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Disclaimer:

The information included in these technology overviews is for information purposes only
and is gathered from published industry sources. Information about costs, maintenance,
operations, or any other performance criteria is by no means representative of agency
policies, definitions, or determinations for regulatory or compliance purposes.
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Technology Characterization — Reciprocating Engines

Introduction and Summary

Reciprocating internal combustion engines are a widespread and well-known technology. North
American production exceeds 35 million units per year for automobiles, trucks, construction and
mining equipment, marine propulsion, lawn care, and a diverse set of power generation
applications. A variety of stationary engine products are available for a range of power
generation market applications and duty cycles including standby and emergency power,
peaking service, intermediate and baseload power, and combined heat and power (CHP).
Reciprocating engines are available for power generation applications in sizes ranging from a
few kilowatts to over 5 MW.

There are two basic types of reciprocating engines — spark ignition (SI) and compression
ignition (CI). Spark ignition engines for power generation use natural gas as the preferred fuel,
although they can be set up to run on propane, gasoline, or landfill gas. Compression ignition
engines (often called diesel engines) operate on diesel fuel or heavy oil, or they can be set up to
run in a dual-fuel configuration that burns primarily natural gas with a small amount of diesel
pilot fuel.

Diesel engines have historically been the most popular type of reciprocating engine for both
small and large power generation applications. However, in the United States and other
industrialized nations, diesel engines are increasingly restricted to emergency standby or limited
duty-cycle service because of air emission concerns. Consequently, the natural gas-fueled Sl
engine is now the engine of choice for the higher-duty-cycle stationary power market (over 500
hr/yr) and is the primary focus of this report.

Current generation natural gas engines offer low first cost, fast start-up, proven reliability when
properly maintained, excellent load-following characteristics, and significant heat recovery
potential. Electric efficiencies of natural gas engines range from 30 percent LHV for small
stoichiometric engines (<100 kW) to over 40 percent LHV for large lean burn engines (> 3
MW)!. Waste heat recovered from the hot engine exhaust and from the engine cooling systems
produces either hot water or low pressure steam for CHP applications. Overall CHP system
efficiencies (electricity and useful thermal energy) of 65 to 80 percent are routinely achieved
with natural gas engine systems.

Reciprocating engine technology has improved dramatically over the past three decades, driven
by economic and environmental pressures for power density improvements (more output per
unit of engine displacement), increased fuel efficiency and reduced emissions. Computer
systems have greatly advanced reciprocating engine design and control, accelerating advanced
engine designs and making possible more precise control and diagnostic monitoring of the

! Lower Heating Value. Most of the efficiencies quoted in this report are based on higher heating value (HHV),
which includes the heat of condensation of the water vapor in the combustion products. In engineering and scientific
literature the lower heating value (LHV — which does not include the heat of condensation of the water vapor in the
combustion products) is often used. The HHV is greater than the LHV by approximately 10% with natural gas as the
fuel (i.e., 50% LHV is equivalent to 45% HHV). HHV efficiencies are about 8% greater for oil (liquid petroleum
products) and 5% for coal.
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engine process. Stationary engine manufacturers and worldwide engine R&D firms continue to
drive advanced engine technology, including accelerating the diffusion of technology and
concepts from the automotive market to the stationary market.

The emissions signature of natural gas Sl engines in particular has improved significantly in the
last decade through better design and control of the combustion process and through the use of
exhaust catalysts. Advanced lean burn natural gas engines are available that produce NOy
levels as low as 50 ppmv @ 15 percent O, (dry basis).

Applications

Reciprocating engines are well suited to a variety of distributed generation applications.
Industrial, commercial, and institutional facilities in the U.S. and Europe for power generation
and CHP. Reciprocating engines start quickly, follow load well, have good part load efficiencies,
and generally have high reliabilities. In many cases, multiple reciprocating engine units further
increase overall plant capacity and availability. Reciprocating engines have higher electrical
efficiencies than gas turbines of comparable size, and thus lower fuel-related operating costs. In
addition, the first costs of reciprocating engine gensets are generally lower than gas turbine
gensets up to 3-5 MW in size. Reciprocating engine maintenance costs are generally higher
than comparable gas turbines, but the maintenance can often be handled by in-house staff or
provided by local service organizations.

