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Objectives

This study evaluates the feasibility of a grid-connected hybrid photovoltaic (PV)/wind
power plant in Ma’an, Jordan, as a response to rising electricity demand and national
renewable energy targets.

Methods

Ma’an was selected for its strong solar radiation and moderate wind resources. Five
50 MW configurations were assessed: PV-only (50 MW), wind-only (50 MW), balanced
hybrid (25 MW PV + 25 MW wind), PV-dominant (40 MW PV + 10 MW wind), and
wind-dominant (10 MW PV + 40 MW wind). Measured per-minute solar and wind data
from the Water and Environment Research and Study Center (WERSC) at the University
of Jordan were aggregated to monthly averages for modeling. System performance and
economics were evaluated using the Hybrid Optimization Model for Electric Renewables
(HOMER) together with a life-cycle cost (LCC) framework calibrated to recent Jordanian
project benchmarks.

Results

The PV-only configuration yields approximately 108.12 GWh/year with a payback near
12 years. Wind-inclusive scenarios show substantially lower net generation and much
longer paybacks (typically > 30 years), driven by weak site wind speeds and higher
balance-of-system costs.

Conclusions

Under the measured Ma’an wind regime, PV dominates the techno-economic outcome.
Wind-only and PV-wind hybrid options are not competitive without materially higher
wind resources or structural cost reductions.

1. Introduction

Jordanian energy supply has been drastically restruc-
tured in the last decade as policymakers have attempted to
lower import dependence and diversify the national energy
mix of Jordan (IEA, 2021). Jordan once relied on more than
90% of its primary sources of energy through imports, a
weakness that caused severe fiscal as well as security impli-
cations during regional supply shocks (IEA, 2021). To over-
haul this, Jordan initiated a series of energy reform and
renewable energy programs from 2012 under the Renew-
able Energy and Energy Efficiency Law that enabled inde-
pendent power producers (IPPs) and ushered in competi-
tive bidding in solar and wind power (Al Zubi et al., 2012).
These programs have witnessed a fast build-out of-grid re-

newables such that combined solar photovoltaic (PV) and
wind capacity passed 2 GW by 2023 (MEMR, 2023).
High-visibility projects illustrate this shift. Masdar’s
Baynouna Solar Power Plant reached 200 MW capacity in
2020 and is among largest single solar plants in the region.
Tafila Wind Farm, which came online later in 2015 to 117
MW, was Jordan’s initial utility scale wind venture and suc-
cessful integration of variable renewables into the national
network (Masdar, 2023; World Bank, 2016). Projects illus-
trate opportunities and challenges of integrating renew-
ables: while generating clean power and decreasing fossil
import dependence, they reinforce the significance of care-
ful selection of location, characterization of resources, and
financial project constructs to achieve long-term viability.
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Even so, some uncertainty persists regarding optimal re-
newables configurations across different locations in Jor-
dan. The nation’s topography provides strong solar poten-
tial nearly anywhere, whereas wind resources are highly
site-dependent. Some areas in the north and east of the
country register good mean wind speeds, whereas others
have moderate or marginal results (Al-Mhairat & Al-
Quraan, 2022). As such, techno-economic evaluation be-
comes important to undertake prior to entering into large-
scale investment. Additionally, whereas PV and wind farms
have been characteristically realized as independent plants,
lessons from around the world indicate that hybrid sys-
tems—where PV and wind are co-located or co-dis-
patched—is sometimes achievable to enhance utilization of
area, network assets, as well as operating profiles (IRENA,
2020). Such advantage occurs to a significant extent de-
pending on how much temporal complementarity exists be-
tween resources, as well as of how policy frameworks as
well as economic trade-offs of deploying two technologies
rather than a singular one are.

The Ma’an region in southern Jordan has attracted par-
ticular interest for renewable energy deployment. Located
about 218 km southwest of Amman, Ma’an combines some
of the country’s strongest solar radiation levels with prox-
imity to existing transmission corridors and flat Badia ter-
rain favorable for construction (Alcazar Energy, 2022). Nu-
merous solar installations have already been put into
operation within the region, verifying its potential. Never-
theless, the wind resource is less convincing: whereas some
measurements show occasional strong events, mean annual
wind speeds are moderate to low, usually below 5 m/s at
typical hub heights. This dual resource profile makes Ma’an
a useful test case for evaluating hybrid PV-wind configu-
rations under realistic meteorological and financial condi-
tions.

