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Overview

MRC embarked on a joint project with one of its licensees to field test the model M15X10 100kW
modular generator platform in a deep well pumping application.

The field test demonstrated the performance of the MRC generation system in comparison with a
typical electricity supplied VFD based pump drive system on a well site in southwest Kansas pumping
fromthe Wl dz32 (12 Yy 5 ST13UID dedtdhes ShésiBt2ns bhbt will be compared during the trial.

Description of Equipment

Power Delivery System Description
Original System Electric utility power supplied pump drive system, which includes the
utility supply transformer and pump drive VFD.
MRC Generator System Natural gas supplied pump drive system, which includes the 115 HP
Arrow engine, MRC modular high efficiency generator, and high
efficiency VFD.

Table 1 - Pump drive system descriptions

Trial & Test Preparation

In preparation for setup at the test site, the generator was programmed for a deep well pump
application. Figure 1 below shows the system in the laboratory. The system was tested for 20+ days in
preparation for the field test. It was characterized, programmed, tuned, and adjusted for optimum
performance in the field test.

Figure 1 - MRC generator system in laboratory
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Setup and Connection

The MRC system was deployed on a mobile platform and installed at the site. Figure 2 is a photograph of
the MRC system installed at the site.

Figure 2 - Picture of generator system on mobile platform during installation at the well site

As shown in Figure 3 below, the MRC system was connected to the existing VFD-rated step-up
transformer via a transfer switch. The existing connection from the original VFD was moved to the
transfer switch, thus allowing easy transition from the MRC system to the original drive system, when

necessary.

MRC Generator

System Step-up

Transformer

Transfer
Original Drive Switch

System

Figure 3 - Connection of the MRC and original systems
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Comparison of Systems

Figure 4 shows the components of the original system. This system includes the step-down transformer,
provided by the electric utility, and the original VFD used to drive the VFD-rated step-up transformer.
The step-up transformer increases the drive voltage to compensate for voltage drop in the long cables
going 6000 feet down to the pump.

Original Drive System
Input Power

Output to
from Utility Step-up Trans.

¥ ¥

% %

Figure 4 - Diagram of original drive system

The original system relies on electric utility provided power, which often must be delivered to the site of
a well at a large initial cost.

Figure 5 shows the MRC system, which includes the natural gas engine, MRC electric generator, and
MRC specialized inverter programmed as a VFD. The same VFD-rated step-up transformer is used with
the MRC system.

Input Gas Output to
from casing Step-up Trans.

\ ¥

% é

Figure 5 - Diagram of MRC system
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The MRC generator has many advanced features. Table 2 below outlines several of the key features and

compares them to a typical industrial synchronous generator.

Generator Feature

MRC Modular Generator

Typical Industrial Generator

(Marathon)
Field Service Easy to replace electric generating 9 Difficult since generator must be
modules removed from engine and
Easy to replace rear bearing unit disassembled
Efficiency 10 to 20 % more efficient due to MRC 1 Typical AC excited synchronous
technology, lower operating generators are from 60 to 70 %
temperature, and high power long life efficient
magnets made exclusively for MRC
Environment Water resilient. No iron based 9 Iron external housing that is
components that rust. Water will not heavy and will rust. Water that
pool in generator cavity and impede penetrates will pool, rust, and
operation corrode internal components
Safety NEC safety standards. No arcing or static 9 Stator wires stuffed in steel slots
build-up issues with potential HI-POT are potential for HI-POT failures,
arcing since coils are encapsulated and electrical arcing to frame, etc.
sealed away from frame. 9  Most generators meet UL.
UL safety standards. Open conductors 1 Some gas engines are open
are encapsulated in modules. Materials frame.
meet UL fire and safety standards for f No modular level safety.
generators. 1 No modular level monitoring.
Exterior housing for gas engines
(optional) protect in certain hazardous
areas.
Cdz f WAY(iSNI 26tk Q
safety protection systems. Temperature
and electrical parameters constantly
monitored.
MRC modular systems allow modular
level monitoring allowing early
detection before catastrophic damage
to windings occur.
Emissions All electrical generator components Most generators meet UL.
meet UL and electrical emission 9 Some gas engines do not meet

standards.

All gas engines meet Federal prime
power (continuous operation) emissions
standards. '

prime power standards.

! As declared by engine manufactures.

Copyright © 2012 - Millennial Research Corporation

Table 2 - MRC generator features compared to typical industrial generator systems
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Figure 6 and Figure 7 show the MRC generator and the modular nature of the assembly and

construction. Bearings are field repairable within 30 minutes. All modules can be field replaced in 30
minutes. The generator is water and corrosion resilient since each electric module is completely
encapsulated in an advanced polymer with electrical bus connections isolated and sealed, as an option.
¢tKS 2LISY FTNIYS R2Sa y20 Ftt26 61 SN GKIFG YI @&
the working of the generator. The generator modules contain no iron-based products, so rust and
corrosion issues are eliminated.

