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ABSTRACT

The implementation of processes that use renewable energy requires that a techno-economic
analysis be performed beforehand to determine its economic and technical feasibility. A techno-
economic analysis was performed proposed wind farms in Trinidad and Tobago using the System
Advisor Model simulation software. Metrics included the annual energy production in kWh, capac-
ity factor, net present value in US$ and internal rate of return. From the above, the number of
households that can be powered each month by the farms were calculated. The results showed
that rotor diameter, which defines the swept area has a significant impact on annual energy pro-
duction as a 33 m difference translated into a 27.3 GWh and 22.9 GWh difference in output. The
results are promising and show that the oil and natural gas-based economy can be diversified.
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INTRODUCTION

As climate change and its effects become more pro-
found, the term green technology has been used fre-
quently in everyday discussions. Government bodies,
corporations and the public have begun to become more
aware of climate change, the negative effects of pollution
and depletion of natural resources. It has also gathered
significant interest from investors who are looking to in-
vest mainly in companies that produce or utilize green
technology. Green technology or more commonly called
“green tech, ” is a broad term used to describe technol-
ogy that one would consider environmentally friendly
from its production process to its usage [1].

The move to reduce emissions has continued to
date and global agreements such as the Paris Agreement
and frameworks have been made between countries to
steer progress for dealing with climate change in the right
direction. The production of fossil fuels must drop by ap-
proximately 45% between 2020 and 2030, for countries
who have pledged to attain net zero emissions by 2050
to realistically achieve that goal. Net zero refers to de-
creasing global emissions as close to zero as humanly
possible while allowing the remaining emissions to be ab-
sorbed by natural sources such as forests and oceans
[2].

A technical-economic analysis (also called techno-
economic analysis or TEA) is a method used to analyze
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the technical and economic performance of an industrial
process or product being developed. It is carried out to
answer questions such as “is it technically feasible?” and
“will it make money?”. It provides the business/organiza-
tion estimates of the operating and capital costs as well
as the expected revenue that stems from financial and
technical parameters input into process specific software
[9].

When companies are deciding if a project is a good
investment or not, they calculate the net present value
(NPV) and the internal rate of return (IRR) as two of the
main indicators as to whether the project will generate
net profits for the company. The NPV (in $) is obtained
by discounting future cash flows using a variable dis-
count rate and summing their present values. Cash flows
are statements that report the cash spent and generated
during a certain period. It gives a breakdown of the
movement of money in and out the business/project. It is
comprised of three sections which are operating, invest-
ing and financing activities [12].

A study has been done by Chadee and Clark (2017)
in which the levelized cost of electricity (LCOE) genera-
tion from the wind for 2 sites with long term wind meas-
urements were determined. Their results showed that the
generation of electricity through tall, large wind turbines
are cost competitive with the electricity generated
through the burning of natural gas. The LCOE has units
of US$/kWh and is frequently used to compare and
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assess alternative methods of energy production, this
metric determines if a project will be profitable or break
even and enables financial analysts to compare various
energy producing methods such as solar and wind. To
calculate the LCOE for any energy project, the annual en-
ergy production (AEP) is required, this can be calculated
by entering technical information specific to the energy
generation process into software [3]. According to
Chadee (2017), at 80 m above ground, the annual mean
wind speeds were approximately 6.93 m/s at Crown
Point and 5.86 m/s at Piarco.

To obtain the required technical inputs for a wind
farm, a wind resource assessment will have to be carried
out and the data analyzed. Through calculation of the
LCOE and other financial metrics, decisions made by the
relevant stakeholders.

BACKGROUND

The methods of electricity generation in Trinidad
employed at the Penal power station makes use of a
combined cycle power plant (PowerGen 2019a). Here,
two 7E gas turbines fueled by natural gas each have their
exhausts (comprised of a hot air-fuel mixture) captured
by heat recovery steam generators (HRSGs). These
HRSGs creates steam from the exhaust and this steam is
sent to a steam turbine where its blades are spun,
thereby turning its drive shaft that is connected to a gen-
erator in order to generate additional electricity (General
Electric 2019). These gas turbines require atmospheric
air and natural gas to operate (Trinidad Generation Lim-
ited 2017).

In May 2023, a workshop took place to highlight the
findings of a European Union (EU) funded study that in-
dicated that Trinidad’s offshore areas held a large poten-
tial of wind resources that would decarbonize the indus-
try as well as aide the transition towards an economy de-
pending less on fossil fuels. Reference was drawn to the
use of 8% of the country’s produced natural gas for elec-
tricity generation.

While offshore wind resource assessments are
complex due to the rough marine environment, cost and
timeframe of data collection, collaboration and alignment
between research institutions, the government, inves-
tors, local communities and industry is crucial [11].