In most parts of the world, analyses of hybrid PV-wind
systems have mushroomed, especially where seasonal or
daily profiles complement each other. For North Africa, hy-
brid studies in Morocco and Egypt propose pairing PV sys-
tems with wind to minimize curtailment and even out out-
put, particularly where it is windy during nighttime (Jurasz
et al., 2020; Rahoma et al., 2017). Within the Gulf coun-
tries, Saudi Arabia and UAE analyses have examined hy-
brids to be strategic about land use and to stabilize grids (Al
Garni & Awasthi, 2017). Yet results are mixed: below 6 m/s
of wind speed, hybrids economically tend to do poorer than
PV alone due to turbines providing marginal incremental
output while boosting balance-of-system and O &M expen-
ditures (IRENA, 2020). Such divergence refers to localized
modeling and financial evaluation as a better practice than
presuming a priori that hybrids have an advantage.

For Jordan, current literature offers insightful but frag-
mentary information. Various studies have evaluated PV
performance in Jordanian conditions (Ayad, 2013; El-Tous
et al., 2012) and wind potential at a number of sites (Al
Saad et al., 2018), whereas others have evaluated integra-
tion of renewables into the national grid (Jaber et al., 2015).
Relatively few studies, however, critically compare co-lo-
cated systems of PV-wind systems employing measured

high-resolution meteorological time series and transparent
techno-economic modeling. Most techno-economic studies
do either baselining from international standards or evalu-
ate separately solar and wind. As Jordan diversifies its port-
folio of renewables to reach its ambitious NEN goals, filling
this gap becomes increasingly useful to investors, planners,
and regulators.

This work helps to fill that gap by providing a systematic
comparison of a 50 MW grid-connected PV-wind hybrid
system in Ma’an. By employing a year of per-minute mea-
sured solar irradiance and wind speed from the Water and
Environment Research and Study Center (WERSC) of the
University of Jordan, we create five cases with same name-
plate capacity but different shares of technology: (i) PV-
only (50 MW), (ii) wind-only (50 MW), (iii) balanced hybrid
(25 MW PV + 25 MW wind), (iv) PV-dominant (40 MW PV +
10 MW wind), and (v) wind-dominant (10 MW PV + 40 MW
wind). Dispatch, curtailment, and energy flow are simulated
by HOMER software, while a life-cycle cost (LCC) model ap-
proximates financial assumptions in terms of payback peri-
ods that have been tailored to those of recently completed
Jordanian projects.

Our aims are threefold. First, we estimate relative PV,
wind, and mixed case energy yields under real meteoro-
logical measurements to illuminate how realized output is
influenced by curtailment and derating. Second, we con-
trast economic viability through equivalent cost and tariff
baselines to reveal which of each scenario is most viable.
Third, we interpret planning implications in Jordan to dis-
cern whether hybridization is advantageous at this location
or if PV dominance is to be expected. To this end, this
work fills an important void in the literature in Jordan and
supplies evidence-informed recommendations to investors
and planners mulling prospective renewable dispositions in
Ma’an and comparable areas.

2. Research Methodology
2.1. Data sources and processing

Per-minute solar irradiance and wind speed records for
a full calendar year were obtained from the Water and En-
vironment Research and Study Center (WERSC) at the Uni-
versity of Jordan for the Ma’an site. The raw files were sub-
jected to a simple quality control workflow:

1. removal of obvious sensor spikes and negative values;
2. short-gap infill (< 5 minutes) by linear interpolation;
3. flagging—but not replacing—longer gaps;

4. aggregation from per-minute series to monthly aver-
age daily values (i.e., the monthly mean of the daily
totals for irradiance, and the monthly mean of the
daily mean for wind speed).

Aggregation of data helps to retain seasonal detail with-
out rendering the model intractable and is consistent with
how reported data are tabulated in tables of the paper. To
protect against year-of-record anomalies, aggregated series
were eye-ball-checked against long-term regional expecta-
tions (PVGIS/RETScreen order-of-magnitude checks only)
to assure that study year is within plausible range for
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Ma’an. Final inputs are those tabulated in Table 1 (solar)
and Table 2 (wind).

2.2. Plant configurations and technology choices

All scenarios are sized to 50 MW total nameplate capac-
ity to isolate the effect of technology mix. Five configura-
tions are modeled:

1. PV-only (50 MW)

Wind-only (50 MW)

Balanced hybrid (25 MW PV + 25 MW wind)
PV-dominant (40 MW PV + 10 MW wind)
Wind-dominant (10 MW PV + 40 MW wind)

SARE A

The PV blocks use fixed-tilt amorphous silicon thin-film
modules, with tilt approximately 30.17° and row spacing of
10 m for access and shading control (Darhmaoui & Lahjouji,
2013; Shariah et al., 2002). The wind blocks use Vestas V47/
660 kKW turbines (47 m rotor, swept area = 1,735 m2; cut-
in 4 m/s; cut-out 25 m/s). For the 25 MW wind sub-plant,
38 turbines are deployed, and footprints/spacing are con-
sistent with the engineering layout used elsewhere in the
manuscript for area estimates.

