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Abstract—This work investigates the operational value of
hybridizing wind, solar PV, and hybrid energy storage systems
(HESS) in isolated, gas-dominated power systems. By co-locating
wind turbines, photovoltaic panels, high-energy (HE) and high-
power (HP) batteries behind a single grid connection point,
Hybrid Power Plants (HPPs) can exploit over-planting and
contribute to reserve requirements. A rolling unit commitment
framework is developed to compare HPPs with single Wind/PV
technologies. The results demonstrate significant improvements
in gas turbine operational efficiency, residual load reduction,
and spinning reserve reallocation. Sensitivity analyses identify
the key HPP design parameters governing these operational
benefits, providing actionable insights for system operators and
HPP developers in isolated grids.

Index Terms—Hybrid Power Plants, Isolated Power Systems,
Unit Commitment

I. INTRODUCTION
A. Motivation

Increasing the share of variable renewable energy sources
(RES) creates challenges for gas-dominant isolated power sys-
tem operators, significantly affecting unit commitment (UC)
optimization through increased uncertainty and flexibility re-
quirements [1]. UC frameworks focusing on GT power output
scheduling and reserve management have been proposed for
non-interconnected island systems [2], [3]. Rolling horizon UC
formulations for isolated systems have been investigated [4],
as well as the deployment of battery storage systems in such
systems [5]. However, existing works either focus on pumped-
storage systems [4], single-technology battery configurations
[6], or techno-economic optimization of systems with multi-
ple grid connection points [7], without fully addressing the
operational challenges of isolated gas-dominated systems.

2" Rujie Zhu
Department of Wind and Energy Systems
Technical University of Denmark (DTU), Risp Campus
Roskilde, Zealand, 4000, Denmark
ruzhu@dtu.dk

4™ Kaushik Das
Department of Wind and Energy Systems
Technical University of Denmark (DTU), Risg Campus
Roskilde, Zealand, 4000, Denmark
kdas@dtu.dk

In this context, hybridization of wind turbines, photovoltaic
panels, and battery storage behind a single grid connection
point, forming hybrid power plants (HPPs), represents a rel-
evant approach to investigate the operational value of RES
integration in isolated gas-dominated power systems. The IEA
Wind Task 50 defines an HPP as a combination of two or more
electricity generation and/or storage technologies connected at
a single point of connection [8], enabling over-planting beyond
the grid connection limit [9]. By combining high-energy (HE)
batteries for energy shifting and high-power (HP) batteries for
reserve and ancillary service provision into a HESS, HPPs
can mitigate renewable variability and actively contribute to
system security [9], which is a configuration not yet explicitly
modelled within a rolling UC framework for isolated gas-
dominated systems.

B. Contribution

The contributions of this paper are:

o A novel rolling unit commitment framework explicitly
integrating Wind/PV/HESS Hybrid Power Plants, distin-
guishing the operational roles of HE and HP batteries,
and enforcing N-1 security constraints by requiring the
spinning reserve to cover the loss of the largest committed
unit at each time step.

« Sensitivity analyses on RES and HESS sizing, identifying
optimal hybrid configurations to maximize system flexi-
bility and minimize gas usage in isolated power systems.

Sections II, III, IV and V respectively describe the system,
the optimization framework, the case studies, and the results.
Section VI concludes the work.



TABLE I
GAS TURBINE AND HESS TECHNICAL PARAMETERS

Parameter Value

prin [ prax (MW) 2.28 /5.7

a; (€) 665

b; (€/MW) 21.68

c; (€/MW?) 0.00228

Startup / Shutdown cost (€/MW) | 2.53/2.53

T.7 / T3 (time steps) 4/4

GT cost curve segments .S 4

HE/HP charge efficiency 0.925

HE DoD / HP DoD 09/0.8

TABLE 11
COMPARISON OF SYSTEM COMPONENTS’ SIZE IN BOTH CASES

Component With HPP ‘Without HPP
GTs Quantity, called Ny S S
Wind (MW) 45 3.1
PV (MW) 3.7 2.6
HESS (MW/MWh) HP: 1.2/2/0.2484 -
Grid Connection (MW) 5.7 5.7

II. SYSTEM DESCRIPTION

The methodology is validated on an isolated power system
of five GTs supplying dispatchable generation and reserve
services, representative of gas-dominated grids. Its parameters
are listed in Tables I and II. The load profile covers a full year
at 15-minute resolution with seasonal variations, as illustrated
in Fig. 1. A 3-hour optimization window is used, balancing
computational cost and sufficient look-ahead for the UC to
anticipate renewable variability.

III. ROLLING OPTIMIZATION FRAMEWORK
A. Rolling Horizon Process

A rolling optimization process is implemented following the
steps in Fig. 2. At every time step, an optimal generation plan
is given by the UC, the first operating point is applied to update
the system state, and the process is repeated [10], improving
real-time adaptability to renewable power variability.