Potential distributed generation applications for reciprocating engines include standby, peak
shaving, grid support, and CHP applications in which hot water, low pressure steam, or waste-
heat-fired absorption chillers are required. Reciprocating engines are also used extensively as
direct mechanical drives in applications such as water pumping, air and gas compression and
chilling/refrigeration.

Combined Heat and Power

While the use of reciprocating engines is expected to grow in various distributed generation
applications, the most prevalent on-site generation application for natural gas Sl engines has
traditionally been CHP, and this trend is likely to continue. The economics of natural gas
engines in on-site generation applications is enhanced by effective use of the thermal energy
contained in the exhaust gas and cooling systems, which generally represents 60 to 70 percent
of the inlet fuel energy.

There are four sources of usable waste heat from a reciprocating engine: exhaust gas, engine
jacket cooling water, lube oil cooling water, and turbocharger cooling. Recovered heat is in the
form of hot water or low pressure steam (<30 psig). The high temperature exhaust can generate
medium pressure steam (up to about 150 psig), but the hot exhaust gas contains only about one
half of the available thermal energy from a reciprocating engine. Some industrial CHP
applications use the engine exhaust gas directly for process drying. Generally, the hot water
and low pressure steam produced by reciprocating engine CHP systems is appropriate for low
temperature process needs, space heating, potable water heating, and to drive absorption
chillers providing cold water, air conditioning or refrigeration.

There are many engine-based CHP systems operating in the United States in a variety of

applications including universities, hospitals, water treatment facilities, industrial facilities, and
commercial and residential buildings. Facility capacities range from 30 kW to 30 MW, with many
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larger facilities comprised of multiple units. Spark ignited engines fueled by natural gas or other
gaseous fuels represent 84 percent of the installed reciprocating engine CHP capacity.

Thermal loads most amenable to engine-driven CHP systems in commercial/institutional
buildings are space heating and hot water requirements. The simplest thermal load to supply is
hot water. The primary applications for CHP in the commercial/institutional and residential
sectors are those building types with relatively high and coincident electric and hot water
demand such as colleges and universities, hospitals and nursing homes, multifamily residential
buildings, and lodging. If space heating needs are incorporated, office buildings, certain
warehousing and mercantile/service applications can be economic applications for CHP.
Technology development efforts targeted at heat activated cooling/refrigeration and thermally
regenerated desiccants expand the application of engine-driven CHP by increasing the thermal
energy loads in certain building types. Use of CHP thermal output for absorption cooling and/or
desiccant dehumidification could increase the size and improve the economics of CHP systems
in existing CHP markets such as schools, multifamily residential buildings, lodging, nursing
homes and hospitals. Use of these advanced technologies in applications such as restaurants,
supermarkets and refrigerated warehouses provides a base thermal load that opens these
applications to CHP.

A typical commercial application for reciprocating engine CHP is a hospital or health care facility
with a 1 MW CHP system comprised of multiple 200 to 300 kW natural gas engine gensets. The
system is designed to satisfy the baseload electric needs of the facility. Approximately 1.6 MW
thermal (MWy,) of hot water is recovered from engine exhaust and engine cooling systems to
provide space heating and domestic hot water to the facility, and to drive absorption chillers for
space conditioning during summer months. Overall efficiency of this type of CHP system can
exceed 70 percent.

Industry also uses engine-driven CHP in a variety of industrial applications where hot water or
low pressure steam is required. A typical industrial application for engine CHP would be a food
processing plant with a 2 MW natural gas engine-driven CHP system comprised of multiple 500
to 800 kW engine gensets. The system provides baseload power to the facility and
approximately 2.2 MW, low pressure steam for process heating and washdown. Overall
efficiency for a CHP system of this type approaches 75 percent.

