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Abstract: Annual mean wind speed distribution models for power generation based on regional
wind resource maps are limited by spatial and temporal resolutions. These models, in general, do not
consider the impact of local terrain and atmospheric circulations. In this study, long-term five-year
wind data at three sites on the North, East, and West of the Baltimore metropolitan area, Maryland,
USA are statistically analyzed. The Weibull probability density function was defined based on the
observatory data. Despite seasonal and spatial variability in the wind resource, the annual mean
wind speed for all sites is around 3 m/s, suggesting the region is not suitable for large-scale power
generation. However, it does display a wind power capacity that might allow for non-grid connected
small-scale wind turbine applications. Technical and economic performance evaluations of more
than 150 conventional small-scale wind turbines showed that an annual capacity factor and electricity
production of 11% and 1990 kWh, respectively, are achievable. It results in a payback period of 13 years.
Government incentives can improve the economic feasibility and attractiveness of investments in
small wind turbines. To reduce the payback period lower than 10 years, modern/unconventional
wind harvesting technologies are found to be an appealing option in this region. Key contributions of
this work are (1) highlighting the need for studying the urban physics rather than just the regional
wind resource maps for wind development projects in the build-environment, (2) illustrating the
implementation of this approach in a real case study of Maryland, and (3) utilizing techno-economic
data to determine suitable wind harnessing solutions for the studied sites.
Keywords: wind resource assessment; distributed generation; urban physics; conventional and
unconventional wind harvesting machines; feasibility; atmospheric variation; Maryland