2.3. Resource-to-power modeling in HOMER

HOMER’s grid-tied simulation was used for all cases. The
workflow was identical across scenarios:

+ Solar transposition and PV losses. Monthly aver-
age daily global radiation was transposed to the
plane of array at the specified tilt. Standard PV loss
channels were applied at the component level (tem-
perature effects, wiring and mismatch, soiling, in-
verter efficiency). No tracking was modeled.

» Wind energy conversion. The V47 turbine power
curve, cut-in/cut-out behavior, and availability were
applied to the monthly wind speed inputs to com-
pute net electrical production. Given the moderate
annual mean speed (4.24 m/s), the resulting capacity
factors are expectedly low (Abed & El-Mallah, 1997);
this is reflected in the energy totals reported in the
Results.

e Curtailment and export logic. HOMER enforces ex-
port limits and curtails when instantaneous PV+wind
generation exceeds allowed export. In hybrids, peri-
ods of coincident PV and wind production increase
curtailment frequency; consequently, PV energy in
mixed cases does not scale linearly with PV name-
plate share relative to the PV-only baseline (Meglic
& Goic, 2022).

» Time-resolution and seasonality. Although the
source data are per-minute, the modeling uses the
monthly average daily inputs described in Section
2.1, which capture the seasonal shape (crucial for an-
nual energy) and are consistent with the tables pre-
sented.

Two reference relations guided sanity checks but did not
override HOMER outputs:

(1) Wind turbine mean power (for order-of-magnitude
checks):
Pyina= 0.5 x p x A x Cpx V3,

with p = 1.25 kg/m®, A = 1,735 m?, C, ~ 0.30, V =4.24 m/s
(site annual mean).
(2) PV module AC output (conceptually):

PPV, AC ~ POAi'rmdianceX (”""a:l/area>< TNmodule s

ref x (temperature derate)x (BOS ef ficiency)

These were used only to confirm that HOMER’s annual en-
ergies were of the correct magnitude given the site’s re-
source levels and the chosen technologies.

2.4. Cost model and financial parameters

A consistent life-cycle cost (LCC) framework was applied
to each scenario over a 20-year analysis horizon:

« Capital expenditure (CAPEX). Scenario-specific to-
tal capital costs match the values used in the Results
(e.g., PV-only = 56.80 MUSD; wind-only = 91.87
MUSD; hybrids per Table 8). CAPEX includes bal-
ance-of-system and interconnection. Hybrid cases
reflect the combined BOS complexity of two tech-
nologies.

» Operating expenditure (O&M). Fixed and variable
O&M line items mirror the tables reported for each
scenario (e.g., wind O&M is higher per-MW than PV
O&M) (Shenouda et al., 2022). Hybrid O &M equals
the sum of PV and wind O &M appropriate to the
mix.

» Land lease. Applied at 0.2-0.4 USD/m?/year based
on the site description. Plant footprints follow the
engineering estimates used elsewhere (PV = 25,000
m?%/MW; wind engineering footprint = 228,000 m? for
a 25 MW block).

* Revenues and tariffs. Annual energy by technology
was multiplied by representative sale prices: PV at
0.127 USD/kWh and wind at 0.113 USD/kWh, consis-
tent across scenarios.

» Financial terms. Discount rate (used for LCC gover-
nance and internal checks) was set to 9%. Deprecia-
tion and labor cost line items match the scenario ta-
bles. Currency is USD with nominal figures (no
escalation). Salvage value is not credited.

Two payback notions were evaluated for internal consis-
tency:
» Simple payback = Total CAPEX + Net annual saving.
» Net annual saving = (Energy revenues) - (O&M + land
lease + labor + other fixed charges).

Discounted indicators (e.g., NPC, discounted payback)
were used only as cross-checks; they do not change the
qualitative ranking of scenarios and are therefore not tabu-
lated.

2.5. Scenario-specific inputs

To ensure a one-to-one comparison, the following rules
were enforced:
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» Nameplate parity. Total installed capacity is always
50 MW; only the PV:wind split changes.

+ Uniform PV block specification. Same module
type, tilt, inter-row spacing, BOS assumptions, and
inverter assumptions across all scenarios containing
PV.

e Uniform wind block specification. Same turbine
model and count appropriate to each wind capacity
level; same layout logic for area and O &M calcula-
tions.

* No storage or demand-side elements. The objec-
tive is to isolate PV-wind interactions. Storage and
flexible demand are explicitly excluded here and re-
served for future work.

+ Curtailment consistency. Export/curtailment logic
is identical across scenarios so that any PV under-
performance in hybrids reflects true interaction ef-
fects rather than scenario-specific rules.

2.6. Verification and consistency checks

Several checks were performed before finalizing results:

1. Energy sanity checks. PV-only annual energy
(~108.12 GWh) implies a plausible desert-edge capac-
ity factor for fixed-tilt thin-film. Wind-only annual
energy (~16.64 GWh) is consistent with low mean
speed.

