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In this study, the performance of a 1-MW wind power plant in Iran is evaluated using
an integrated transient—thermodynamic simulation framework. To cover the country’s
climatic diversity, four cities, including Chabahar, Ardabil, Rasht, and Shiraz, were
selected as representative sites. The turbine model was implemented in TRNSYS, and
the hourly power output was simulated. Based on the time-series results, first-law
indicators, including electrical energy production and capacity factor, and second-law
indicators, including exergy efficiency, exergy destruction, and the sustainability
index, were calculated and compared on a monthly and annual basis. The annual
results showed that the highest energy production was obtained for Ardabil at
approximately 1559.7 MWh with a capacity factor of 17.99%, followed by Chabahar
at approximately 1532.9 MWh with a capacity factor of 17.68%; whereas Rasht and
Shiraz exhibited annual productions of approximately 1010.4 and 882.2 MWh with
capacity factors of 11.65% and 10.17%, respectively. From the second-law
perspective, the highest exergy efficiency was observed in Ardabil (68.23%), and the
lowest in Chabahar (63.25%). The sustainability index also reflected the same pattern
(maximum 3.14 in Ardabil and minimum 2.72 in Chabahar). In addition, the highest
annual exergy destruction was reported for Chabahar (about 890.8 MWh), which,
given the level of energy/exergy input, highlights the need to interpret exergy
destruction and exergy efficiency simultaneously. Overall, site rankings based on
energy- and exergy-based indicators are not necessarily aligned, and an integrated
assessment can provide a more reliable basis for siting and decision-making for wind
power development across Iran’s diverse climates.
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1. Introduction

Rising global energy demand, driven by population growth, urbanization, and industrial development,
continues to intensify the need for a reliable and sustainable energy supply, while the ongoing reliance
on fossil fuels exacerbates greenhouse gas emissions and environmental impacts. Among low-carbon
options, wind power has emerged as a key pillar of the energy transition due to its technological
maturity and expanding deployment; however, its intermittency and grid-integration challenges make
accurate performance assessment increasingly important. Since conventional first-law (energy)
analysis does not adequately reflect the quality of energy conversion or the origins of thermodynamic
irreversibilities, exergy-based evaluation offers a more comprehensive framework for assessing losses
and identifying priorities for system improvement. Accordingly, this study proposes an integrated
dynamic—thermodynamic simulation approach to assess a 1-MW wind power plant in Iran across four
representative climates (Chabahar, Ardabil, Rasht, and Shiraz), using NASA climate time-series as
inputs to TRNSYS and extracting both energy indicators (e.g., generated energy and capacity factor)
and exergy metrics (e.g., exergetic efficiency and exergy destruction) at monthly and annual scales for
comparative analysis.

2. Methodology

A transient simulation workflow was implemented to quantify both first- and second-law performance
of a 1-MW wind power plant under diverse climatic conditions. Hourly meteorological time series for
Chabahar, Ardabil, Rasht, and Shiraz were extracted from the NASA database and preprocessed to
ensure consistency of units and time resolution. The wind turbine was then modeled in TRNSY'S using
a power-curve-based representation with standard operational thresholds (cut-in, rated, and cut-out),
and hourly electrical power output was computed over a full year for each site. Based on the simulated
hourly power, annual and monthly electricity generation and capacity factor were obtained in this
study. For the second-law assessment, the incoming wind exergy was treated as kinetic exergy, and the
exergy efficiency was defined as the ratio of useful electrical power to the difference between the inlet
and outlet exergy rates of the airflow across the turbine control volume. Also, the exergy destruction
rate was evaluated from the exergy balance, and subsequently aggregated to monthly and annual
values. Finally, a sustainability index was calculated as a function of exergy efficiency and reported
alongside energy and exergy indicators to enable comparative site ranking and interpretation across
the four climates.

3. Results and discussion

The results indicate clear climate-driven differences in both energy yield and thermodynamic
performance across the four sites. On an annual basis, the highest electricity production and capacity
factor were obtained for Ardabil (=1559.7 MWh, 17.99%), closely followed by Chabahar (=1532.9
MWh, 17.68%), while Rasht and Shiraz delivered lower annual generation (~1010.4 and 882.2 MWh)
with capacity factors of 11.65% and 10.17%, respectively. From the second-law perspective, Ardabil
exhibited the best exergy performance, achieving the highest exergy efficiency (68.23%) and
sustainability index (3.14), whereas Chabahar showed the lowest exergy efficiency (63.25%) and
sustainability index (2.72). In contrast, cumulative exergy destruction was highest in Chabahar
(=890.8 MWh), underscoring that absolute exergy destruction tends to increase with the magnitude of
processed wind exergy and should therefore be interpreted jointly with exergy efficiency. Overall, the
findings confirm that rankings based solely on energy-based metrics do not necessarily coincide with
exergy-based rankings, highlighting the value of an integrated assessment for site selection and wind
deployment planning under diverse climatic conditions.

4. Conclusion

Overall, this study demonstrates that combining dynamic simulation with exergy-based metrics
provides a more discriminating basis for evaluating wind power performance under diverse climatic
conditions than relying on energy indicators alone. While Ardabil and Chabahar were identified as the
most favorable sites in terms of annual energy yield and capacity factor, Ardabil consistently showed
superior second-law performance, reflected in higher exergetic efficiency and sustainability index. The
observed divergence between energy- and exergy-based rankings highlights the importance of
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assessing both quantity and quality of conversion when selecting sites and prioritizing operational
improvements. Accordingly, integrating first- and second-law indicators is recommended for more
robust siting and development decisions for wind projects across heterogeneous climates.
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