1. Introduction
Built-environment wind turbine projects and wind innovations for rural economic development
to fully integrate distributed wind R&D innovations to enhance resilience and reliability are still
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developing. They are relatively less mature than the utility-scale wind or conventional ground-based
distributed wind sector. Conducting a rigorous due diligence and devoting time to planning and testing
before deployment increase positive outcomes of these projects. The goal of this paper is to study the
impact of local terrain and atmospheric conditions to reduce risk and develop an empirical basis for
cost and performance towards pursuing the development of wind harnessing solutions in areas with
similar characteristics. The key research questions pursued in this paper include (1) how wind resource
assessment analyses based on local and atmospheric circulation impacts are different from regional
wind resource maps. (2) If the wind resource is not strong enough for large-scale power generation,
would it be possible to leverage it for small-scale distributed power generation applications? (3) What
are limitations and future steps towards reducing the payback period for making the application of
small wind turbine solutions economic?
In this paper, the regional climate of Baltimore is first studied to provide context for the
meteorological drivers impacting local wind power potential. Next, five years (2009–2013) of wind
data collected throughout the Baltimore City megalopolitan area are analyzed to better understand
the spatial and seasonal variability of residential-scale wind resource potential. Statistical analyses
are carried out using collected wind data to determine the wind resource potential at the University
of Maryland, Baltimore County (UMBC), Essex, and Padonia sites considering the climatological
characteristics of the studied sites. Finally, in order to implement the results of the first part of
the work, a number of small wind turbines based on the determined wind characteristics of the
sites are selected. The economic evaluations of such distributed wind energy systems including
conventional and modern (unconventional) small-scale wind turbines are evaluated and discussed.
Finally, the conclusion summaries key observations, limitations, and the application of this approach
in areas with similar characteristics.
2. Literature Review
The world’s electricity generation from wind and solar will be increased from 25% in 2017 to
85% by 2050 [1]. The USA’s consumption of petroleum, natural gas, and coal constituted 80% of the
total annual primary energy consumption in 2018 [2]. While the total energy consumption utilized
by renewables in the USA was 19% in 2019 [2], the long-term plan is set to increase it up to 30%
in 2030 [3]. As one of the cleanest, readily available, and environmental friendly renewable energy
sources, wind energy has drawn more attention on the market and the wind development has had a
rapid growth from 16 GW in 2007 to more than 74 GW in 2015 in the USA [4]. The average global
annual growth in the total installed wind power capacity in the last ten years was over 25% per year [4].
The worldwide cumulative installed wind power capacity was 198 GW in 2010, and it passed 600
GW in 2020 [5,6]. There are novel solutions such as high-temperature superconducting generators,
novel horizontal/vertical axis wind turbine designs, and unconventional configurations to address the
implementation of wind harnessing in low-wind speed areas [4,7–13].
A thorough understanding of the site wind characteristics is the key in designing turbines that
meet their optimum operation, reducing financial risks, and gaining investors’ confidence. Statistical
analysis of wind speed measurements is often used to evaluate the wind energy potential for a certain
region. A variety of probability density functions (PDFs) are used to describe and predict wind speed
frequency distributions, such as Pearson, Chi-Square, Weibull, Rayleigh, and Johnson functions [14–18].
Due to more accurate results fitting a variety of wind speed data at varying geographical locations,
the Weibull distribution function is the most commonly used PDF for the wind speed distribution
modeling [15,19–21].
To assist with understanding the potential for residential wind energy projects throughout the
United States, the National Renewable Energy Laboratory (NREL) developed a residential-scale
wind power classification tool that provides model-derived annual averaged wind speed estimates,
at 2 km spatial resolution, and 30 m above the ground [22]. Across Baltimore City, the model’s output
suggests the residential-scale wind resource potential is on the cusp of “good” quality (≤ ~ 4.0 m/s) [22].
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However, less is known regarding the spatial and seasonal variability of the wind resource, an important
variable to assess when considering the availability of the resource to match residential/commercial
electricity demand cycles. For example, on an inter-annual time-scale, Maryland electricity consumption
peaks during the spring and summer months; there is then high demand for cooling [22]. As residential
electricity demand in Maryland is expected to increase by 8% by 2021 [23], an advanced understanding
of the spatial and seasonal variability of the residential wind power potential across Baltimore City
would be helpful for planning purposes, and is therefore addressed in this study.
More in-depth literature review related to the seasonal variability and inter-site variability is
provided in Sections 4.1 and 4.2. In addition, the related literature on choosing wind harnessing
solutions for the implementation of this methodology on the studied sites is provided in Section 7.
3. Data Collection
Wind speed and direction data were collected from 2009 to 2013 at meteorological towers located at
UMBC (39.2543◦ N, 76.7098◦ W), the Maryland Department of the Environment’s Padonia (39.4620◦ N,
76.6315◦ W), and Essex (39.3107◦ N, 76.4744◦ W) air quality monitoring stations [24]. To aid in the
approximation of the power law extrapolation for matching Essex and Padonia wind statistical heights
(i.e., 10 m) to that of UMBC (i.e., 30 m), 2012 Beltsville station (39.0554◦ N, 76.8785◦ W) wind data
at approximately similar heights were also evaluated. Figure 1 illustrates the four sites’ locations
within the Baltimore City metropolitan area used in this analysis. Note that the Beltsville station
measurements are for obtaining true values for the shear component α, rather than using a generic
value; this is further explained in Section 5.

Figure 1. Locations of meteorological stations assessed in this study: UMBC, Padonia, Essex,
and Beltsville.