Technology Description

Basic Engine Processes

There are two primary reciprocating engine designs relevant to stationary power generation
applications — the spark ignition Otto-cycle engine and the compression ignition Diesel-cycle
engine. The essential mechanical components of the Otto-cycle and Diesel-cycle are the same.
Both use a cylindrical combustion chamber in which a close fitting piston travels the length of
the cylinder. The piston connects to a crankshaft that transforms the linear motion of the piston
into the rotary motion of the crankshaft. Most engines have multiple cylinders that power a
single crankshaft.

The primary difference between the Otto and Diesel cycles is the method of igniting the fuel.
Spark ignition engines (Otto-cycle) use a spark plug to ignite a pre-mixed air fuel mixture
introduced into the cylinder. Compression ignition engines (Diesel-cycle) compress the air
introduced into the cylinder to a high pressure, raising its temperature to the auto-ignition
temperature of the fuel that is injected at high pressure.
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Engines are further categorized by crankshaft speed (rpm), operating cycle (2- or 4-stroke), and
whether turbocharging is used. Reciprocating engines are also categorized by their original
design purpose — automotive, truck, industrial, locomotive and marine. Hundreds of small-scale
stationary power, CHP, irrigation, and chiller applications, use automotive engine models. These
are generally low-priced engines due to large production volumes. However, unless
conservatively rated, these engines have limited durability. Truck engines have the cost benefit
of production volume and are designed for reasonably long life (e.g., one million miles). A
number of truck engines are available as stationary engines. Engines intended for industrial use
are designed for durability and for a wide range of mechanical drive and electric power
applications. Their sizes range from 20 kW up to 6 MW, including industrialized truck engines in
the 200 to 600 kW range and industrially applied marine and locomotive engines above 1 MW.

Both the spark ignition and the diesel 4-stroke engines most relevant to stationary power
generation applications complete a power cycle in four strokes of the piston within the cylinder:

1. Intake stroke — introduction of air (diesel) or air-fuel mixture (spark ignition) into the cylinder

2. Compression stroke — compression of air or an air-fuel mixture within the cylinder. In diesel
engines, the fuel is injected at or near the end of the compression stroke (top dead center or
TDC), and ignited by the elevated temperature of the compressed air in the cylinder. In
spark ignition engines, the compressed air-fuel mixture is ignited by an ignition source at or
near TDC.

3. Power stroke — acceleration of the piston by the expansion of the hot, high pressure
combustion gases, and

4. Exhaust stroke — expulsion of combustion products from the cylinder through the exhaust
port.

Types of Reciprocating Engines

Natural Gas Spark Ignition Engines — Spark ignition engines use spark plugs, with a high-
intensity spark of timed duration, to ignite a compressed fuel-air mixture within the cylinder.
Natural gas is the predominant spark ignition engine fuel used in electric generation and CHP
applications. Other gaseous and volatile liquid fuels, ranging from landfill gas to propane to
gasoline, can be used with the proper fuel system, engine compression ratio and tuning.
American manufacturers began to develop large natural gas engines for the burgeoning gas
transmission industry after World War 1l. Smaller engines were developed (or converted from
diesel blocks) for gas gathering and other stationary applications as the natural gas
infrastructure developed. Natural gas engines for power generation applications are primarily 4-
stroke engines available in sizes up to about 5 MW.

Depending on the engine size, one of two ignition technigues ignites the natural gas:
¢ Open chamber — the spark plug tip is exposed in the combustion chamber of the cylinder,

directly igniting the compressed fuel-air mixture. Open chamber ignition is applicable to any
engine operating near the stoichiometric air/fuel ratio up to moderately lean mixtures.?

