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Summary 
In January 2012, the oil refinery Hovensa LLC on the 

island of St. Croix announced that it would be shutting down 

after providing energy for 45 years to the US Virgin Islands. 

This situation caused the already high demand and low 

supply of electrical power across the islands to increase 

making it more expensive for the people already struggling 

to pay their electric bills. As a native to these islands, when I 

went to visit during the summer of 2012, I saw, firsthand, 

the impact this had on St. Thomas, one of the three islands 

making up the US Virgin Islands. During the 4 weeks I was 

there I experienced a series of rolling blackouts lasting for 

hours at a time. After getting a tour of the Water and Power 

Authority (WAPA) unit in St. Thomas, which is the main 

power supplier of all three islands, and after speaking with 

the head electrical engineer there I realized how severe the 

direction the island was heading in if the power and energy 

situation wasn’t improved. 

 

The use of a new renewable energy grid will be able to 

stabilize and increase the power quality for the US Virgin 

Island of St. Thomas.  Our goal is to design an alternative 

smarter and greener power grid for the island, simulate it, 

and evaluate its performance. The design and simulation 

process will support scalability in order to enable potential 

implementation on other islands regardless of its size and 

infrastructure. A more sustainable energy grid will be 

proposed and implemented based on actual data collected 

on the current state of the island. The advantages of grid 

integration of distributed renewable energy sources will be 

evaluated based on cost benefits analysis of the difference in 

cost of energy and the carbon footprint of the island before 

and after implementing the new design. Furthermore, this 



system can be scaled up or down depending on the size of 

the island it is being built on in order to provide an optimal 

amount of power.  

 

 

Technical Background: 
 The Water and Power Authority (WAPA) is the main 
supplier of energy and water for the islands of St. Thomas 
and St. John. There are three main sub-transmission lines to 
feed electricity across the island each operating at 34.5kV 
This site was installed with a generating capacity of 115MW 
and with peak loads at approximately 87MW. The Authority 
runs using 2 steam generators and 6 gas turbines that 
utilize #6 and #2 oil respectively. Since fuel accounts for 
70% of the facilities costs it is a leading factor in the high 
costs of electricity.  

 

Goal and Scope of Design: 
A more sustainable energy grid will be proposed and 

implemented based on actual data collected on the current 

state of the island of St. Thomas. The advantages of grid 

integration of distributed renewable energy sources will be 

evaluated based on cost benefits analysis of the difference in 

cost of energy on the island before and after the new design 

implementation. There will be a site suitability analysis 

across the whole island in order to determine where we 

should install different forms of renewable energy. Each 

analysis will show how the hybrid renewable energy 

systems, when implemented together, will be able to 

supplement each other during different scenarios that may 

affect the island. Furthermore, this system can be scaled up 

or down depending on the size of the island it is being built 

on in order to provide an optimal amount of power. 

 

 



Technical Approaches: 
To determine the power flow in each grid design that 

we analyzed, we decided to use a method of calculating 

power flow called the Newton-Raphson Method of Power 

Flow: 

  

f(x(k+1)) = 0 ≈ f(x(k)) + J(x(k))∆x(k) 

         ∆x(k) ≈ -J(x(k))-1f(x(k)) 

            x(k+1) = x(k) + ∆x(k) 

            x(k+1) = x(k) – J(x(k))-1f(x(k)) 

              until ||f(x(k))|| < ɛ 

 

A basic and brief discussion of the Newton-Raphson 

method is that the method is based on linear 

approximations. We can use linear approximations to 

determine the voltage magnitude and angle at each bus in 

the power system. 

 

 The complex power equations need to be rewritten as 

equations with real coefficients 
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 Defining the Power Balance equations as: 

  Si = 𝑃𝑖 + 𝑗𝑄𝑖  = 𝑉𝑖 ∑ 𝑌𝑖𝑘
∗ 𝑉𝑘

∗𝑛
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   =  ∑ |𝑉𝑖||𝑉𝑘|(cos𝜃𝑖𝑘 +𝑗 sin 𝜃𝑖𝑘)
𝑛
𝑘=1 (𝐺𝑖𝑘 − 𝑗𝐵𝑖𝑘) 

 We then separate the components of complex power 

into real and reactive power. 