B. HPP Available Power (HPPC)

At each time ¢, the individual HPP controller (HPPC)
communicates the available power for dispatch to the UC
operator, based on wind and solar forecasts and the HE
battery state of charge (SOC). The strategy targets a 50% SOC
reference, ensuring symmetric charge and discharge capability
at all times and minimizing battery depletion events.
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. X SOCHE — SOCHE
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Where P/ is the available HPP power at time {;
Ppgrideonnection the orid connection limit; P"¢ and Ppelar

are the wind and PV forecasts; SOCtH E is the HE battery state
of charge; SOCHF the reference HE battery SOC (50%); At
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Fig. 2. Rolling optimization framework coordinating HPP forecaster, unit
commitment and HE batteries SOC update

the time step; 7 the HE battery charge efficiency; 1, and 1_
the charge and discharge indicator variables.

C. Unit Commitment

Based on this information, the UC generates the optimal
dispatch over the next optimization horizon, minimizing the
total operational cost [11] (divided into fixed, variable, start-up
and shut-down costs), and setting a penalty on load shedding.

1) Objective Function:

min%i iF P*e + gCﬁ"w
' 1,8 4 i t,s 4 it
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+ CM 4+ C zz,t) +AY PR (@

t=1

Where F; ; is the slope of segment s of the piecewise linear
cost of unit 4, C™* = a; + b; P™" + ¢;(P™i)? is the fixed
operating cost, C$" and C¢ are the startup and shutdown cost
coefficients, P} is the shed load at time ¢, and A" is the load
shedding penalty. This last parameter is set to be high enough
to avoid load shedding as much as possible.



2) Constraints:
Without HPP, the power balance at each time step is:

N.q
ZPi,t + Pgs + Ptcurt

i=1

_ Pload — M- (P'wind + P;olar) Vit
=1 t )
3)

Where P, ; is the set point of GT i at time ¢, and P}° is the
load at time t. Here, the forecast of wind and solar time series
is considered a negative load [12], and the coefficient M is the
number of pair of single Wind/PV technologies (see Section
V).

With HPP integration, the injected power of each hybrid
plant k is included:

N, M
2 Pt PEe ) Bl

Where M is the number of HPP and P'}" (the set point of
HPP k) is determined by the available power of HPP and
satisfies:

=P vt 4

P+ P =P, k¢ (5)

Where P{'}' is the curtailed power of HPP k.

Each committed unit must operate within its technical
limits, with generation bounded by Pimi“uu < P; 4, and total
generation plus reserve bounded by:

P+ P < PPu,, Vit (©)

Without HPP, the reserve constraint reduces to:
NQ
SRS =R, vt @)
i=1
With HPP integration, the HP battery capacity of each
hybrid plant contributes to the reserve [13]:
NQ
> PS4+ M-PPM P vt (®)
i=1
Where P, is the maximum scheduled power at time ¢ of every
generation units (GT and HPP included), and PHP P2t i the
single HP battery reserve capacity.
The binary variables w;; (commitment), v;, (startup), and
2, (shutdown) satisfy:

Uit — Wit—1 = Vit — Vi, t > 1 9)

Lit,
Once started, a unit must remain online for at least T;’p
periods:
t+T,"—1
S Ui 2Ty, Vi, t<T-TP+1

T=t

(10)
Similarly, a shut-down unit must remain offline for at least
T3 periods:

tHTiov 1

>

T=t

Tidown Tidown +1

(1)

(1 —uir) > Tig, Vi, t<T—

The total generation of unit ¢ at time ¢ is expressed as:

Py + P = PPy, + Z P, Vit (12)
with each segment bounded by:
0<%, < (Kisp1— Kig)uiy, Vit,s (13)

Where K; s are the breakpoints of the piecewise linear cost
curve of unit 7. The linearization of the power set point in
different segments is taken from [11].

D. HE Battery Modelling

The SOC of the HE batteries is updated using the UC results
derived from wind and solar power forecasts, together with the
real power generation. The process is repeated at time t+1.

SocH

max

Ptdis At

n SOCHE

min

SOCHE = |SOCHF + P At — (14)

Where Pf" and P#* are the HE battery charging and dis-

2 g C;gﬂ‘ denotes the HE battery SOC

min

charging powers, and [ -]
boundaries.

The HP battery SOC is assumed to be always sufficient to
provide reserve, as its low energy capacity (Table II) can be
fully recharged within a single 15-minute time step, making
depletion events negligible under normal operating conditions.