The UMBC wind data are collected from an NRG #40 cup anemometer, sampled with a 30-min
temporal resolution at the height of 30 m from the ground. The site is situated at ~53 m elevation
from the sea level, and is located 9.3 km Southwest of Baltimore. Padonia and Essex wind data are
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sampled using a Vaisala WXT520 anemometer with a temporal resolution of 10 min, at the height
of 10 m from the ground, following the International Energy Agency Task 27. A reliable design that
resists fatigue loads and resonance due to gust required by such a high-resolution and site-specific
study. For consistency in the comparison of the wind resource potential for residential-scale wind
assessment analysis, 10 m wind measurements at Padonia and Essex sites are extrapolated to 30 m
using the industry standard power law technique. Typically, when measurements above the surface are
unavailable, the power law’s wind shear exponent α is assumed to be one-seventh (0.14), representing
neutral atmospheric stability [25]. However, empirically determined α values may deviate from this
value due to non-neutral atmospheric stability and local terrain effects [26]. Therefore, to improve the
accuracy of the power law extrapolation of 10 m to 30 m, wind speeds at Essex and Padonia, empirically
derived monthly α values between similar heights at Beltsville air quality station, in Beltsville, MD
are utilized over standard values. Beltsville location was chosen as the closest location with available
30 m wind speed measurements, approximately 45 km and 50 km Southwest of Essex and Padonia,
respectively. In addition, the terrain of Beltsville is similar to those of Essex and Padonia, in that the
site is surrounded by open space and few trees.
4. A Brief Review of Baltimore City Climate
Understanding a region’s site-specific climate is essential for wind projects and should be
acknowledged in planning and policy decisions [27]. Maryland has a unique geography: Appalachian
Mountains on the West and sloping coastal plains and the moderating influence of the Atlantic Ocean
on the East. This results in observing large-scale and diverse weather patterns with significant changes
by season and topography. An overview of seasonal synoptic and microscale metrological processes
gives a better understanding of the wind energy potential across the Baltimore metropolitan area.
4.1. Seasonal Variability
The jet stream is a planetary-scale wind circulation and often governs the storm track of mid-latitude
extratropical cyclones. This meandering ribbon of fast winds in the upper atmosphere is typically
found at an altitude of 7–12 km above ground. In the Northern Hemisphere, the polar jet stream is
the boundary between high-latitude cold and lower-latitude warm air. Natural climate factors cause
seasonal changes in the polar jet stream’s altitude, location, and intensity, thereby impacting Maryland’s
regional climate and wind energy potential. During Northern Hemisphere winter (December, January,
and February (DJF) in Figure 2a), the surface temperature gradient between cold arctic and warmer
tropical air over the USA and further South is strong, parking a strong polar jet stream near Maryland.
Hence, active weather patterns, such as mid-latitude extratropical cyclones, traverse Maryland, bringing
frequent, intense, and sustained wind regimes across Baltimore (e.g., cold fronts, coastal low pressure
systems, Nor’easters, etc.). On the contrary, during Northern Hemisphere summer (June, July, and
August (JJA) in Figure 2b), the surface temperature gradient over the USA weakens, causing the
polar jet stream to retreat poleward toward stronger gradient regions, and warm air originating
from the equator to expand North over the continental USA. The weakening of the temperature and
pressure gradient over Maryland, coupled with the poleward shift of the jet stream and storm track
over Baltimore, occurs contemporaneously with a strengthening of the semi-permanent Bermuda
high-pressure system over the Atlantic Ocean. Therefore, during the summer season, generally weaker,
anticyclonic, southwesterly wind speeds persist, and quiescent weather persists in Maryland and along
the Eastern seaboard (Figure 2b) [28].
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Figure 2. (a) Seasonal mean winter (DJF) and (b) summer (JJA) surface scalar wind speeds from National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis data based on 1981-2010 climatology (crosshair represents Baltimore County, MD).