2. Hybrid scaling checks. PV energy in hybrids is lower
than a linear fraction of the PV-only case, as expected
under coincident-generation curtailment.

3. Revenue arithmetic. Table totals use the same tar-
iffs as specified above and reconcile with reported net
annual savings after subtracting O&M, land, labor,
and depreciation line items.

4. Land and layout coherence. The footprints used in
the economic model match the narrative in the Sys-
tem Design section and the site description in the Lo-
cal Weather Data Analysis.

5. Internal financial coherence. Simple paybacks
quoted in the Results are consistent with the CAPEX
and net-savings magnitudes reported for each sce-
nario.

2.7. Sensitivity structure

Because the primary goal is to compare scenarios at a
fixed site, we limited sensitivity analysis to directional
checks rather than a full parametric sweep:

» Discount rate: Lowering the rate improves all sce-
narios proportionally; PV-only remains preferred be-
cause relative energy yield differences persist.

« Capital cost: Proportional CAPEX reductions favor
PV-only due to higher utilization. Wind requires
both CAPEX relief and higher mean wind speed to
approach PV economics.

« Operational costs: Reducing wind O&M or land
lease improves hybrids marginally but does not over-
turn the ranking under the measured wind regime.

+ Curtailment policy: Relaxing export constraints in-
creases PV capture in hybrids modestly; however, in-
teraction effects still keep mixed cases behind PV-
only at this site.

2.8. Model governance and reproducibility

All runs were executed using a single HOMER project
file with scenario toggles to prevent drift in underlying as-
sumptions. Inputs (monthly solar and wind series, technol-
ogy definitions, cost lines, and tariffs) were stored along-
side the model configuration. Scenario outputs (annual
energy by technology, curtailment, and cash-flow sum-
maries) were exported to spreadsheets that directly popu-
late the paper’s tables, minimizing transcription error. The
narrative results presented in Sections 5-7 reflect these ex-
ported values without post-hoc adjustments.

3. Local Weather Data Analysis
3.1. Site and climate context

Ma’an is located some 218 km to the southwest of Am-
man (latitude 30°17' N; longitude 35°82' E) in a lightly un-
dulating Badia landscape. Climate is warm summer (typi-
cal mid-20s °C) and cool winters (winter minima of some
9 °C). These are favourable PV conditions—high solar ir-
radiance and moderate winter season cloudiness—whereas
wind regimes are more moderate. Flat and lightly vegetated
landscape also facilitates construction and access logistics
and loss of horizon shading of PV rows.

One year of per-minute solar irradiance and wind speed
measurement is employed. Though year-to-year fluctua-
tions do occur for both resources, the measurement set is
seasonally consistent with regional averages. The aggrega-
tion approach employed in modeling (month-average daily
amounts) maintains the seasonality that is responsible for
year-over-year energies without creating undue computa-
tional overhead.

3.2. Solar resource characterization

Table 1 presents monthly mean daily global radiation to
be employed in modeling. Annually, it averages 6.42 kWh/
m?/day, typical of desert-edge sites and suitable for strong
PV output (Darhmaoui & Lahjouji, 2013; Shariah et al.,
2002). Peak summer months (May-Aug) top 8 kWh/m?/day,
whereas shoulder and winter months are sufficient to facil-
itate baseline production. Pragmatically, PV output in this
climate is favorably influenced by clear days and strong
beam contributions but moderated by temperature-related
efficiency losses during hot months.

Solar input is assumed as monthly global radiation totals
that are transformed to the plane of array at chosen fixed
tilt (about 30.17°). Standard loss processes are assumed in
HOMER on a component basis (temperature, wiring/mis-
match, soiling, and inverter conversion). Thin-film tech-
nology and fixed-tilt configuration chosen are consistent
with original site plan and also consistent with subsequent
land use plan explained later.
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Table 1. Monthly average daily solar radiation (Ma’an)

Table 2. Monthly average wind speed (Ma’an)

Month Solar Radiation (kWh/m%day) Month Wind Speed (m/s)
January 3.903 January 4418
February 5.038 February 3.114
March 6.506 March 4.755
April 7.671 April 4.742
May 8.065 May 4.320
June 8.779 June 4.220
July 8.676 July 3.175
August 8.115 August 4.086
September 6.995 September 3.705
October 5.784 October 3.008
November 3.909 November 2.847
December 3.485 December 8.279

For PV modeling, the seasonal shape means a strong
summer peak and a relatively shallow winter trough. This
annual sum of this shape along with fixed-tilt geometry and
realistic derates results in the reported PV energy outputs
of the Results, such as 108.12 GWh/year of the 50 MW PV-
only case and lower (non-linear) PV levels of the hybrid
cases as a result of curtailment and interaction effects.