2 Stoichiometric ratio is the chemically correct ratio of fuel to air for complete combustion, i.e., there is no unused
fuel or oxygen after combustion.
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o Precombustion chamber — a staged combustion process where the spark plug is housed in
a small chamber mounted on the cylinder head. This cylinder is charged with a rich mixture
of fuel and air, which upon ignition shoots into the main combustion chamber in the cylinder
as a high energy torch. This technique provides sufficient ignition energy to light off very
lean fuel-air mixtures used in large bore engines.?

The simplest natural gas engines operate with natural aspiration of air and fuel into the cylinder
(via a carburetor or other mixer) by the suction of the intake stroke. High performance natural
gas engines are turbocharged to force more air into the cylinders. Natural gas spark ignition
engines operate at modest compression ratios (compared with diesel engines) in the range of
9:1 to 12:1 depending on engine design and turbocharging. Modest compression is required to
prevent auto-ignition of the fuel and engine knock, which can cause serious engine damage.*

Using high energy ignition technology, very lean fuel-air mixtures can be burned in natural gas
engines, lowering peak temperatures within the cylinders and resulting in reduced NO
emissions. The lean burn approach in reciprocating engines is analogous to dry low-NOy
combustors in gas turbines. All major natural gas engine manufacturers offer lean burn, low
emission models and are engaged in R&D to further improve their performance.

Natural gas spark ignition engine efficiencies are typically lower than diesel engines because of
their lower compression ratios. However, large, high performance lean burn engine efficiencies
approach those of diesel engines of the same size. Natural gas engine efficiencies range from
about 28 percent (LHV) for small engines (<50 kW) to 42 percent (LHV) for the largest high
performance, lean burn engines. Lean burn engines tuned for maximum efficiency may produce
twice the NO, emissions as the same engine tuned for minimum NO,. Tuning for low NOy
typically results in a sacrifice of 1 to 1.5 percentage points in electric generating efficiency from
the highest level achievable.

Many natural gas spark ignition engines are derived from diesel engines, i.e., they use the same
block, crankshaft, main bearings, camshaft, and connecting rods as the diesel engine. However,
natural gas spark ignition engines operate at lower brake mean effective pressure (BMEP) and
peak pressure levels to prevent knock.® Due to the derating effects from lower BMEP, the spark
ignition versions of diesel engines often produce only 60 to 80 percent of the power output of
the parent diesel. Manufacturers often enlarge cylinder bore about 5 to 10 percent to increase
the power, but this is only partial compensation for the derated output. Consequently, the $/kW
capital costs of natural gas spark ignition engines are generally higher than the diesel engines
from which they were derived. However, by operating at lower cylinder pressure and bearing
loads as well as in the cleaner combustion environment of natural gas, spark ignition engines
generally offer the benefits of extended component life compared to their diesel parents.

Diesel Engines - Compression ignition diesel are among the most efficient simple-cycle power
generation options on the market. Efficiency levels increase with engine size and range from

® Lean mixture is a mixture of fuel and air in which an excess of air is supplied in relation to the amount needed for
complete combustion; similarly, a rich mixture is a mixture of fuel and air in which an excess of fuel is supplied in
relation to the amount needed for complete combustion.

* Knock is produced by explosive auto-ignition of a portion of the fuel in the cylinder due to compression and
heating of the gas mixture ahead of the flame front. The term knock and detonation are often used interchangeably.

® Brake mean effective pressure (BMEP) can be regarded as the “average” cylinder pressure on the piston during the
power stroke and is a measure of the effectiveness of engine power output or mechanical efficiency.
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about 30 percent (HHV) for small high-speed diesels up to 42 to 48 percent (HHV) for the large
bore, slow speed engines. High speed diesel engines (1,200 rpm) are available up to about 4
MW in size. Low speed diesels (60 to 275 rpm) are available as large as 65 MW.

Diesel engines typically require compression ratios of 12:1 to 17:1 to heat the cylinder air to a
temperature at which the injected fuel will ignite. The quality of fuel injection significantly affects
diesel engine operating characteristics, fuel efficiency, and emissions. Fine atomization and
good fuel dispersion by the injectors are essential for rapid ignition, ideal combustion and
emissions control. Manufacturers are increasingly moving toward electronically controlled, high
pressure injection systems that provide more precise calibration of fuel delivery and accurate
injection timing.