4.2. Inter-Site Variability
On a smaller temporal and spatial scale, landscape discontinuities can modify surface thermal
fluxes [29] and surface wind characteristics [30]; they also play a critical role in wind climatology [31–35].
For example, differences between land surfaces can lead to thermally induced mesoscale circulations
(~20–200 km), notably during relatively weak large-scale forcing during summer, in which temperature
differences between land and adjacent water drive changes in atmospheric stability, thus development
of land or sea breezes [36–41]. The development of the diurnal Chesapeake Bay breeze circulation at
coastal locations in Maryland is well known [42–44]. Due to the daytime absorption of solar radiation,
land becomes warmer than water, motivating a local pressure difference, thus a breeze from the bay
inland. The effects of the daytime bay breeze are observed nearly daily in Essex during the summer
season, in which calm/stagnant conditions and wind flow rates are recorded [42], thereby contributing
to its seasonal wind resource potential.
Further, beyond mesoscale circulation systems, the influence of microscale topography and
obstructions on site-specific wind regimes cannot be overlooked. For example, Padonia site in
Baltimore City is above the Fall Line within Piedmont plateau. Alternatively, Essex lies below the Fall
Line within a coastal plain, approximately 1 km from the shore of the Black River that feeds in to the
Chesapeake Bay, while UMBC is juxtaposed to the Fall Line, and considered the most urban of the
sites given its proximity to downtown Baltimore City (<10 km). Although a comprehensive analysis of
the site-specific topographical impact on the surface wind speed is beyond the scope of this analysis,
it is important to consider such small differences in landscape that may contribute to differences in the
local wind resource potential.
5. Analysis Procedure
Wind speed extrapolation with the height. The UMBC wind data were measured at 30 m above
the ground, but the Padonia and Essex wind data were measured at 10 m. Therefore, the power law is
used to calculate the wind speed data at 30 m height for Essex and Padonia [45]. Given the seasonality
of shear exponent values found, empirical monthly α values from Beltsville are substituted in the
power law equation to extrapolate wind speeds to the 30 m height at Essex and Padonia (rather than
using a single annual α value).
Probability density function. Statistical methods such as PDFs can be used to estimate the wind
characteristics and wind potential at any site. In this study, the Weibull distribution function is used
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due to its simplicity and favorable accuracy [46]. The probability function f(u) of observing a wind
speed using the Weibull distribution function is determined by [47]
 
 k !
u
k u k−1
exp −
f (u) =
, (k > 0, u > 0, c > 1),
c c
c

(1)

where k and c are the Weibull shape and scale parameters. In an earlier work [48], the performance
of six different methods for calculating Weibull distribution parameters are studied and compared:
(1) graphical method (GP), (2) empirical method of Justus (EMJ), (3) empirical method of Lysen,
(4) energy pattern factor (EPF), (5) maximum likelihood method (ML), and (6) modified maximum
likelihood method (MML). A similar approach conducted here and it was found that the EMJ gives an
accurate estimation. Since the focus of this work is on identifying solutions with a better payback period
(PBP), readers are encouraged to read [48] for detailed analysis and comparison of these methods.
Based on this method, the Weibull distribution parameters are defined by [13]
 −1.086
σ
k=
(1 ≤ k ≤ 10),
u
c=

(2)

u
,
Γ(1 + 1/k)

(3)

where u is the mean wind speed, σ is the variance, and Γ is the gamma function. To assess the
performance of the EMJ in the studied site, statistical indicators such as relative percentage error (RPE),
mean absolute percentage error (MAPE), mean absolute bias error (MABE), root mean square error
(RMSE), and relative root mean square error (RRMSE) are utilized:
q
RMSE
RRMSE = 1 Pn
× 100 =
n i=1 Pi,M

1
n

Pn

i=1 (Pi,W − Pi,M )
1 Pn
n i=1 Pi,M

2

× 100,

(4)

where Pi,W is the ith calculated wind power density using the Weibull distribution function, Pi,M is
its calculated wind power density using measured data, and n is the total number of observations.
The average wind power and energy densities for a desired time duration, using the Weibull density
function are calculated using Equations (5) and (6), respectively:
1
Pw = ρA
2

∞

Z

ui 3 f (u)du =
0
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ρAu3 Γ(1 + 3/k)
1 3 k+3
ρc Γ(
)=
,
2
k
2[Γ(1 + 1/k)]3


1
k+3
1
ρAu3 f (u) D = ρAc3 Γ(
)D.
2
2
k

(5)

(6)