3.3. Wind resource characterization

Monthly mean wind speeds are given in Table 2. Annu-
ally it is 4.24 m/s. December has the highest mean (8.279
my/s), yet most months fall within or below 4.5 m/s—con-
ditions that are quite moderate for utility-grade wind with
the turbine class defined by simulation (Abed & El-Mallah,
1997; Al-Mhairat & Al-Quraan, 2022).

For wind input, monthly wind velocities are converted to
DC output by a selected Vestas V47/660 kW turbine power
curve via cut-in/cut-out limiting (4 m/s and 25 m/s). We ex-
press availability implicitly at a component level in accor-
dance with our economic and O &M lines used later; no ad-
ditional forced-outage modeling beyond typical component
practice is used.

With an annual mean of 4.24 m/s per year, the modeled
turbine fleet runs below low capacity factors that agree with
wind-only energy production (~16.64 GWh/year) and corre-
spondingly small wind contributions in hybrid cases. Even
if some temporal complimentarity is present (e.g., stronger
relative winds during winter months), the year-round mean
is the limiting constraint on wind energy production at this
location.

4. System Design
4.1. Photovoltaic plant

The photovoltaic plant is designed with fixed-tilt amor-
phous silicon thin-film modules, chosen for their mechan-
ical simplicity, reliable performance in high-insolation en-
vironments, and alignment with the site concept. The

modules are set at a tilt of about 30.17°, close to the site
latitude, to balance annual yield with seasonal extremes.
Inter-row spacing of 10 m provides both safe maintenance
access and effective shading control, and a 25 MW sub-
plant requires approximately 138,214 modules based on
original sizing.

Output power in HOMER is simulated from plane-of-ar-
ray irradiance that is module- and balance-of-system-spec-
ified. Simulation is responsible for most loss paths, includ-
ing lower efficiency due to higher module temperatures,
dust deposition characteristic of Badia climatic conditions,
string and mismatch losses from cabling, and conversion
losses from inverters. No single-axis tracker is assumed to
keep geometry constant to allow a comparable comparison
of all penetrations of PV.

Land coverage is approximated to be around 25,000 m2/
MW so that a 25 MW arrangement will have about 0.63
km? coverage, proportionally scaling to a 40 MW or 50 MW
arrangement. Flat topography of the site accommodates
typical piling and foundation techniques such that a spac-
ing of 10 m helps to have corridors to allow for servicing
and shading reduction all year around.

4.2. Wind plant

The wind system employs Vestas V47 turbines rated at
660 kW, each with a 47 m rotor diameter and an approxi-
mate swept area of 1,735 m2. With a cut-in speed of 4 m/s
and a cut-out speed of 25 m/s, this model is technically well
suited to the measured site regime. To achieve a 25 MW
configuration, the sub-plant incorporates 38 turbines, con-
sistent with the nameplate sizing applied throughout the
manuscript.

A simple back-of-the-envelope relation is applied as a
sanity check for HOMER’s annual energy estimates:

Wind mean power per turbine:

Px~05xpxAxCpxV?
where p = 1.25 kg/m® (air density near 20 °C), A = 1,735
m? (swept area), C, = 0.30 (average coefficient of perfor-
mance), and V = 4.24 m/s (site annual mean). This yields an
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Fig. A. Solar vs. Wind Monthly Profiles: Monthly solar radiation (kWh-m~ 2-day~ ?!; left axis) and mean wind
speed (m's~ !; right axis) at Ma’an. Strong solar seasonality contrasts with generally low wind speeds, limiting

wind capacity factor.

order-of-magnitude mean power on the order of 25 kW per
turbine at the annual mean speed, consistent with the low
wind energy totals reported by HOMER for this site and tur-
bine class.

The wind array is configured in 19 columns and 2 rows,
with a minimum spacing of 60 m within each row to allow
for safe operation and maintenance, and 200 m between
columns. This arrangement produces an illustrative engi-
neering footprint of roughly 1,140 m x 200 m, or about
228,000 m? for a 25 MW block. It should be noted that this
figure represents only the equipment and access footprint;
in practice, the aerodynamic spacing envelope required to
mitigate wake effects in a high-production wind farm would
extend well beyond the physical footprint (Porté-Agel et al.,
2020).

4.3. Electrical integration and interconnection

In the hybrid plant, PV strings feed into inverters sized
for fixed-tilt operation, while wind turbines connect
through pad-mounted step-up transformers. Medium-volt-
age collection circuits then bring both technologies to a
common substation for grid interconnection. Within the
modeling framework, these electrical stages are repre-
sented implicitly through component efficiencies and bal-
ance-of-system parameters embedded in the capital and
O&M inputs.

Under grid-tied operation, HOMER applies export limits
and enforces curtailment whenever instantaneous PV and
wind generation exceeds the allowable export capacity. This
explains why PV output in hybrid cases is not a simple lin-
ear fraction of the PV-only scenario: during hours of high
irradiance when wind production also occurs, coincident
generation leads to curtailment.