  𝑃𝑖 = ∑ |𝑉𝑖||𝑉𝑘|(𝐺𝑖𝑘 cos 𝜃𝑖𝑘 +𝐵𝑖𝑘sin 𝜃𝑖𝑘) = 𝑛
𝑘=1 𝑃𝐺𝑖 − 𝑃𝐷𝑖 

  𝑄𝑖 = ∑ |𝑉𝑖||𝑉𝑘|(𝐺𝑖𝑘 sin 𝜃𝑖𝑘 − 𝐵𝑖𝑘 cos 𝜃𝑖𝑘) = 𝑛
𝑘=1 𝑄𝐺𝑖 − 𝑄𝐷𝑖 

 To solve the power balance equations: 

First we assume the first bus to be a slack bus 

with a fixed voltage angle and magnitude and use that 



to determine the voltage and magnitude of the other 

buses.  

     𝒙 =  
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  𝒇(𝒙) =  

[
 
 
 
 
 
𝑃2(𝒙) − 𝑃𝐺2 + 𝑃𝐷2

⋮
𝑃𝑛(𝒙) − 𝑃𝐺𝑛 + 𝑃𝐷𝑛

𝑄2(𝒙) − 𝑄𝐺2 + 𝑄𝐷2

⋮
𝑄𝑛(𝒙) − 𝑄𝐺𝑛 + 𝑄𝐷𝑛]

 
 
 
 
 

 

 
We must determine the Jacobian matrix J(x) 

where the jacobian elements are found by 

differentiating each function 𝑓𝑖(𝒙) with respect to each 

variable. 

𝑓𝑖(𝑥) =  ∑|𝑉𝑖||𝑉𝑘|(𝐺𝑖𝑘 cos 𝜃𝑖𝑘 +𝐵𝑖𝑘sin 𝜃𝑖𝑘) = 

𝑛

𝑘=1

𝑃𝐺𝑖 − 𝑃𝐷𝑖 

𝜕𝑓𝑖(𝑥)

𝜕𝜃𝑖
= ∑|𝑉𝑖||𝑉𝑘|(𝐺𝑖𝑘 sin 𝜃𝑖𝑘 +𝐵𝑖𝑘 cos 𝜃𝑖𝑘) 

𝑛

𝑘=1
𝑘≠𝑖

 

𝜕𝑓𝑖(𝑥)

𝜕𝜃𝑗
= |𝑉𝑖||𝑉𝑗|(𝐺𝑖𝑘 sin 𝜃𝑖𝑘 +𝐵𝑖𝑘 cos 𝜃𝑖𝑘)    (𝑗 ≠ 𝑖) 

 

 In the end we are left with a very close approximation 

of what the power, voltages, and phase angles at each bus 

are.  

 

For the Off Grid Paradise power flow analysis the 

Newton-Raphson method was converted into a MATLAB 

algorithm. In order to apply the Newton-Raphson method it 

was necessary to know the impedances of each transmission 

line. Therefore, the values were calculated yielding the 

following tables: 

 

 



Transmission line distances: 

Region A  Region B  Region C  

WAPA – 

Region A  

5107

m 

WAPA – 

Region B 

1636

6m 

WAPA – 

Region C 

11571

m 

Region A - 

Region B 

1161

0m 

Region B - 

Region A 

1161

0m 

Region C - 

Region A 

15708

m 

Region A - 

Region C 

1570

8m 

Region B - 

Region C 

2854

3m 

Region C - 

Region B 

28543

m 

 

Impedance values from distances: 

Region 

A 

 Region B  Region C  

ZAW  j3.958Ω ZBW j12.68Ω ZCW j8.97Ω 

ZAA = 

ZAW + 

ZAB 

j12.956Ω ZBB = ZBW 

+ ZBA + 

ZBC 

j43.64Ω ZCC = ZCW 

+ ZCB + 

ZCA 

j43.11Ω 

ZAB  j8.998Ω ZBA j8.99Ω ZCA j12.17Ω 

ZAC  j12.17 ZBC j21.97Ω ZCB j21.97Ω 

  

After determining the impedances along the 

transmission lines we could apply the Newton-Raphson 

method to find power flow. The algorithm was first applied 

to St. Thomas’ original 4-bus grid design and then again 

with the new green 7-bus grid design. 