6. Results and Discussion
6.1. Wind Patterns
The monthly mean wind speeds and wind directions as well as the Weibull distribution parameters,
wind power, and energy density at three studied sites of UMBC, Padonia, and Essex are calculated
based on five-year measured wind speed data. Figure 3 shows the monthly mean wind speed and its
standard deviation as well as the wind direction at the 30 m height for UMBC, Padonia, and Essex,
respectively. The monthly mean wind speed values are in the range of 2.30–3.56 m/s, 1.90–4.10 m/s,
and 1.75–2.80 m/s, respectively. Wind speeds are higher at more urban sites (i.e., UMBC and Padonia),
and weaker at the coastal site (i.e., Essex) where a climatologically persistent small-scale bay breeze
circulation often promotes stagnant wind conditions (Section 4.2). Annual trends of wind speed
distribution at each site are similar, reflecting seasonal fluctuations in the cold season storm track
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(Section 4.1), in which monthly mean wind speed maximum and minimum values occur during winter
and summer, respectively. Similarly, wind speed standard distributions reflect seasonal patterns of
storm activity traversing the region, with the maximum variance found during winter and minimum
values during summer. At UMBC, Padonia, and Essex, the monthly speed deviations range between
1–2 m/s, 1–3 m/s, 0.5–1.5 m/s, respectively. Padonia winds demonstrate the highest wind speed variance;
it is likely due to local obstructions and proximity to a complex terrain (higher elevation). Similar to
the wind speed results, the variance of the wind speed is also the lowest at Essex, which may also be
influenced by the bay breeze circulation.

Figure 3. Five year averaged (left) monthly mean wind speeds and standard deviations at the 30 m
height and (right) wind directions for UMBC (top), Padonia (middle), and Essex (bottom).

The most probable wind directions at different wind speed distributions for all three sites are
illustrated by wind roses in Figure 3 [49]. The relationship between wind speed magnitude and
direction varies by site, with higher speeds associated with Southerly, Northwesterly, and Westerly
flow for UMBC, Padonia, and Essex, respectively. Wind speed and directional differences among sites

Energies 2020, 13, 5874

8 of 15

are likely related to the local topographical effects (Section 4.2), and are important to consider in more
robust assessments of residential wind turbine designs and layouts.
6.2. Performance Evaluation of Weibull Parameter Estimation Methods
Using the EMJ approach in determining the Weibull distribution parameters, the statistical
indicators are summarized in Table 1. For the RRMSE, the model accuracy is defined by: RRMSE < 10%,
Excellent; 10% < RRMSE <20%, Good; 20% < RRMSE < 30%, Fair; and RRMSE > 30%, Poor. UMBC
and Padonia show an excellent accuracy in the predicted wind power density values and the Essex
results are very close to the excellent level.
Table 1. Performance demonstration of the utilized EMJ method.

RPE
MAPE
MABE
RMSE

UMBC

Padonia

Essex

2.3–10.5%
7.62%
2.91 W/m2
3.19 W/m2

0.2–11%
4.46%
1.11 W/m2
2.48 W/m2

3–11%
8%
1.06 W/m2
1.30 W/m2

Table 2 presents the main seasonal wind characteristics for studied sites, including average wind
speed (u), standard deviation (σ), k and c parameters, most probable wind speed (ump ), and wind
speed carrying the maximum energy (umax, E ); ump is the most frequent wind speed for a given wind
probability distribution and umax, E is the wind speed which carries the maximum wind energy [15].
Higher k values indicate a higher peaked wind speed distribution. All three sites have relatively close
ranges of k and c. The monthly k values change from 1.5 to 2.1, which shows a regular and uniform
behavior at the studied sites. The monthly c values vary from 1.7 m/s to 3.8 m/s, which shows that the
site is not very windy and is expected to have a lower wind power potential. The range of the annual
c parameter in the studied sites is from 2.06 m/s to 3.57 m/s; it reflects the annual mean wind speed
trend to be the highest at UMBC and the lowest at Essex, also consistent with general wind statistics
(Section 4).
Table 2. Seasonal wind characteristics for studied sites.
¯