Figure 6 - MRC 100kW to 250kW generator

Figure 7 - MRC generator exploded view showing modular coils and modular bearing assembly

Copyright © 2012 - Millennial Research Corporation Page | 7
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Figure 8 depicts the high efficiency inverter used for certain generator applications. The inverter can be
programmed to operate in various modes by using the MRC controller. For the field trial, it was
programmed to operate a down-hole pump matched to the particular pump characteristics.

MRC inverter technology is customized to work with the MRC generator platform to maximize efficiency
and reliability for rugged industrial applications, such as those found in harsh and demanding oil field
applications.

Millennial
R

esearch

Figure 8 - MRC multi-purpose high efficiency inverter

Goals of the Field Trial

The field trial had two primary goals. The first goal was to show that the MRC system can properly drive
the down-hole pump and deliver oil at a comparable rate to the original drive system. The second and
primary goal was to analyze and demonstrate the performance and economic advantage of the MRC
system compared to the original drive system.

Field Trial Results

The field trial was conducted for 20 days. The first several days were used to install, setup, and tune the
system. During the final 7 days of operation, production data was collected to calculate comparative
performance with the original drive system. Figure 9 shows the relative timeline and progression of
major events for the trial.
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Begin Production &
System Measurements Trial End

L.

DOWN

Adjustments & Tuning
Adjustments & Tuning
Setup & Configuration

Figure 9 - Field trial timeline

During the trial the original drive system was observed and measurements taken to determine the
energy use and efficiency. It was determined that the original drive system was set to provide electrical
output to run the pump at an average production of about 90 barrels a day. Therefore, the goal was to
operate the MRC system as near to that production rating as possible. Due to limitations in gas supply
at the site, the MRC system was operated at about 15 to 20% under the goal capacity. The resulting
measured data would be used to calculate the true cost of operation at the target production rate.

Figure 10 shows the environmental conditions during the 7 day measurement collection period. Daily
and hourly environmental data (temperature, humidity, and precipitation conditions) was collected.

Start of 7 day period End of 7 day period

J aram) J azam)
Wed Thu Fri Sat Sun Mon Tue Wed
77 81 82 86 91 78 75 80
Pt.Cldy. | Drizzle Sunny Sunny Sunny Rain Sunny Pt. Cldy.
3/28 3/29 3/30 3/31 4/1 4/2 4/3 4/4
Figure 10 - Environmental conditions during final 7 day trial period
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Performance Analysis & Calculations

Measurements of power and fuel consumption were made during the trial. As shown in Table 3 below,
the MRC system was operated at an electrical output of about 55.5 kW-Hr while driving the down-hole
pump. As comparison, during continuous run of the original system, the reported average output power
for operation of the pump was about 62 kW-Hr. This reduction was due to gas supply limitations. During
operation of the original system, the average production is about 90 barrels a day or 3.75 barrels per
hour. For the MRC system the production average was about 80 barrels per day or 3.33 barrels per hour
operating at 55.5 kW-Hr.

As shown in Table 3 the original system consumes electrical energy as its source of power. This is
supplied from the step-down transformer supplied by the electric utility. Cost of input fuel (electricity)
will be calculated using the kW-Hr consumption and rate figures. For the MRC system, the energy input
source is propane or natural gas. For the prototype trial, natural gas was not available, so propane was
used. For the purpose of this report, wellhead supplied natural gas will be assumed as the primary
source of fuel, due to the low cost of natural gas. The certified and laboratory tested fuel consumption
rate for natural gas was used, with the actual engine power consumption rate measured while running
on propane, to calculate the actual fuel consumption rate that would have been realized if natural gas
had been available.

As shown in Table 3, the net NG fuel consumption rate is calculated using the certified and laboratory
calibrated fuel consumption rates for the engine running on natural gas. For operation at 1800 RPM and
for the duration of this test, this is about 8268 BTU per BHP-Hour. During the test, the engine was
operated at a constant average of about 95 horsepower as measured using the documented boost
pressure for the turbo charged engine. Referring to Table 4, the net fuel consumption of natural gas,
with an energy rating of an average of 1000 BTU per cubic foot at a continuous operation of 95
horsepower, is about 785 cubic feet per hour.

Power Delivery Net Electrical Fuel Net NG Fuel Measured Oil Production
System Consumption Rate Consumption Rate (Barrels / Hr.)
Original System 62 kW-Hr N/A 3.75
MRC Generator 55 kW-Hr 785.46 CF/Hr. 3.33
System

Table 3- Fuel consumption versus recorded production comparison and calculations

Certified Fuel Generator Energy Fuel Energy Net Fuel Consumption
Economy @ 90% Power Average Consumption Rating Rate
Full Rating Rate (Casing NG-
Untreated)
8268 BTU/BHP-Hr. 95 785460 BTU/Hr. | 1000 BTU/CF 785.46 CF/Hr.