4.4. Operational considerations

Component availability is modeled consistently with the
O&M framework later presented in the economic analysis.
For PV, operations and maintenance include periodic clean-
ing appropriate to dusty conditions, preventive electrical
checks, and inverter servicing. For wind turbines, the as-
sumptions cover regular inspections, lubrication, and
scheduled replacement of wear parts. These practices are
applied uniformly across scenarios and reflected in the an-
nual O&M cost estimates.

The Badia terrain’s stable surface layers provide a suit-
able base for conventional foundations for both PV racks
and turbine towers. Although visual, avian, and habitat im-
pacts are not quantified in this study, such factors are typi-
cally considered in site planning and permitting processes.
From a constructability standpoint, the straightforward PV
layout and direct site access reduce scheduling risks com-
pared to projects requiring more complex civil works..

5. Economic Analysis

The financial model applies LCC over a 20-year analysis
horizon with a 9% discount rate. Capital costs are technol-
ogy-specific and reflect local benchmarks. O&M includes
fixed and variable components, with higher per-MW costs
in hybrid cases due to combined technologies and balance-
of-system complexity. Land lease was set at 0.2-0.4 $/m?/
year, consistent with the site description.

5.1. Scenario 1: PV-only (50 MW)

The PV-only plant generates approximately 108,115,560
kWh/year. Given capital cost and O&M assumptions, the
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Table 3. Dispatched energy (25 MW PV + 25 MW wind)

Table 5. Dispatched energy (40 MW PV + 10 MW wind)

Technology Net energy (kWh/year) Technology Net energy (kWh/year)
PV 39,748,672 PV 57,744,536
Wind 8,322,000 Wind 3,329,000
Total 48,070,672 Total 61,073,536

Table 4. Annual costs and revenues (25 MW PV + 25
MW wind)

Table 6. Annual costs and revenues (40 MW PV + 10
MW wind)

Item usD Item usbD
PV revenue (0.127 $/kWh) 5,048,081 PV revenue (0.127 $/kWh) 7,333,556
Wind revenue (0.113 $/kWh) 940,386 Wind revenue (0.113 $/kWh) 376,177
O&M wind 912,000 O&M wind 384,000
O&M PV 375,000 O&M PV 600,000
Depreciation 2,000,000 Depreciation 5,049,511
Labor 705,614 Labor 557,942
Land 296,642 Land 392,547
Net annual saving (approx.) 1,700,000 Net annual saving (approx.) 730,000
Payback period (approx.) 43 years Payback period (approx.) 90 years

PV-only case achieves a payback near 12 years, making it
the most attractive option at this site.

5.2. Scenario 2: Wind-only (50 MW)

Modeled wind-only generation is approximately
16,644,000 kWh/year. With modest output and non-trivial
capital and O&M costs, the payback extends beyond 100
years, rendering the wind-only plant infeasible under cur-
rent site conditions.

5.3. Scenario 3: Balanced hybrid (25 MW PV + 25
MW wind)

To evaluate whether a perfectly balanced PV-wind con-
figuration could exploit resource complementarity, we
modeled a 25 MW PV and 25 MW wind plant. This case is
important because it provides a midpoint benchmark: if hy-
bridization adds value, the balanced split should demon-
strate it. Energy results are shown in Table 3.

The figures show that PV contributes more than 80% of
the total annual energy, despite having the same installed
capacity as wind. This disproportionate performance re-
flects the strong solar irradiance and the very low wind ca-
pacity factor at Ma’an.

Table 4 presents the corresponding financial outcomes,
including technology-specific revenues, O&M expenses,
and other cost items.

Although annual revenues exceed $6 million, high O &M
and depreciation expenses reduce net savings to about $1.7
million, extending the payback to more than four decades.
The analysis confirms that equal capacity does not translate
to equal energy or profitability in this resource regime.

5.4. Scenario 4: PV-dominant (40 MW PV + 10
MW wind)

The PV-dominant case increases solar capacity to 40 MW
while retaining a small 10 MW wind component. This de-
sign tests whether a modest wind share can improve tem-
poral complementarity without substantially raising costs.

The results indicate that PV overwhelmingly dominates
generation, providing over 94% of annual energy. Wind
contributes only marginally, and its small addition reduces
PV energy slightly due to curtailment interactions.

Table 6 summarizes the cost and revenue profile for this
configuration.

The small wind share increases complexity and cost
without proportional energy benefit, lengthening the pay-
back relative to PV-only. Despite higher PV output com-
pared to the balanced hybrid, the added wind raises O &M
and capital costs without contributing enough incremental
energy. Net annual savings fall to under $1 million, and the
payback period lengthens to nearly a century.