Season

u
(m/s)

σ

k

c
(m/s)

ump
(m/s)

umax, E
(m/s)

Power Density
(W/m2 )

Energy Density
(kWh/m2 )

UMBC
Winter

3.35

2.09

1.68

3.75

2.17

6.01

53.79

38.38

Spring

3.04

1.71

1.86

3.40

2.26

5.03

35.43

25.84

Summer

2.40

1.30

1.95

2.69

1.86

3.86

16.22

11.95

Fall

2.73

1.51

1.92

3.06

2.20

5.35

24.84

18.48

Padonia
Winter

3.145

1.978

1.663

3.522

2.007

5.699

36.684

30.446

Spring

2.446

1.517

1.679

2.740

1.599

4.370

17.556

13.655

Summer

1.923

1.131

1.783

2.154

1.354

3.291

7.557

5.814

Fall

2.613

1.756

1.526

2.927

1.463

5.059

34.100

25.142

Essex
Winter

2.337

1.478

1.652

2.617

1.477

4.258

20.740

14.821

Spring

1.903

1.076

1.872

2.132

1.404

3.164

9.422

6.874

Summer

1.571

0.841

1.978

1.760

1.227

2.514

4.918

3.575

Fall

1.970

1.272

1.799

2.206

1.382

3.380

13.637

10.067
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6.3. Wind Power and Energy Densities
The seasonal wind power density (P) and wind energy density (E) for all studied sites are
presented in Table 2. UMBC has the highest monthly wind power and wind energy densities, and
Essex has the lowest. In addition, the maximum and minimum values of wind power and wind
energy densities are in February and August, respectively, for all three sites; this reflects the previously
discussed seasonal climatology (i.e., winter versus summer) of the region (Section 4.1). To determine
the minimum wind power density requirements of a site for developing wind harnessing technologies,
several classifications are proposed in the literature [50–52]. In this work, the wind power classification
proposed by Elliot and Schwartz [51,52] is used. Baltimore City is considered a poor site (class 1) for
electricity generation using wind energy. As previously discussed, all sites demonstrate the greatest
wind energy potential during the winter season, related to the regional climatology (Section 4).
7. Implications of the Study: Integrating Wind Energy Harvesting Technologies in the
Built Environment
7.1. Conventional Wind Energy Systems
While small-scale wind turbines generally produce more expensive electricity than large-scale wind
turbines, they can still be a reliable source of energy when sized properly and used at their optimum
conditions. Besides the performance limitations, such as low mean wind speeds, high turbulence,
and high aerodynamic noise levels, the initial cost per rated power and unit-cost per generated power
per hour should be calculated to evaluate the performance of small-scale wind turbines.
Baltimore City, with a low annual mean wind speed, is a location where certain basic performance
limitations for employing wind harnessing technologies apply. Christiner et al. [53] studied more
than 80 rooftop horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs) for
power generation in Boston, Massachusetts. The wind turbines have a cut-in speed range from 1.8 m/s
to 3.2 m/s, and a rated speed range from 5.4 m/s to 14.75 m/s [54]. The wind assessment results for
Baltimore City indicates wind speeds lower than 5 m/s throughout a year, i.e., the minimum designed
rated speed for HAWTs and VAWTs. Hence, employing these types of wind turbines is not feasible for
this site. There are a number of researchers whose research is focused on designing and characterizing
small-scale wind energy turbines that operate at wind speeds lower than 5 m/s [55].
The performance of small-scaled HAWTs for low-wind speed applications is studied by a number
of researchers [53–55]. HAWTs have higher energy production compared to other wind harnessing
technologies; however, their performance will be strongly affected by gusts, turbulence, and large
variations in mean wind speeds and wind directions. VAWTs have shown significant advantages
over HAWTs in terms of having an omni-directional design, an expanded operational range, building
integration, reliability, and overall cost. However, further studies are required to improve their rated
power and efficiency, especially at lower wind speeds [56].
In this study, the potential of small-scale wind turbines is evaluated by analyzing the
performance of three small-scale HAWTs with rated powers of 2.1 kW, 6 kW, and 10 kW (Travere 2.1,
Proven WT 6000, and Aircon 10). The main specifications of these three wind turbines are presented in
Table 3. These wind turbines were chosen among several available HAWTs because their rated speeds
have a better match with wind speed characteristics of the examined stations. It should be noted that
these analyses were done only for the UMBC station due to its higher wind energy potential.
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Table 3. Main specifications of analyzed wind turbines [57].
Wind Turbine