IV. CASE STUDIES

For the cases studied, the wind and solar power generation
timeseries are derived from the CorRES model [14], providing
spatially and temporally correlated resource data at 15-minute
resolution over a full year. Two configurations are compared
(see Fig. 3): single Wind/PV technology pairs with five GTs,
and Wind/PV/HESS HPP units with the same GTs, both scaled
with the level of RES penetration. In this last case, the installed
wind and solar capacity exceeds the grid connection capacity,
this is called over-planting and defined as in [15]:

Resinstalled,MW
POCyw

In this study, the comparison is made at equal grid con-
nection capacity, which represents a mandatory investment
constraint in isolated systems, rather than at equal installed
capacity.

OR = (15)

Gas turbines (GT) 5x5.7 MW Hybrid Power Plant (HPP) 5.7 MW Hybrid Power Plll»]‘_(»l'!l"l') 5.7 MW s I‘B Tle
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Fig. 3. System description in both studied cases



V. RESULTS AND DISCUSSION
A. Gas Turbine Operational Regime

Three key operational indicators are introduced to quantify
the impact of HPP integration on isolated gas-dominated
systems. The mid-load operation time 74 measures the
percentage of time steps during which GTs operate in an
inefficient part-load regime, where fuel consumption per MWh
is higher than at full load [16]:

Ny

100 ZZ |:}3imin<13i,t§13ihigh:| %] (16)

zltl

Tmld

The residual load P represents the net demand that must be
covered by the GTs after renewable injection and curtailment,
and directly reflects gas consumption:

e (-3 r)

t=1

a7

Finally, the average reserve provided by the GTs Py cap-
tures the system’s ability to maintain security without relying
exclusively on thermal units:

Ny T

zzl

i=1

res
Pt

t=1

(18)

Together, these three metrics cover the key operational
dimensions affected by HPP integration: GT efficiency, fuel
usage, and system security.

Fig. 4 reveals that hybridization reduces the events of
GTs operating at a mid-load. This can be explained by the
contribution of the HE battery dispatching additional RES,
exploiting the over-planting. The HE battery dispatch shifts
GTs operation mainly toward extreme states, while the HP
battery allows GTs to stay OFF when only reserve is needed.

Fig. 5 shows that in the single Wind/PV technologies case,
the reserve decrease reflects a lower GTs’” power set points due
to higher RES penetration, not an improvement in security, as
RES variability is not accounted for as a reserve requirement.
In contrast, the reduction of reserve power provided by the
GTs observed in the case of hybridization shows a relocation

GT Operation State Distribution - M=1vs M =2
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Fig. 4. Distribution of GTs operating states for increasing RES penetration,
comparing HPP and single Wind/PV technologies configurations (M being
the amount of HPP and coupled Wind/PV units).
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Fig. 5. Average reserve power provided by GTs for increasing RES penetra-
tion.

of this power towards the HP batteries, and a maintained
system security.

However, this operational shift may increase the frequency
of GT startup and shutdown events, representing a trade-off
between thermal efficiency gains and mechanical cycling costs
that deserves further investigation.

B. Quantitative Analysis

The relative reduction AX quantifies the improvement of
the HPP configuration over the RES configuration for each
indicator:

XRES
XRES

Where X € {Thid, P, Pes}» and Xggs, Xppp are the values
obtained for a given M in the RES and HPP cases respectively.

Fig. 6 shows the relative mid-load reduction AT;q as a
function of M. At M=1, hybridization already reduces the mid-
load frequency by 13.2% compared to the single Wind/PV
technologies case. This reduction increases with M, reaching
approximately 65% at M=5, before stabilizing for higher
RES penetration levels. This saturation reflects the existence
of a limit of GTs mid-load regime events reduction that
hybridization cannot increase, regardless of the number of
HPP units installed. This corresponds to meteorological and
load conditions where neither the over-planting nor the HE
battery dispatch is sufficient to shift the GTs operating point
away from the mid-load regime. A more advanced EMS, better
exploiting the HE battery flexibility, could potentially raise
this plateau by addressing a larger share of these intermediate
operating conditions.

AP, follows a logarithmic trend (R2=0.97), from 2.8% at
M=1 to 19.3% at M=9, reflecting the diminishing marginal
benefit of each additional HPP unit as the system approaches
its operational limits.

The reserve reduction follows a logarithmic trend (R?=0.98)
for M € [1,5], reaching 29.6% at M=1, with complete reallo-
cation to HP batteries beyond M=5.

These results provide actionable insights for system oper-
ators and HPP developers: mid-load and residual load reduc-
tions directly translate to improved GT efficiency and lower

- XHPP

AX = %100 [%] (19)
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Fig. 6. Quantitative impact of HPP integration on key operational metrics as a function of the number of technologies M: mid-load reduction, residual load
reduction, and reserve provided by the GTs reduction. Dashed curves show the best-fit regression models with associated R? values.