Depending on the engine and fuel quality, diesel engines produce 5 to 20 times the NOx (on a
ppmv basis) of a lean burn natural gas engine. Emergency generators on marine engines often
emit over 20 Ib n NO,/MWh and present on road engines emit less than 13 Ibs NO,/MWh. New
diesel engines using low sulfur diesel will achieve rates of approximately 0.65 Ib NO,/MWh.
Diesel engines also produce assorted heavy hydrocarbons and particulate emissions. However,
diesel engines produce significantly less CO than lean burn gas engines. The NO, emissions
from diesels burning heavy oil are typically 25 to 30 percent higher than diesels using distillate
oil. Common NOy control techniques include delayed fuel injection, exhaust gas recirculation,
water injection, fuel-water emulsification, inlet air cooling, intake air humidification, and
compression ratio and/or turbocharger modifications. In addition, an increasing number of larger
diesel engines are equipped with selective catalytic reduction and oxidation catalyst systems for
post-combustion emissions reduction.

High speed diesel engines generally require high quality fuel oil with good combustion
properties. No. 1 and No. 2 distillate oil comprise the standard diesel fuels. Low sulfur distillate
is preferred to minimize SO, emissions. High speed diesels are not suited to burning oil heavier
than distillate. Heavy fuel oil requires more time for combustion and the combination of high
speed and contaminants in lower quality heavy oils cause excessive wear in high speed diesel
engines. Many medium and low speed diesels designs burn heavier oils including low grade
residual oils or Bunker C oils.

Dual Fuel Engines — Dual fuel engines are diesel compression ignition engines predominantly
fueled by natural gas with a small percentage of diesel oil as the pilot fuel. The pilot fuel auto-
ignites and initiates combustion in the main air-fuel mixture. Pilot fuel percentages can range
from 1 to 15 percent of total fuel input. Dual fuel operation is a combination of Diesel and Otto
cycle operation, with reduction in the percentage of pilot fuel used it approaches the Diesel
cycle more closely. Most dual fuel engines can be switched back and forth on the fly between
dual fuel and 100 percent diesel operation. In general, because of lower diesel oil usage, NOy,
smoke and particulate emissions are lower for dual fuel engines than for straight diesel
operation—patrticularly at full load. Particulate emissions reduce in line with the percentage
reduction in diesel oil consumption while the level of NOy reduction depends on combustion
characteristics (see Emissions section). However, CO and unburned hydrocarbon emissions
are often higher, partly because of incomplete combustion.

There are three basic types of dual fuel engines:

Conventional, low pressure gas injection engines typically require about 5 to 10 percent pilot
fuel and may be derated to about 80 to 95 percent of the rated diesel capacity to avoid
detonation. The diesel fuel injection system sets the minimum pilot fuel requirement.
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Conventional diesel injectors cannot reliably turn down to less than 5 to 6 percent of the full load
injection rate. Natural gas input is controlled at each cylinder by injecting gas before the air
intake valves open. NO, emissions of conventional dual fuel engines are generally in the 5 to 8
gm/kWh range (compared to lean burn natural gas engines with NO, emissions in the 0.7 to 2.5
gm/kWh range).

High pressure gas injection engines attempt to reduce derating by injecting natural gas at very
high pressures (3,600 to 5,100 psig) directly into the main combustion chamber as the pilot fuel
is injected. However, the parasitic power for gas compression can be as high as 4 to 7 percent
of the rated power output — partly offsetting the benefit of reduced derating. This technology has
not proved particularly popular because of this issue and the additional equipment costs
required for gas injection. Pilot fuel consumption is typically 3 to 8 percent and NO, emissions
are generally in the 5 to 8 gm/kWh range.