  

(4-bus Original Grid)  



(7-bus Green Grid)  
 

For the green design we simulated under the 
assumption that one half of the total households in all three 
regions would utilize a PV system. In addition, we took into 
account that each PV system only operated at 15% 
efficiency and only one square-meter would be used per 
household. Our results were as follows: 

 
Original Grid Analytics (Power generation through oil from 
WAPA) 

Power 
Consumption 

 

Region A 4943.16 kW 

Region B 4147.59 kW 

Region C 538.20 kW 

Total 9628.95 kW 

  

Green Grid Analytics (Power generation through Photovoltaic 
system in each region) 

PV system Generation 

Region A 537.30 kW 

Region B 450.83 kW 

Region C 58.5 kW 

Total 1046.63 kW 

 



[4]

 
 
Knowing that approximately a total of 1046kW of green 

power could be produced from all 3 regions combined, we 
were able to deduce the amount of residual power being 
generated by oil in our green design.  

 
The total oil energy consumption of all three regions in 

the original grid was 9628.95 kW and the total energy 

production of all three PV systems in the green design was 
1046.63 kW. The resultant energy production through oil in 
the green grid now results in 8582.33 kW. The impact of this 
is that approximately 11% of the power generated by oil can 
be substituted by greener photovoltaic power under such 
limiting factor as utilizing only 1 square-meter per household 
and only one half of the households owning a PV system. 
 

Results: 
To understand the cost of the green off grid paradise 

system one must first realize there are different stages in 
the production of electricity and each stage has a substantial 
cost. To start with the basics, let us begin with crude oil, 
which is used as fuel to generate electricity. For purposes of 
cost restraint we are focusing on purchasing barrels of oil as 
opposed to drilling for oil. Per barrel of WTI crude oil costs 
roughly $100 dollars to purchase though this can sway 



heavily as seen in the last decade of war. Due to the fact 
that 1 barrel of petroleum is equivalent to 533kWh of energy 
generation and the total amount of energy used per day is 
around 229,397kWh, then dividing by 24 you are able to 
obtain that it takes approximately 18 barrels to produce an 
hourly rate of electricity for St. Thomas which is 9628.95kW. 
Now multiplying 18 by 24 and by 365 to get 157,680 barrels 
used per year with a cost of $100 for each barrel, you obtain 
the price for maintaining a grid system that burns oil only 
for $15,768,000. 

 
 

Cost Benefit Breakdown: 

500kWh is used per month for each house hold 

13955 houses in St. Thomas (7164, 780, and 6011 in each 
region used) 

9,628.95 kW per hour 

229,397.26 kWh per day for all houses 

6,977,500 kWh per month for all houses (500*13955) 

83,730,000 kWh per year for all houses (6,977,500*12)  

light crude oil = Barrel of petroleum: 533kWh 

9628.95kwh / 533kwh  = 18.06 barrels per hour for electricity 

production 

18 barrels/hr * 24 hrs/day * 365 days/yr = 157,680 barrels/yr 

157,680 barrels * $100 (current price of oil) = $15,768,000 
cost per year for oil to produce 83,7300,00kWh 

Now due to the fact that the generation of electricity of 
the green off grid paradise relies less on burning oil for the 



generation of electricity; which is approximately 
8582.33kWh, the cost overall for energy production with use 
of PV systems to deter the use of oil and reduce carbon 
emissions comes to $14,016,000. This creates a reduction in 
cost of $1,752,000 per year. 