Suitable locations in Trinidad and Tobago were an-
alyzed and potential onshore and offshore wind farm
sites identified using wind resource data from the Global
Wind Atlas as well as available local data. These sites
were then ranked based on their LCOE and suitability.
Onshore wind power has a potential capacity of 2.75GW
while offshore has a capacity of 32GW. However, a Wind
Resource Assessment Programme (WRAP) will need to
be undertaken to confirm the actual wind speeds at the
various locations to enable appropriate siting and
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approximate energy yields (Sakellariou 2023, 16, 19-20).

The team stated that large scale wind projects re-
quire infrastructure to ease the development process and
lower the project risks. Heavy duty cranes, equipment
capable of transporting the heavy turbine parts over the
land in addition to specially designed ocean vessels for
lifting and installing the turbines offshore would be re-
quired. As Trinidad and Tobago has a well-established
petrochemical sector: several sea ports exist that can ac-
commodate large cargo vessels, expertise in inland
transportation logistics have been accrued as well as a
skilled workforce and strong demand for energy. The
country will be able to capitalize on the above strengths
in order to generate electricity with a lowered carbon
footprint and thus use the remaining natural gas to create
other products of higher value (Sakellariou 2023, 20, 27).

Model inputs include: the location of a project, op-
erating, maintenance and installation costs, discount rate
and other factors such as system specifications. Outputs
include: annual electricity generation (kWh), the levelized
cost of electricity, payback period, net present value, in-
ternal rate of return as well as a cash flow table with ac-
companying customizable graphs. SAM can model a sin-
gle wind turbine as well as a wind farm, it also has a mod-
ule and inverter database. The user has the option to use
from a predefined set of turbines or to define their own
turbine characteristics such as hub height, rated output,
cut-in and cut-out wind speed (National Renewable En-
ergy Library 2018).

The economic and technical comparison of wind and
solar farms will be appropriate as the Covid-19 pandemic
has resulted in the closure of many businesses and in-
creased unemployment. The results could validate the
feasibility of wind farms in Trinidad and Tobago, create
employment opportunities in different sectors, shed light
on the necessary legislation amendments and show that
the local oil and natural gas-based economy can be di-
versified. This incorporates the use of the System Advi-
sor Model (SAM) for simulating and obtaining data, a
unique method to approach this type of research data
collection.

SAM uses various performance and financial mod-
els, based on the inputs provided, the performance
model will run a simulation to calculate the system'’s elec-
trical output. The corresponding financial model uses that
system output to calculate the annual project cash flows
and other financial metrics. There are performance mod-
els for wind power, photovoltaic systems, solar water
heating and other renewable energies.

METHOD

In the absence of a wind resource file, the wind
speed Weibull distribution option was chosen. The wind
resource was defined in terms of the average annual
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wind speed, Weibull k (shape) factor and the reference
height for those values. From these values, System Advi-
sor Model (SAM) displayed a graph of the Weibull proba-
bility distribution function (pdf) [4].

The Weibull pdf is a theoretical model recom-
mended by the International Electrotechnical Commis-
sion’s IEC 61400-12 standard to represent the empirical
wind speed distributions at a site [3]. This pdf is com-
prised of a scale (c) and shape (k) factor and apart from
representing the wind speed distribution, it is used to cal-
culate the monthly/annual energy output of a wind tur-
bine or wind farm. Values of average annual wind speed,
Weibull k factor and reference height from Chadee (2017)
for 2 locations were used. The 2 locations were the MET
offices in Piarco, Trinidad and at Crown Point, Tobago.

The wake model chosen was the simple wake model
as it calculated the deficit in wind speed at turbines po-
sitioned in the wake of upwind turbines. The turbulence
coefficient which indicated the variation in wind speed
due to the terrain and thermal effects was set at a value
of 0.2 [4]. The turbine layout was defined in terms of tur-
bines per row and number of rows.

A degradation rate of 1.6%/year was entered based
on a study of 10 years of data from 282 wind farms in the
UK [5].

In the uncertainty tab of SAM, the uncertainty model
could be enabled to specify uncertainty as a percentage
of energy production. However, for the scope of this
work, this model was not enabled.

In the revenue tab of SAM is where time of delivery
(TOD) factors, capacity and curtailment payments as well
as the PPA price could be entered. There were no capac-
ity nor curtailment payments and due to a fixed PPA, the
PPA multiplier values were set to one. The PPA price cho-
sen was fixed at 0.13$/kWh, similar to a 2014 wind pro-
ject in Jamaica [10].

The turbine cost included the purchase, transporta-
tion and assembly of the rotor, nacelle and tower mod-
ules. The balance of system (BOS) costs included, but
were not limited to the foundation, electrical infrastruc-
ture, permitting, engineering and project management
costs. Financial costs such as contingency and construc-
tion finance were added together with the BOS costs to
give a final BOS value. After selecting land-based instal-
lation, under the capital costs subsection, the turbine
costs in USD/kW were entered. The turbine and BOS
costs for the turbines =3MW were different from those
<3MW.