Micropilot prechamber engines are similar to spark ignition prechamber engines in that the pilot
fuel injected into a prechamber provides a high energy torch that ignites the very lean,
compressed fuel air mixture in the cylinder. Leaner mixtures than spark ignition engines are
achievable since the energy provided by the diesel-fueled micropilot chamber is higher than that
obtained with a spark ignition prechamber. Micropilot dual fuel engines with 1 percent pilot fuel
can operate at or close to the diesel engine’s compression ratio and BMEP, so little, if any,
derating occurs. In this case the high power density and low $/kW cost advantage of the original
diesel engine are retained and engine efficiency at 75 to 100 percent load is close to that of the
100 percent diesel engine. NO, and other emissions are comparable to those of lean burn spark
ignition prechamber engines (NO, emissions in the 0.7 to 2.5 gm/kWh range). These engines
must be equipped with conventional diesel fuel injectors in order to operate on 100 percent
diesel.

Several independent developers and engine manufacturers are testing and commercializing
dual fuel retrofit kits for converting existing diesel engines to dual fuel operation. The level of
sophistication of these kits varies widely and some require major engine modifications. Derating,
efficiencies, and emissions also vary widely and have yet to be fully tested or certified. However,
dual fuel conversions are unlikely to be as low in emissions as dedicated natural gas engines. In
addition, manufacturers may not honor warrantees on an engine that has been retrofitted by an
independent third party.

Engine Speed Classifications — Reciprocating engines are classified as high-, medium-, or low-
speed. Table 1 presents the standard speed ranges in each class and the types and sizes of
engines available. Engine driven electric generators typically must run at fixed (or synchronous)
speeds to maintain a constant 50 or 60 Hertz (Hz) output, setting the engine speed needed
within the classifications (i.e., a 60 Hz generator driven by a high speed engine would require
engine speeds of 1200, 1800 or 3600 rpm versus a 50 Hz generator which requires engine
speeds of 1000, 1500 or 3000 rpm)
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Table 1. Reciprocating Engine Types by Speed (Available MW Ratings)
Speed Engine Stoic/ Rich Lean Burn, Dual Fuel Diesel
Classification Speed, Burn, Spark Spark Ignition
rpm Ignition®
High Speed 1000-3600 0.01-15MW 0.15- 3.0 MW 1.0-35MW’ | 0.01-3.5 MW
Medium Speed 275-1000 None 1.0-6.0 MW 1.0-25 MW 0.5-35 MW
Low Speed 58-275 None None 2.0 - 65 MW 2-65MW

Source: SFA Pacific, Inc.

Engine power output is proportional to engine speed, affording high speed engines the highest
output per unit of displacement (cylinder size) and the highest power density. Consequently,
high speed engines generally have the lowest $/kW production costs of the three types. The
cost benefits of high speed engines must be weighed against other factors. Smaller high speed
engines tend to have lower efficiencies than large bore, lower speed engines due in part to the
higher surface area to volume ratio for small cylinders resulting in slightly higher heat losses. In
addition, higher speed engines tend to have higher wear rates, resulting in shorter periods
between minor and major overhauls. These factors are often less important than capital costs
for limited duty cycle applications.

Medium speed stationary power engines are largely derived from marine and locomotive
engines. Medium speed engines are higher in cost, but generally higher in efficiency than high
speed engines. Because of their massive physical size and speed-related power reduction, low
speed engines are increasingly being displaced by medium and high speed engines as the
primary choice for stationary power applications.

Load Service Ratings — Reciprocating engine manufacturers typically assign three power ratings
to engines depending on the intended load service:

e Standby - continuous full or cycling load for a relatively short duration (usually less than
100 hours) — maximum power output rating

e Prime — continuous operation for an unlimited time (except for normal maintenance
shutdowns), but with regular variations in load — 80 to 85 percent of the standby rating

e Baseload — continuous full-load operation for an unlimited time (except for normal
maintenance shutdowns) — 70 to 75 percent of the standby rating.

