CAES as a storage system. Additionally, Scenario 4
(Fig. 10(d)) also involves a different turbine stage configuration of four
stages compared to one turbine stage in Scenario 3 but low overall
CAES usage overall. Instead, these scenarios have greater dependency
on diesel and grid generation as it is evident from the power balance
analysis. The comparison of these situations highlights how Scenarios
1 (Fig. 10(a)) and 2 (Fig. 10(b)) would favor a CAES-based energy
management approach, while Scenarios 3 (Fig. 10(c)) and 4 (Fig.
10(d)) 4 put more emphasis on external power supplies due to reduced
pressure rates in the storage.

5.7. Pressure state of charge of different scenarios

The graphs in Figs. 11(a)-11(d) plot the State of Charge (SOC) of the
Air Storage Tank (AST) against time for the four scenarios. In Scenarios
1 (Fig. 11(a)) and 2 (Fig. 11(b)), the SOC fluctuates continuously, indi-
cating constant charging and discharging cycles of the CAES system. In
Scenario 1 (Fig. 11(a)), the SOC reaches a maximum of approximately



T. Kalala and M.W.K. Mbukani

Compressor and Turbine power

—&— Compressor power
—&— Turbine power

w IS

Pressure (kPa)

o

Hour

(a) Compressor and turbine power analysis for Scenario 1
(normal conditions with 2 hours load shedding)

Compressor and Turbine power
1400
1200
1000

800 [

—6— Gompressor power

—&— Turbine power

Pressure (kPa)

600

25

o
o
a
=
n
8

Hour

(c) Compressor and turbine power analysis for Scenario 3
(extreme conditions with 2 hours load shedding)

Energy Conversion and Management: X 30 (2026) 101571

T Compressor and Turbine power

—&— Compressor power
—&— Turbine power

Pressure (kPa)
&

Hour

(b) Compressor and turbine power analysis for Scenario 2
(normal conditions with 6 hours load shedding)

Compressor and Turbine power

—&— Gompressor power
—&— Turbine power

Pressure (kPa)

Hour

(d) Compressor and turbine power analysis for Scenario 4
(extreme conditions with 6 hours load shedding)

Fig. 9. Compressor and turbine power analysis across four operational scenarios showing power consumption and generation during charging and discharging

cycles.

0.65 and drops close to zero on many occasions, indicating that the AST
is emptied and refilled repeatedly. Similarly, Scenario 2 (Fig. 11(b))
also experiences a peak SOC of around 0.48, but the SOC is nearer to
zero more frequently than in Scenario 1 (Fig. 11(a)), indicating less
net use of energy storage. These trends indicate that in these scenarios,
the CAES system is actually responding to variable power demand.
However, Scenario 2 (Fig. 11(b)) has more frequent but smaller SOC
peaks, which suggests a smaller storage capacity or smaller charge rates
compared to Scenario 1 (Fig. 11(a)). Alternatively, Scenarios 3 (Fig.
11(c)) and 4 (Fig. 11(d)) reflect the other SOC behavior. Scenario 3
(Fig. 11(c)) exhibits maximum peak SOC around 0.9, reflecting that
AST was close to complete charging at some moments. However, the
constant drop to as close to zero indicates the presence of rapid charge
and discharge cycles within the system, possibly caused by significant
availability variation of high power. On the other hand, Scenario 4
(Fig. 11(d)) depicts a relatively stable SOC that varies between 0.1 and
0.55 with less frequency of total depletion, reflecting a fairer charging
and discharging strategy. This behavior indicates that Scenario 4 (Fig.
11(d))) activates the CAES system more often but with less peak storage
values than Scenario 3 (Fig. 11(c)). By and large, SOC trend dynamics
between scenarios point to distinctions between energy management
strategy, wherein Scenarios 1 (Fig. 11(a)) and 2 (Fig. 11(b)) have
more cycle-like charging behavior, whereas Scenarios 3 (Fig. 11(c))
and 4 (Fig. 11(d)) reflect either the higher peak in storage (Scenario 3
(Fig. 11(c)) or smoother charge-discharge oscillations (Scenario 4 (Fig.
11(dD)).
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5.8. Verification