Rated Power
(kW)

Cut-in Speed
(m/s)

Rated Speed
(m/s)

Cut-Out Speed
(m/s)

Rotor Diameter
(m)

Travere 2.1

2.1

2.5

8

60

6

Proven WT 6000

6

2.5

12

none

5.5

Aircon 10

10

2.5

11

32

7.1

The capacity factor (CF) is defined as the ratio of the generated output power of a wind turbine to
that at its rated power. It is a function of several parameters, including the location wind characteristics
and wind turbine performance characteristics such as the cut-in speed, rated speed, and cut-out speed.
The annual CF values are calculated for the selected wind turbines at the 30 m height above the
ground. The CF for Travere 2.1, Proven WT 6000, and Aircon 10 wind turbines are 11%, 5%, and 7%,
respectively. The Travere 2.1 kW wind turbine has the highest CF and the lowest rated speed (8 m/s).
As noticed, due to its larger size, Aircon 10 produces the highest electricity per year, which is around
6058 kWh. Travere 2.1 and Proven WT 6000 can generate around 1990 kWh and 2600 kWh energy
annually, respectively. However, the selection of the most appropriate turbine for the site is a function
of both the power generated and cost of electricity.
To determine the economic feasibility of the selected wind turbines, PBP analysis was carried
out [58,59]. For this analysis, the following main assumptions were made: (1) the average total cost
of small wind turbines is $3000/kW, (2) the average life time of selected wind turbines is 30 years,
(3) the variable cost is $0.005/kWh, (4) the nominal variable cost escalation rate is 2% per year,
and (5) availability of wind turbines is 98%.
Currently, the average cost of electricity (COE) in Maryland is around $0.14/kWh [59].
Hence, the generated power from wind turbines can be sold at this price or higher. Figure 4a illustrates
the calculated values of PBP at different selling prices, changing from $0.14/kWh to $0.22/kWh for the
selected wind turbines. The desired COE has a significant influence on the economic feasibility of
wind turbines. As noticed and expected, PBP decreases substantially when electricity price increases to
$0.22/kWh. Hence, to achieve a lower PBP, the COE should be increased significantly. Among selected
wind turbines, Travere 2.1 kW can have the lowest PBP range, changing from 19 years to 13 years when
the electricity price increases from $0.14/kWh to $0.22/kWh, respectively.
Government incentives offered for small wind turbine projects would improve the wind turbines’
economic feasibility, e.g., one of the most attractive incentives at the current time is the Federal
Investment Tax Credit, which covers 30% of the total initial cost of the project [54]. Such incentives can
improve the economic feasibility of small wind turbines at the UMBC site. In Figure 4b, the impact
of incentive variation (changing from 0% to 30%) on the PBP for a COE of $0.18/kWh is shown for
Travere 2.1 kW. It is seen that incentives can substantially improve the economic feasibility of installing
the Travere 2.1 kW wind turbine. By the 30% incentive, the PBP can be reduced from 15.7 years to
11.8 years. This makes installation of the Travere 2.1 kW wind turbine at the UMBC site more attractive
despite the relatively low available wind energy potential at the site.
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Figure 4. (a) Payback period (PBP) for different rates of selling electricity prices ($/kWh). (b) Effect of
incentives on the PBP at fixed selling electricity prices of $0.18/kWh.