Design Characteristics

The features that have made reciprocating engines a leading prime mover for CHP and other
distributed generation applications include:

Size range: Reciprocating engines are available in sizes from 10 kW to over 5

MW.

® Stoichiometric or rich burn combustion is required for the use of 3-way catalytic converters for emissions control.
" Micropilot, prechamber dual fuel engines
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Thermal output: Reciprocating engines can produce hot water and low pressure
steam.

Fast start-up: The fast start-up capability of reciprocating engines allows timely
resumption of the system following a maintenance procedure. In
peaking or emergency power applications, reciprocating engines
can quickly supply electricity on demand.

Black-start capability: In the event of an electric utility outage, reciprocating engines
requires minimal auxiliary power requirements. Generally only
batteries are required.

Availability: Reciprocating engines have typically demonstrated availability in
excess of 95 percent in stationary power generation applications.

Part-load operation: The high part-load efficiency of reciprocating engines ensures
economical operation in electric load following applications.

Reliability and life: Reciprocating engines have proven to be reliable power
generators given proper maintenance.

Emissions: Diesel engines have relatively high emissions levels of NO, and
particulates. However, natural gas spark ignition engines have
improved emissions profiles.

Performance Characteristics
Electrical Efficiency

Table 2 summarizes performance characteristics for typical commercially available natural gas
spark ignition engine CHP systems over a 100 kW to 5 MW size range. This size range covers
the majority of the market applications for engine-driven CHP. Heat rates and efficiencies shown
were taken from manufacturers’ specifications and industry publications. Available thermal
energy was taken directly from vendor specifications or, if not provided, calculated from
published engine data on engine exhaust temperatures and engine jacket and lube system
coolant flows. CHP thermal recovery estimates are based on producing hot water for process or
space heating needs. As shown in the table, 50 to 60 percent of the waste heat from engine
systems is recovered from jacket cooling water and lube oil cooling systems at a temperature
too low to produce steam. This feature is generally less critical in commercial/institutional
applications where it is more common to have hot water thermal loads. Steam can be produced
from the exhaust heat if required (maximum pressure of 150 psig), but if no hot water is needed,
the amount of heat recovered from the engine is reduced and total CHP system efficiency drops
accordingly.

The data in the table show that electrical efficiency increases as engine size becomes larger. As
electrical efficiency increases, the absolute quantity of thermal energy available to produce
useful thermal energy decreases per unit of power output, and the ratio of power to heat for the
CHP system generally increases. A changing ratio of power to heat impacts project economics
and may affect the decisions that customers make in terms of CHP acceptance, sizing, and the
desirability of selling power.
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Table 2. Gas Engine CHP - Typical Performance Parameters*

Cost & Performance Characteristics® System 1 | System 2 | System 3 | System4 | System 5
Baseload Electric Capacity (kW) 100 300 800 3,000 5,000
Total Installed Cost (2007 $/kW)° $2,210 | $1,940 | $1,640 | $1,130 | $1,130
Electric Heat Rate (Btu/kWh), HHV™ 12,000 9,866 9,760 9,492 8,758
Electrical Efficiency (percent), HHV 28.4% 34.6% 35.0% 36.0% 39.0%
Engine Speed (rpm) 1800 1800 1800 900 720
Fuel Input (MMBtu/hr) 1.20 4.93 9.76 28.48 43.79
Required Fuel Gas Pressure (psig) <3 <3 <3 43 65

CHP Characteristics
Exhaust Flow (1000 Ib/hr) 1.4 6.3 12.1 48.4 67.1
Exhaust Temperature (Fahrenheit) 1,060 939 909 688 698
Heat Recovered from Exhaust (MMBtu/hr) 0.28 1.03 1.85 4.94 7.01
Heat Recovered from Cooling Jacket 0.33 1.13 2.45 4.37 6.28

(MMBtu/hr)

Heat Recovered from Lube System 0.00 0.00 0.00 1.22 1.94

(MMBtu/hr)

To