The study executed by Chadee and Clark (2017) de-
termined the LCOE generation for 2 sites with long term
wind measurements. These sites are Crown Point in To-
bago and Piarco in Trinidad. The LCOE is frequently used
to compare and assess alternative methods of energy
production.

Six turbines [6] will be used. Two turbines each fall
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into the 2MW, 2.5MW and =3MW category, the variation
in cut in, cut out wind speeds, rotor diameters and hub
heights will allow comparisons to be made. Metrics such
as annual energy produced, NPV, IRR, number of homes
powered, etc. will be analyzed and conclusions drawn.
Tables 1 and 2 below provide wind turbine characteris-
tics, rated power and number of turbines.

Table 1: Characteristics of wind turbines to be used [6]

Model Rated Rotor Di- Hub height
Power ameter (m) | (m)
(kW)

Enercon E- | 3050 101 99.0

101

Enercon E- | 3000 82 98.0

82 E3

Enercon E- | 2500 115 92.5

115

Fuhrlander | 2500 100 85.0

FL-2500

Enercon E- | 2000 82 78.0

82 E2

AN Bonus 2000 76 60.0

2000/76

Table 2: Rated power and number of turbines at farm ca-
pacities [3, 7]

Farm Capacity | Turbine rated Number of tur-
(MW) power (MW) bines

21.35 3.05 7

21.00 3.00 7

20.00 2.50 8

20.00 2.00 10

RESULTS AND DISCUSSION

The metric tables on the next page (Tables 3-5)
show increased turbine performance in Crown Point as
opposed to Piarco, all the turbines, regardless of positive
or negative financial metrics, had higher AEPs in Crown
Point. This is due to several site factors such as annual
average wind speeds, wind power densities, shear expo-
nents and Weibull scale factors. Apart from site factors,
turbine characteristics such as rotor diameter, hub
height, cut in and cut out speeds and drive train design
also affect the AEP. The 99m hub height of the Enercon
E-101is approximated to the 100m height in the following
analyses.

The net capital costs in tables 3-5 represent the to-
tal installed costs which are the product of the total in-
stalled costs in ($/kW) and the farm capacity in (kW). The
total installed costs ($/kW) are the sum of the turbine,
BOS and financial costs. The general trend of a decrease
in turbine costs ($/kW) with the larger rated power
2676



Table 3: Metric table for AN Bonus and E-82 E2

Metric Units AN Bonus AN Bonus Enercon E-82 Enercon E-82
2000/76 - 2000/76 - Pi- E2 - Crown E2 - Piarco
Crown Point arco Point

Annual AC en- (kWh) 26,950,970 17,369,464 47,606,796 32,423,356

ergy in year 1

Capacity factor | (%) 15.4 9.9 27.2 18.5

inyear 1

Real LCOE (¢/kKWh) 15.73 22.63 10.30 13.62

NPV ($) -16,779,614 -25,738,878 2,534,781 -11,662,615

IRR in year 20 (%) -1.04 -7.09 6.84 1.41

IRR at project (%) 0.62 -4.40 7.71 2.79

end

Net capital cost | ($) 44,880,000 44,880,000 44,880,000 44,880,000

Table 4: Metric table for FL-2500 and E-115

Metric Units Fuhrlander FL- | Fuhrlander FL- | Enercon E-115 | EnerconE-115
2500 - Crown 2500 - Piarco - Crown Point - Piarco
Point

Annual AC en- (kWh) 51,755,068 35,327,020 67,740,368 49,401,364

ergy in year 1

Capacity factor | (%) 29.5 20.2 38.7 28.2

inyear 1

Real LCOE (¢/kWh) 8.82 11.43 7.50 9.09

NPV ($) 12,285,037 -3,076,142 27,232,228 10,084,192

IRR in year 20 (%) 10.76 4.64 15.83 9.95

IRR at project (%) 11.36 5.67 16.20 10.60

end

Net capital cost | ($) 37,300,000 37,300,000 37,300,000 37,300,000

Table 5: Metric table for E-82 E3 and E-101

Metric Units Enercon E-82 Enercon E-82 EnerconE-101 | EnerconE-101
E3 - Crown E3 - Piarco - Crown Point - Piarco
Point

Annual AC en- (kWh) 40,457,064 27,038,680 57,065,672 39,587,860

ergy in year 1

Capacity factor | (%) 22.0 14.7 30.5 21.2

inyear 1

Real LCOE (¢/kKWh) 9.57 12.72 7.80 9.82

NPV ($) 5,833,378 -6,713,589 20,830,120 4,487,350

IRR in year 20 (%) 8.81 2.32 14.93 8.15

IRR at project (%) 9.51 3.52 15.32 8.90

end

Net capital cost | ($) 31,521,000 31,521,000 32,046,350 32,046,350

turbines is observed. As the BOS costs were taken as
30% of the turbine cost, the turbine costs strongly influ-
ence the total installed costs (in $/kW and $). This is seen
as the 2MW E-82, 2.5MW E-115 and 3MW E-82 have tur-
bine costs of 1600$/kW, 1330$/kW and 1057$/kW and
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$31.5 million respectively. The 3.05MW E-101 has a
higher rated power and farm capacity than the 3MW E-

82, hence its higher installed cost of $32 million.