Since many pieces of information does not exist as part of ex-
periments to support the coverage-percentage method data (existing
CAES system data is almost entirely concerned with system efficiency
and operational parameters like temperature and pressure alone), the
method is justified in theory by the following the five steps:

1. Energy Balance Verification: This step ensures the total energy
input during the compression process is very close to the output
energy during the expansion process, accounting for system
losses. Equality of the input energy and output energy ensures
the CAES model’s internal energy consistency.

2. Component Behavior Consistency: The operation of key CAES
subsystems such as compressor, expander, and storage is eval-
uated under different operating conditions. Pressure and flow
consistency are monitored to verify that the dynamic operation
of individual subsystems remains within acceptable limits, which
represents reliable subsystem operation.

3. System Performance Validation: Synthetic system-level perfor-
mance metrics like coverage percentage, utilization factor, and
energy delivery consistency are contrasted with theoretical
model-derived expected values. This process verifies that the
modeled performance of the system matches conventional en-
ergy behavior standards for different load cases.
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Fig. 10. Compressor and turbine pressure analysis across four operational scenarios showing pressure variations in the air storage system during charging and
discharging cycles.

4. Constraint Satisfaction Check: All operational and technical con- carbon emissions in commercial buildings. The optimized sys-
straints such as pressure constraints, energy balance, boundary tems demonstrate a significant improvement over conventional
state-of-charge, and continuity of operation are verified to be setups.
sustained over all simulation time steps. This ensures that the 2. Performance-Cost Trade-offs: A clear trade-off exists between
system configuration and control scheme remain viable and system performance and capital expenditure. A high-
realistic during the simulation performance configuration (37.5 kW PV, 200 m? storage, 10 bar

5. Financial Parameter Validation: To ensure economic realism, pressure, 20 kW turbomachinery) achieves a 41.5% RE pen-

etration and 94.1% reliability, but requires a high capital
investment of $13.57 million. In contrast, a cost-constrained
configuration (28.15 kW PV, 3 bar CAES) reduces the upfront
cost by 32% to $9.2 million, but attains a lower reliability of
92% and an 18.6% renewable share.

3. Critical Role of Component Sizing: System performance is
highly dependent on the precise sizing of all components, not
just storage volume. The effective matching of compressor and

financial metrics like Capital Expenditure (CAPEX), Operating
Expenditure (OPEX), and total cost are cross-checked against
literature and case study-typical values. Also, sensitivity analysis
is performed on cost drivers to verify if the economic results of
the optimization (e.g., cost-effectiveness, payback, or savings)
remain true at reasonable cost variations

6. Conclusion turbine power ratings to the PV generation profile and building

load pattern is crucial. Under-sized turbomachinery, as seen in

This study has developed and validated an optimization framework low-pressure configurations, can lead to under-utilized storage
for the integration of Photovoltaic (PV) systems with Adiabatic Com- capacity and increased grid dependence.

pressed Air Energy Storage (A-CAES) in commercial buildings. The 4. Practical Decision-Support: The findings provide actionable

main conclusions are as follows: guidance for stakeholders. Building owners prioritizing sustain-

ability and energy independence can opt for high-capital, high-

1. Techno-Economic Viability: The integration of PV with A- performance systems, while those with budget constraints can

CAES is a technically viable and economically sound strategy for still achieve substantial benefits with carefully optimized, mid-

enhancing energy resilience and reducing operational costs and size designs. The optimization methodology presented serves as

16
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Fig. 11. State of charge (SOC) analysis across four operational scenarios showing SOC variations in the air storage system during charging and discharging cycles.

a powerful decision-support tool for navigating these trade-offs
based on specific energy requirements, economic constraints,
and sustainability targets.
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