9628.95kwh / 533kwh  = 16.01 barrels per hour for 
electricity production 

140,160 = 16 * 24 * 365  

157,680 barrels * $100 (current price of oil) = $14,016,000 
cost per year for oil to produce 83,7300,00 kWh 

 
Now that we have discussed the cost for generation of 

electricity, let us see what it will cost to procure a 
photovoltaic system installation, maintenance, et al. For 
constraint purposes, we will be purchasing a square meter 
photovoltaic module with 20% efficiency with a cost of $300. 
This constraint will be used due to the fact that if one had 

the ability to create the module, an increase in funds 
upwards to $20,000,000 would be necessary for a factory 
with 100 employees, and a capital cost of equipment of that 
could possibly be housed in a 2,000-meter sq facility. So to 
alleviate this issue, simply buying one square meter of a PV 
module costing $300 will have to suffice. Now since the 
green off grid paradise will only be using half of the three 
region’s households for supporting the PV module; that will 
come to around 6,978 houses. The total amount for 
installation of the PV system on said households will come to 

$2,093,400. 
 
 

Production Overhead: 

Solar Cell 
Materials and 
glass: $130 

Labor 
(Includes 
assembly and 
testing): $55 

Additional 
moisture 
barrier and 
backing: $10 

Profit, 
Interest due 
on loans: $5 



Equipment 
Depreciation, 
Indirect & 
Other Direct 
Materials: 
$20 

Encapsulant 
or Sealant 
(e.g. 
Polymer) $50 

Frame and 
electrical 
interconnects: 
$30 

 

Total module cost: $300/m sq 

 
Now that the initial cost for installation has been met, 

we can discuss how this new system of photovoltaic modules 
will benefit economically in the future. 

 
The payback equation seen above is used to determine 

how long it will take for a photovoltaic system for example 
with a cost of $300, 20% efficiency, $.08 selling price; is 
approximately 10 years. These estimates are just the bare 
bone minimum for assessing the cost-benefit analysis in 

regards to implementing a photovoltaic module for ½ of the 
households in the three regions located in St. Thomas. 

 

Member Contributions: 
The collaboration of task distributions was divided into 

different research topics regarding the island itself. Rolih 
handled studying the island’s alternative energy 
opportunities, renewable energy, and cartography. Justin 
gathered information involving economic development plans 
and projects, and calculated the power flow analysis. John 

then organized the population employment and wages, 
electrical production and use data. Which in addition to the 
supply side management was used to create the cost benefit 
analysis. Understanding these topics helped to produce a 
framework for the electrical infrastructure of the island 
required to develop a running simulation. Next, was to 
analyze the existing power grid and design a new green grid. 
We decided to pick 3 main regions (A, B, and C) using 



population density as an indication of the primary locations 
for energy consumption. The transmission line impedances 
and the photovoltaic system capabilities were calculated for 
each region. This provided an understanding of the overall 
power consumption per region in the original and new grid 
design. The power flow analyses of both grids were also 
simulated in MATLAB using a translated algorithm of the 
Newton-Raphson Method for calculating power flow. The two 
grids were then compared in terms of overall power 
generation by use of oil, power savings, and carbon footprint 

reduction. 
 
[5]

 
 

Conclusions/Future Work: 
 The whole benefit of this project is the fact that it is 
scalable on many levels. Since we only placed one sq. meter 
solar panels on half the households in the 3 chosen regions 

it allowed us to generate 11% reduction in carbon 
emissions. If this project is allowed to develop then homes, 
businesses, and commercial establishments will be capable 
of generating enough energy in order of becoming 
completely independent of fossil fuels in the future. Lifting 
this load of energy dependence off the shoulders of the 
natives will allow them to aim towards other beneficial 
projects such as mass storage and integrating other 



renewable energy implementations. By cleaning up the 
pollution generated by the old process will allow this to 
slowly regain its natural island beauty creating even more 
tourist traffic and continuous revenue.  
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