7.2. Unconventional/Modern Wind Energy Systems
Novel unconventional wind harnessing technologies can be another solution to common obstacles
that lower turbine performance, such as low mean wind speeds, high turbulence, and high aerodynamic
noise levels. Ducted turbines have been studied as an alternative to conventional roof-mounted wind
turbines [56]. Figure 5a illustrates a schematic of a novel ducted turbine. Ducted turbines are protected
from turbulent effects and offer much less aesthetic impacts compared to conventional turbines.
Moreover, the location of the turbine inside the duct and the omni-directional feature reduces the wind
speed/direction fluctuations. Since the turbine is inside the duct, a compromise on power performance
to achieve low-aerodynamic noise radiations is not necessary; instead, a blade design with an optimum
output power can be employed. The probability analysis on the five-year wind speed distribution at
UMBC at 30 m above the ground has shown that this site experiences average wind speeds higher than
5 m/s on 40+ days of a year and average wind speeds higher than 10 m/s might occur a few days a year.
A high-performance wind harnessing technology with a rated power less than 10 m/s can provide a
cost-effective stand-alone solution, if one wants to generate electricity from wind at this site.

Figure 5. (a) Schematic of a ducted wind turbine. (b) A generic ducted turbine power curve.

Full-scale proven 5 kW unconventional ducted turbine specifications are used for conducting the
PBP analysis. Figure 5b shows a generic power curve of a ducted turbine, obtained from conducting
computational fluid dynamic analysis of the flow within a ducted turbine, similar to the one shown in
Figure 5a, but with one nozzle and one turbine. It has a 1 m/s cut-in speed [60], and a 9 m/s rated speed.
The total installed cost of the system is estimated to be $15,000. Using the same site assumptions as
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those used for conventional wind systems, the PBP for the cost of electricity varying from 0.14 $/kwh to
0.22 $/kwh, changes from 16 years to 10 years, respectively. Compared to Travere 2.1 kW with the PBP
of 19 years to 13 years, the 5 kW unconventional ducted turbine confirms its economic benefit [11,61].
For a fixed cost of electricity of 0.18 $/kwh and a 30% government incentive, the PBP can be reduced
from 13 years to 10 years.
8. Conclusions
In this multidisciplinary study, the potential of wind power production in the Baltimore
metropolitan area, Maryland, USA is studied, and the feasibility of installing wind energy systems is
evaluated and discussed. The important findings can be summarized as follows:
(a)

(b)

(c)

(d)
(e)

There is a maximum 43% probability for having wind speeds larger than 3 m/s. Results are
consistent with the NREL residential wind power classification. Spatial and seasonal variability
among sites makes it suitable for non-grid connected electrical and mechanical applications.
The strongest and weakest wind power and energy density values were observed at UMBC,
Padonia, and Essex sites, respectively. Higher wind speeds at UMBC compared to other sites
could be related to its position above the Fall Line, along the Piedmont Plateau, while weaker
winds in Essex are related to stagnation from the persistence of a local bay breeze circulation.
Among examined distributed wind energy solutions, including conventional HAWTs, an annual
CF of 11% with an electricity production of 1990 kWh is feasible. Economic analysis showed
that it has the lowest PBP, which changes from 19 years to 13 years when the electricity price
increases from $0.14/kWh to $0.22/kWh, respectively. Government incentives improve the
economic feasibility.
Employment of modern wind harvesting machines in Baltimore City, a low-wind speed region,
supports extending the use of wind energy for power generation.
Limitations and future work: While significant work has been performed on optimizing
performance parameters of turbines, more research on the impact of wind gust, turbulence
intensity, ease of manufacturing, and cost on airfoil/rotor designs are required. In addition,
both spatial and temporal metrological analysis from macroscale to building scales should be
conducted to better understand the urban physics and pertinent parameters in optimizing wind
harnessing technologies; these include employing both computational and experimental fluid
dynamic analysis of a studied site.
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