Table 4 - Calculation of fuel consumption rate from engine operating values
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The actual cost of consumed fuel or energy can be calculated for both systems. As shown in Table 5, the

average cost per kilo-watt hour for the original system was used to calculate the cost of energy (fuel) per

month.! @Ay 3 | aAy3dftS Y2yikKQa St SO0 NIeAwasHeteth@nadi R G X
based on the average number of days per month (30.416 average days per month). The resulting

calculated fuel cost is about $3148 per month for the original electric utility power system. (NOTE: The
electricityO2& i A& ol aSR 2y b2JS Yity SiNgnd. ThdzvdrageSostRl G FNRY
probably higher, since rates increase significantly during summer months. Therefore, this represents a

very low or conservative estimate of electricity cost for the original system).

Power Delivery System Total Cost of Fuel
($/Month)
Original (electric utility power) $3148.13

Table 5 - Cost of fuel consumption for original system

For the MRC system, the net cost of fuel per 1000 CF (MCF) is based on the lost revenue due to diverting
wellheadnatdzNJ f 3 & FNRBY GKS 3l a .AdshoywrainTabid éibkl@wthe@asty LI y & Q&
recent average commodity contract cost of fuel is used. This rate was about $2.13 per MCF as reported

on 4/1/2012.

Commodity rate of wellhead gas sold back into Net Cost of Fuel
gas distribution system ($/1000 CF)
(Direct supply rate for NG)
$2.13 /1000 CF (MCF) $2.13 /1000 CF (MCF)

Table 6 - Net cost of fuel per volume calculation

The cost of fuel on a per month basis can be calculated for the MRC system, as shown in Table 7 below.
This cost represents the cost of operating the MRC system incurred by diverting fuel from the gas

OGN yaYAdaarzy O2YLIegudvdkatloss fnée thEfetould GoKbk sbld st the |
wellhead. This net fuel cost comes out to about $2.13 per MCF. With the consumption rate of about 785
from Table 4 above, then adjusting to monthly by multiplying by the hours per month, a net cost of fuel
of about $1307 per month is obtained.
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Power Net Cost of Net Fuel Ave. Days Ave. Hours Total Cost of Fuel
Delivery Casing Fuel Consumption per month per month (S/Month)
System ($/1000 CF) Rate

MRC $2.28 785.46 CF/Hr. 30.416 729.984 $1307.29
Generator

Table 7 - Cost of fuel calculation for MRC system

In order to obtain a production cost per unit of produced (usable) liquid, we use the measured
production of oil for both systems shown earlier in Table 3. As shown in Table 8 below, the cost per 1000
barrels of production is calculated using the cost of fuel numbers, measured oil production rate, and
average hours per month. For the original system it is calculated at about $1150 per 1000 barrels. For
the MRC system, it is about $538 per 1000 barrels, of which the cost is derived from the lost revenue
from the wellhead gas burned to drive the generator.

Power Total Cost of Measured Oil Ave. Days Ave. Hours | Cost to produce oil
Delivery Fuel Production Rate per month per month ($/1000 Barrels)
System ($/Month) (Barrels / Hr.)

MRC $1307.29 3.33 30.416 729.984 $537.79
Generator

System
Original $3148.13 3.75 30.416 729.984 $1150.02
System

Table 8 - Comparative cost of production calculation
Copyright © 2012 - Millennial Research Corporation Page | 12
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Figure 11 shows the advantage of the MRC system in cost per 1000 barrels (kbbl) when the recovered
wellhead gas was being sold and otherwise diverted to run the MRC system. The percentage savings on
fixed operating fuel cost for the MRC system over the current electric utility supplied original system is

approximately 53% per kbbl for the well site.

Comparative Cost of Oil Production
(US Dollars per 1000 barrels)

$1,150.00

$1,200.00 ~

$1,000.00 —'I
$800.00 —[
$600.00 +
$400.00 —ll -
$200.00

$0.00 = - _

Original System Cost

MRC Generator System Cost

Figure 11 - Comparative cost of oil production (Dollars per 1000 bbl)

As a concluding note, it must be emphasized that the values used in our calculations are conservative.
For instance, with some sites, additional savings can be expected. Sites that do not currently have
electrical service will realize much more cost savings because the huge initial burden incurred as fees or
installation charges will not be required. Some sites will operate at higher electrical demand, thus
AYOdzZNNAY 3 fFNBHS WLISI 1 Q | RdBatgss.inYatyfoi this rdp@t, wie 6s&ithé | &S St
lowest billed cost per kW-Hr for the site. Many sites will incur higher rates since the peak demand rate
at startup is higher for many sites. The wellhead price of natural gas is based on the lowest BTU of the
normalized average BTU range for refined natural gas (1000-1200 BTU/CF). Higher BTU ratings for

wellhead gas have not been taken intoaccount. C2 NJ ¢ St f KSF R 3 &
BTU is much higher and the generator efficiency will increase proportionally.
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