5.5. Scenario 5: Wind-dominant (10 MW PV + 40
MW wind)

In the wind-dominant case, we reverse the PV-wind ra-
tio to test whether increasing wind capacity can offset PV’s
seasonal variability.

Even with a larger wind share, total energy is relatively
low and costs are high; payback exceeds 100 years. Total
energy drops to less than one-third of the PV-only output,
despite the same nameplate capacity. Interestingly, the 10
MW PV block still out-produces the 40 MW wind block, un-
derscoring the weakness of the wind regime. Because capi-
tal costs remain high while net generation is low, the pay-
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Table 7. Dispatched energy (10 MW PV + 40 MW wind)

Technology Net energy (kWh/year)
PV 15,899,489
Wind 13,320,511
Total 29,220,000

back exceeds 100 years, rendering this scenario unviable
from an investment perspective.

5.6. Cross-scenario comparison and drivers

To compare all five scenarios on a consistent basis, Table
8 consolidates energy production, payback period, and cap-
ital cost. This overview highlights the relative performance
of each technology mix.

The results are thus practically determined by two dri-
vers. First, resource adequacy is a dominating factor: av-
eraging only 4.24 m/s mean wind speed, the wind regime
provides significantly less energy per megawatt compared
to PV. Second, system interactions and economics penalize
hybrid configurations. Additional combined O &M and bal-
ance-of-system needs, along with HOMber-imposed cur-
tailment resulting from simultaneous PV and wind genera-
tion, make the realized PV contribution in mixed situations
less favorable compared to simple linear scaling.

Together, such dynamics are responsible for why the PV-
only situation significantly outperforms all others. It pro-
duces over twice as much as the top-performing hybrid sit-
uation while simultaneously having the smallest payback
time. Meanwhile, wind-inclusive scenarios are set-back by
the poorly resourced base—far from strong enough to reach
competitive capacity factors—as well as hybridization’s
structural handicaps of curtailment and high O&M expen-
ditures. At this location, such constraints make wind-dom-
inant mixes financially improbable.

5.7. Sensitivity and robustness

We examined sensitivities qualitatively to understand
tipping points:
» Discount rate: Lowering the discount rate improves
all scenarios, but PV-only maintains clear dominance
because relative energy yield differences persist.

Table 8. Summary of scenarios

» Capital cost reductions: Proportional CAPEX de-
clines benefit PV-only more due to its higher utiliza-
tion. Wind would require both CAPEX and a marked
increase in mean speed to challenge PV.

« Operational assumptions: Even with reduced O &M
and lower land lease, wind-inclusive cases remain
disadvantaged under the measured wind regime.

e Curtailment policy: Relaxing export constraints
modestly improves hybrid PV output but does not
overturn the hierarchy observed.

6. Discussion

The simulation results all reveal a unifying narrative: at
Ma’an, PV offers viable bankable generation within accept-
able payback time horizons, while wind is uncompetitive
without substantially higher year-round wind velocities or
drastic changes in technology and finance. Hybrid scenar-
ios do not exploit strong temporal complementarity due to
year-round weakness of the wind resource. Hence, the con-
figurations of hybrids carry twice the cost complexity but
deliver less PV power than a linear split, through virtue of
interaction and curtailment effects.

From a planning point of view, results guide site devel-
opment along PV-dominated trajectories. As a system plan-
ning option selects hybridization to achieve grid services
or profile shaping, such a decision would have to be war-
ranted by Grid-level value (e.g., ancillary services, localized
reliability requirements) rather than plant-level economics
of energy at this site. As an alternate approach, hybridiza-
tion involving battery storage—which is beyond our paper
scope—potentially provides profile as well as market advan-
tages to be separately assessed.

The land use outcomes also come into play in stake-
holder conversations. The PV footprints scale linearly with
capacity, whereas the wind layout shown here is a dense en-
gineering footprint as opposed to the wide-spaced turbines
frequently necessary to reduce wake losses in high-produc-
tion wind farms. In short, “area consumed” by access ways
and foundations can be modest, but “land dedicated” to
aerodynamic efficiency is proportionally larger. This point
is particularly important to community and environmental
permit- Ting discussions.

Finally, although this paper assumes a single calibration
year of meteorological inputs, relative ranking of scenarios

Total (kWh/ Wind (kWh/ Payback Capital cost
Plant type ) PV (kWh/yr) . ) (USD)
50 MW wind 16,644,000 - 16,644,000 > 100 91,866,640
50 MW PV 108,115,560 108115560 | - ~12 56,799,288
fvfn'\é'w PV+25MW 48,070,672 39,748,672 8,322,000 ~43 73,691,312
jv?n'\é'w PV+10MW 61,073,536 57,744,536 3,329,000 ~90 65,360,404
\i/?nhgw PV+40MW 29,220,000 15,899,489 13,320,511 >100 85,719,864
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Net Annual Energy by Scenario
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Fig. B. Net Annual Energy by Scenario: PV-only delivers ~108 GWh/yr and outperforms all hybrid or wind-
dominant mixes; wind contributions are small under the measured regime.

is insensitive to anticipated interannual variability. Wind-
inclusive scenarios could modestly benefit in rare wind
years, but it would take a conceptual change in the wind
regime or technological mix (e.g., larger new turbines
specifically designed to optimized low-wind sites, along
with solid higher hub-height wind speeds) to close signifi-
cantly the large gap to PV-only.