TABLE III
HPP SENSITIVITY ANALYSIS — CONFIGURATION PARAMETERS (PER
TECHNOLOGY)
Scenario OR BEoane (MWh)
Nominal 1.82 1.88
High over-planting 237 1.88
Low over-planting 1.27 1.88
Low battery 1.82 0.94
High battery 1.82 3.76

gas consumption, while complete reserve reallocation beyond
M=5 demonstrates that system security can be maintained
without relying exclusively on GTs.

C. Sensitivity Analysis

Table III details the scenarios used to assess the robustness
of the results with respect to two key HPP design parameters.

Fig. 7 shows the sensitivity of the relative mid-load reduc-
tion to the over-planting ratio and HE battery capacity. The
trend is preserved across all configurations, confirming the
robustness of the identified results. The mid-load reduction
increases monotonically with the over-planting ratio across
the full range of M, while the HE battery capacity has a
marginal influence. These results suggest that the over-planting
ratio is the primary design lever for maximizing the mid-
load reduction. Notably, even in the low over-planting case,
a significant mid-load reduction is observed. This can be
explained by the fact that a higher over-planting ratio increases
the volume of excess renewable generation dispatched by the
HE battery, which more frequently covers the residual demand
that would otherwise force GTs into mid-load operation. The
HE battery capacity only affects the duration of this dispatch,
not its frequency.

Fig. 8 shows the sensitivity of the relative residual load
reduction to the over-planting ratio and HE battery capacity. In
the low over-planting case, the reduction is virtually negligible
(R?=0.006), confirming that the residual load benefit is entirely
conditioned by the availability of excess generation capacity
behind the grid connection point. All other configurations
follow either logarithmic or exponential trends with high
goodness of fit (R2>0.97), confirming the robustness of the
identified relationships across the range of HPP sizing param-
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Fig. 7. Sensitivity of AT},iq to over-planting ratio and HE battery capacity.

Sensitivity Analysis — Residual load Reduction
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Fig. 8. Sensitivity of AP, to over-planting ratio and HE battery capacity.
Dashed lines indicate logarithmic fits, dotted lines indicate exponential fits.

eters. Even with a moderate over-planting ratio, the HE battery
cannot dispatch more energy than wind and solar produce,
resulting in no measurable gain over the single Wind/PV
technologies configuration. In contrast, the high over-planting
case yields a significantly higher reduction, with an asymptotic
value of around 31% compared to 19.3% in the nominal case.
The HE battery capacity shows a moderate influence: larger
batteries sustain the dispatch over longer periods, yielding a
slightly higher reduction.

However, Fig. 9 reveals that neither parameter has a mea-



Sensitivity Analysis — Reserve Reduction
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surable impact on the reserve power provided by the GTs
reduction. The logarithmic trend is preserved across all con-
figurations (R?~0.98), with curve coefficients varying by less
than 7%, confirming that reserve reallocation depends only on
the number of HP batteries. This result is physically consistent
with the reserve provision mechanism: since the HP battery
power rating is fixed per HPP unit and independent of the over-
planting ratio or HE battery sizing, the reserve contribution
scales exclusively with the number of HP batteries installed,
regardless of the other HPP design parameters.

VI. CONCLUSION

This paper investigates the operational value of hybridizing
wind, PV and HESS in isolated gas-dominated power systems,
through a rolling unit commitment framework explicitly inte-
grating HPP units with distinct HE and HP battery roles.

The results demonstrate that hybridization systematically
shifts GTs operation away from mid-load regimes toward
extreme states, driven by the HE battery dispatching additional
renewable power through over-planting. This operational shift
is quantified through three relative indicators, revealing a mid-
load reduction reaching 65% at moderate RES penetration, a
residual load reduction following a logarithmic trend up to
19.3% at M=9, and a complete spinning reserve reallocation
from GTs to HP batteries beyond M=5. Such a shift in the
operational behaviour increases the GT efficiency and reduces
the gas consumption in isolated power systems.

Sensitivity analyses confirm that the over-planting ratio is
the primary design lever governing both the mid-load and
residual load reductions, while the spinning reserve reallo-
cation is exclusively driven by the number of HP batteries.
These two parameters therefore represent actionable design
thresholds for HPP developers, while system operators can
directly exploit the resulting reductions in fuel consumption
and spinning reserve GT dependency to improve isolated grid
management.

Further work should investigate the economic viability of
HPP integration by comparing fuel savings against the addi-
tional capital expenditure of HESS installation. It could also
explore the system security implications of HP battery reserve

provision under prolonged frequency disturbances, as well as
the impact of more advanced energy management strategies on
the identified saturation limits. Dynamic SOC targets adapted
to seasonal generation patterns could further improve residual
load reduction. Finally, practical validation on a real isolated
power system would strengthen these findings.
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