For the Enercon E-82 E3 variation of the farm, the
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turbines cost 70.4% of the total installed cost while the
Enercon E-115 variation cost 71.3% of the total installed
cost.

The net present value (NPV) is a value in $ that in-
cludes revenue and expenses, it is positive if a project is
economically feasible, and negative if infeasible. The
NPVs in tables 3-5 are the after-tax cumulative NPVs in
year 25.

SAM produced a cash flow table that could be ex-
ported to Microsoft Excel to examine the formulae, the Cn
is the sum of the pre-tax and after-tax project returns for
a particular year. It was observed that the pre-tax returns
for Crown Point were nearly double that of Piarco’s. The
sum of the cash flow from operating, investing and fi-
nancing activities made up the pre-tax returns, for these
simulations, the investing and financing activities had
cash flows of $0.

The cash flow from operating was the earnings be-
fore interest, taxes, depreciation and amortization
(EBITDA), this value was the revenue minus the total ex-
penses. The total expenses were the sum of the O&M ca-
pacity-based expenses and property tax. The capacity-
based expense was the same for all the farms with similar
capacity and the effect of the property tax was minimal
compared to the effect the revenue had on the EBITDA.

The revenue is made up of the PPA revenue and the
production-based incentives (PBI), it was mentioned in
the methodology that the PBI was set at zero since these
are not available in Trinidad and Tobago. The PPA reve-
nue is the product of the net production (AC kWh) and
the PPA price (¢/kWh), since the PPA price was constant
throughout each simulation, the net production had a sig-
nificant impact on the revenue. It was already discussed
which turbine and site characteristics lead to the AEP be-
ing higher at Crown Point. This impact trickled down to
the EBITDA which affected the total pre-tax returns and
Cn, which ultimately affected the NPV.

The NPV in year zero was the negative of the instal-
lation cost and since the NPV was a cumulative value, a
low AEP in the following years would mean a lower NPV
got added to the previous negative value. This is why a
lot of the NPVs for Piarco are negative, from the 2MW AN
Bonus having a low AEP of 17.4 GWh with an NPV of -
$25.7 million to the 3.05MW E-101 having an AEP of
39.6GWh and an NPV of $4.5 million and finally the
2.5MW E-115 having an AEP of 49.4GWh and an NPV of
$10.1 million. While the same turbines at Crown Point had
higher AEPs and thus higher NPVs.

On the financial parameters tab in SAM, the PPA
price was specified as 0.13¢/kWh and SAM calculated the
IRR each year to meet that PPA price. The 20th year was
chosen to display its IRR in the metrics tables. The IRR
was a cumulative after-tax value, so much like the NPV,
itincreased each year. The IRR values of the AN Bonus in
Table 3 are both negative as the NPVs are quite low, a
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trend is seen throughout the metric tables that as the
NPV increases, the internal rate of return (IRR) does as
well as they are from the same formula. The highest IRR
is seen from the highest NPV which occurs with the E-
115.

From a technical and economic perspective, the
best wind farm option is the one comprised of the Ener-
con E-115 both at Crown Point and Piarco. As was men-
tioned before, although the 2.5MW E-115 is less than
3MW, its larger (115m) rotor diameter and tall (92.5m)
hub height grant it access to a larger swept area and
higher, more consistent wind speeds at both sites. This
significantly increased its AEP which in turn ensured a
high NPV and by extension high IRR. Compared to the
rated wind speeds of the E-82 E3 and E-101, the E-115
has a lower value which decreased its LCOE making it
even more attractive for investment. The second-best
option would be the 3.05MW E-101 owing to its large
101m rotor diameter and 99m hub height, while the worst
option would be the 2MW AN Bonus resulting from its
short 76m rotor diameter and 60m hub height.

CONCLUSIONS

The monthly energy production outputs of the wind
farms were used to calculate the number of households
that could be powered each month. The results obtained
via the simulations are promising and were validated by
various sources including a report by the NREL. They
show that with proper legislative amendments and public
education, RE energy projects such as wind and solar
farms can create employment opportunities in different
sectors, reduce carbon emissions in the three main emit-
ting sectors and diversify the local oil and natural gas-
based economy.
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