6.1. Why PV dominates at Ma’an

The solar resource is strong and steady at Ma’an and re-
sults in a PV-only capacity factor of around 25% even with
conservative derates. By comparison, the annually mean
wind speed of 4.24 m/s results in a very poor capacity factor
of wind (~3.8%) of the turbine class assumed in modeling
(Abed & El-Mallah, 1997; Dalabeeh, 2017). Hybridization at
a site like this is not cost-effective as wind contributes cost
without commensurate energy or firm capacity advantage.
Additionally, coincident output from PV and wind can raise
curtailment incidence in export-limiting configurations and
push down PV energy below linear scaling in hybrid config-
urations.

6.2. Technology and layout considerations

The selected PV technology (thin-film, fixed tilt) is con-
ventional and mechanically simple. Single-axis tracking
could improve PV power by 10-25% in high-insolation
sites, but would increase CAPEX and O&M accordingly; if
it would improve payback would depend on tariff and in-
terconnection terms. For wind, much larger new turbines
(>2-4 MW, rotors >100 m) at higher hub heights could im-
prove yields if favorable in vertical wind profile. Such a

redesign is, however, outside of present design basis and
would require new measurements at proposed hub heights.

6.3. Grid integration and operational aspects

Hybrid plants are often justified on the grounds of tem-
poral complementarity: wind can be stronger at night or
in winter, partially offsetting PV variability (Miglietta et
al., 2017). At Ma’an, December winds are indeed relatively
strong, but the annual mean remains low; as a result, the
hybrid does not deliver sufficient incremental energy to
justify added complexity. If interconnection conditions per-
mitted higher export limits or if the plant included flexible
demand (e.g., co-located load, water pumping) or storage,
hybrid curtailment could be reduced. However, these op-
tions would also alter the project’s cost structure and risk
profile.

6.4. Environmental and land use

For design spacings employed, PV occupies about 25,000
m?%/MW. Wind occupies a wider spacing envelope (about
100,000 m2/MW) to allow for wake control and access, but
a minimal part of wind farm area is permanently covered
by foundations and access roads. Badia topography is fa-
vorable to both technologies from a buildability standpoint,
but cumulative environmental effects (visual, geomorphic/
avian corridor, and habitat issues) must be dealt with
through permitting and social consultation.

6.5. Limitations and future work

The principal limitations are: (i) access to a single year
of site-measured meteorological data that could exclude in-
terannual variations; (ii) utilization of a specific turbine
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model and hub height that could understate potential pro-
duction of higher-rotor turbines deployed from a higher
hub elevation; (iii) simplified tariff and interconnect as-
sumptions that could differ from PPA configurations; and
(iv) neglect of storage that could modify curtailment pat-
terns. Subsequent studies should contrast higher hub
heights against site-based measurements of shear, examine
PV potential for tracking, and contemplate under realistic
PPA configurations storage-augmented hybrids.

7. Conclusions

1. PV dominance at Ma’an: The 50 MW PV-only plant
generates ~108 GWh/year with an approximate
12-year payback, far outperforming wind-inclusive
options.

2. Wind underperformance: With a 4.24 m/s annual
mean speed, wind yields are low. The 50 MW wind-
only case produces ~16.6 GWh/year with a payback
exceeding 100 years.

3. Hybrids are not competitive at this site: Mixed
PV-wind cases face higher combined costs and re-
duced PV energy due to curtailment and interaction
effects in dispatch, yielding long paybacks (~43->100
years).

4. Land use: PV requires roughly 25,000 m%2/MW (=0.63
km? for a 25 MW PV block). The illustrated wind en-
gineering footprint for a 25 MW block is 228,000 m?;
this compact site footprint should be distinguished
from broader aerodynamic spacing that would be
used to mitigate wakes in high-production wind
farms.

5. Policy implication: For Ma’an and similar Jordanian
sites, PV should be prioritized. Wind should be con-
sidered only where mean speeds meet or exceed typ-
ical economic thresholds (>6 m/s) or where non-en-
ergy value streams justify inclusion.

6. Future work: Extending the analysis to hybrid
PV-wind-storage, modern low-wind-optimized tur-

bines, and multi-year meteorological datasets would
further refine site-specific investment decisions.
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