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Laboratories for the 21st Century:
Best Practices

This combined heat and
power system at the
Bristol-Myers Squibb
laboratory in Wallingford,
Connecticut, could meet
100% of the lab’s power
requirement, if necessary.

ONSITE DISTRIBUTED GENERATION
SYSTEMS FOR LABORATORIES
I n t r o d u c t io n
Laboratories have unique requirements for lighting, ventilation, and scientific equipment
with each requiring a considerable amount of energy. The reliability of that energy is very
important. Laboratories must be able to conduct research without power interruptions, which
can damage both equipment and experiments. Generating power and heat on site is one
good way to enhance energy reliability, improve fuel utilization efficiency, reduce utility costs,
and mitigate greenhouse gas (GHG) emissions.
United States
Environmental
Protection Agency
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This best practices guide introduces onsite distrib
uted generation (DG) systems. Specific technology
applications, general performance information, and cost
data are provided to educate and encourage laboratory
energy managers to consider onsite power generation or
combined heat and power (CHP) systems for their facili
ties. After conducting an initial screening, energy manag
ers are encouraged to conduct a detailed feasibility study
with actual cost and performance data for technologies
that look promising.
This guide is one in a series on best practices for
laboratories. It was produced by Laboratories for the
21st Century (Labs 21), a joint program of the U.S.

2 1 S T

C E N T U RY

gies are generally considered those that produce less than
20 megawatts (MW) of power. A number of technologies
can be applied as effective onsite DG systems, including:
• Diesel, natural gas, and dual-fuel reciprocating engines;
• Combustion turbines and steam turbines;
• Fuel cells;
• Biomass heating;
• Biomass combined heat and power;
• Photovoltaics; and
• Wind turbines.
These systems can provide a number of potential benefits
to an individual laboratory facility
or campus, including:
• High-quality, reliable, and poten
tially dispatchable power;
• Low-cost energy and long-term
utility cost assurance, especially
where electricity and/or fuel costs
are high;
• Significantly reduced greenhouse
gas (GHG) emissions. Typical
CHP plants reduce onsite GHG by
40 to 60 percent;
• Peak demand shaving where
demand costs are high;
• CHP where thermal energy can be
used in addition to electricity;

A rooftop photovoltaic system produces electricity on site at the Environmental Protection Agency’s
facility in Research Triangle Park, North Carolina. Photo from Environmental Protection Agency, NREL/PIX 12662

• The ability to meet standby
power needs, especially where
utility-supplied power is inter
rupted frequently or for long
periods and where standby
power is required for safety or
emergencies; and

• Use for standalone or off-grid systems where extend
ing the grid is too expensive or impractical.

Environmental Protection Agency (EPA) and the U.S.
Department of Energy (DOE). Geared toward architects,
engineers, and facility managers, these guides provide
information about technologies and practices that can be
used to design, construct, and operate safe, sustainable,
high-performance laboratories.

Because they are installed close to the load, DG systems
avoid some of the disadvantages of large, central power
plants, such as transmission and distribution losses over
long electric lines.

Te c h n o l o g y D e s c r i p t i o n

C ombined H ea t a nd Po wer Sy stems

Onsite distributed generation systems are small, modular,
decentralized, grid-connected, or off-grid energy systems.
These systems are located at or near the place where the
energy is used. These systems are also known as distrib
uted energy or distributed power systems. DG technolo

CHP systems typically produce two forms of useful
energy – electricity and heat. Both are generated simulta
neously from a single fuel source. Because CHP systems
capture the waste heat of electricity production to offset a
facility’s thermal energy needs, these systems are typical
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• Transmission and distribution
losses from the central generating
plant to the load; and
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Figure 1. Conventional generation versus CHP

ly 70 to 85 percent efficient. Figure 1 illustrates the energy
utilization profiles typical of conventional generation sys
tems versus onsite CHP systems.
The conventional approach to meeting facility energy
requirements is to purchase electricity from a central utility
and generate heat separately on site using a fossil fuel fired
boiler. This approach requires 72 more units of input ener
gy to produce the same 35 units of electricity and 50 units
of heat that the hypothetical CHP system produces. The
inefficiencies of the conventional approach are the result of:
• Thermal inefficiencies in the combustion process of
the central generating plant;
• The inability to use the waste heat of the central gen
erating plant;

• Thermal inefficiencies of the
onsite boiler.
Because they are located close to
the load and allow optimum use of
waste heat, properly designed CHP
systems can be more than twice as
efficient as the average U.S. fossil
fuel power plant. Laboratories in
particular are excellent candidates
for CHP systems for several reasons:

• Power interruptions or power
quality problems can have nega
tive impacts on sensitive elec
tronic equipment. For example, an unexpected outage
can undo months of scientific work or damage impor
tant laboratory specimens.
• Laboratories typically use more energy per square
foot than commercial facilities. As a result, onsite gen
eration can result in substantial energy cost savings.
• Laboratories tend to have a good mix of onsite ther
mal and electric needs.
CHP systems are typically more cost effective in facilities
that have central heating systems or process heating loads
because much of the infrastructure needed for heat and
power generation is already in place. A brief summary of
typical cost and performance characteristics of CHP tech
nologies are provided in Table 1.2

Table 1. Summary of typical CHP technology cost and performance characteristics
Technology

Steam Turbine

Intrnl. Combustion

Gas Turbine

Micro Turbine

Fuel Cell

Power Efficiency (HHV)

15% – 38%

22% – 40%

22% – 45%

18% – 27%

30% – 63%

Overall Efficiency (HHV)

80%

70% – 80%

70% – 85%

65% – 75%

55% – 80%

Typical Capacity (MWe)

0.5 – 250

0.01 – 5

0.5 – 250

0.03 – 0.25

0.005 – 2

Part Load

OK

OK

Poor

OK

Good

CHP Installed Costs ($/kW)

430 – 1,100

1,100 – 2,200

970 – 1,300
(5 – 40 MW)

2,400 – 3,000

5,000 – 6,500

O&M Costs ($/kWh)

Less than 0.005

0.009 – 0.022

0.004 – 0.011

0.012 – 0.025

0.032 – 0.038

Availability

Near 100%

92% – 97%

90% – 98%

90% – 98%

Greater than 95%

Startup Time

1 hrs – 1 day

10 secs

10 mins – 1 hr

1 min

3 hrs – 2 days

Fuels

All

Natural gas, biogas,
propane, landfill gas

Natural gas, biogas,
propane, landfill gas

Natural gas, biogas,
propane, landfill gas

Hydrogen, natural gas,
propane, methanol

Thermal Output Uses

Low-pressure (LP) –
high-pressure (HP)
steam

Hot water, LP steam

Heat, hot water,
LP – HP steam

Heat, hot water,
LP steam

Hot water,
LP – HP steam
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Natural gas fired combustion turbines are one of the most
widely accepted power generation technologies in the
world.1 Gas turbines, including micro turbines are avail
able in sizes ranging from 30 kilowatts (kW) to 250 MW.
Gas turbines can be used as an electrical power generation
technology or used in CHP applications. Gas turbines can
also be used in conjunction with steam turbines in a com
bined cycle power plant. Most distributed CHP gas tur
bine applications are 20 MW or less in electrical capacity.
Gas turbines have historically been used by utilities for
peak power applications, but are increasingly being applied
for onsite base load power generation. Gas turbines are
ideally suited for laboratory applications where the high
temperature exhaust gas can be used to generate steam for
onsite heating or process loads. The waste heat recovery
temperatures for gas turbines are hot enough to create highor low-pressure steam. Locations with significant heating
loads, such as cold locations, or high process heating loads
are ideally suited for CHP gas turbine applications.

Technolog y De sc ri pti on
Simple cycle gas turbines operate on the Brayton power
cycle where atmospheric air is compressed, heated, and
then expanded. The turbine generator converts the rota
tional energy of the turbine into electrical power and
exhaust gas/waste heat is used for heating purposes in
CHP applications. Gas turbines typically have the follow
ing general characteristics:
• Electrical efficiency: 30 to 45 percent
• Exhaust temperature: 700°F to 1,100°F
• Total CHP efficiency: 70 to 85 percent
The operational efficiency of a natural gas turbine is pri
marily a function of the following:
• Altitude: The overall capacity of the turbine decreases
as altitude increases and ambient air density decreas
es. For example, a 5 MW turbine installed at 5,000 feet
will only produce 4.25 MW at 100 percent load, or 85
percent of the nameplate capacity.
• Inlet Air Temperature: The gas turbine heat rate
increases as a function of inlet air temperature. The
heat rate of CHP technology is defined as the ratio of
British thermal units (Btu) into the unit divided by
kilowatt-hours (kWh) of electricity output by the unit.
The heat rate of a turbine or internal combustion (IC)
engine is the measure of the electrical efficiency of the
unit. Therefore, the colder the inlet air temperature,
the lower the turbine heat rate and higher the overall
electrical efficiency.
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• Part Load Performance: The efficiency of a turbine is
a function of the electrical part load performance of
the turbine. In some cases, the part load profile will
follow a linear profile with load. In other cases, it will
follow a polynomial distribution. A generic part load
profile versus turbine efficiency is provided in Figure
2. The electrical efficiency of the unit decreases as the
load on the unit decreases.2
Partial Load Performance
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Figure 2. Gas turbine part load performance

C o st a n d Perf o rma n ce C h a ra ct eri st i c s
Conventional gas turbines have comparatively low
installed costs, lower emissions than internal combustion
engines due to the combustion temperatures within the
turbine, high exhaust gas temperatures, and are available
in a wide range of sizes. Natural gas turbines larger than
5 MW typically have relatively low heat rates and good
electrical efficiencies and are typically the CHP technol
ogy of choice at capacities equal to or greater than 5 MW.
Typically, the heat rate decreases and electrical efficiency
increases as the gas turbine gets larger, although this is
manufacturer dependant. The financial value of electrical
energy is typically greater than the thermal energy in the
majority of U.S. utility markets. Therefore, the higher the
electrical efficiency, the higher the overall cost savings,
and the better the overall system economics.
Table 2 provides the budgetary cost estimates for a
gas turbine installation, including the turbine, electrical
equipment, fuel system, heat recovery system, construc
tion, and facility enclosure, for three gas turbines.

Table 2. Gas turbine budgetary cost estimate
(March 2010)
Gas Turbine Size (MW)
Cost Per kW

1.2

3.5

4.6

$2,954

$1,093

$1,098
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Smaller gas turbines with capacities
ranging from 800 kW to 1 MW typi
cally cost as much as three times the
cost of a 5 MW turbine on a dollar
per kW basis. Significant economies
of scale exist at higher capacities, as
well as higher electrical efficiencies
for larger gas turbines.

E missions
Gas turbines are one of the cleanest
fossil fuel powered DG technologies.
The main pollutants from gas tur
bines are oxides of nitrogen (NOX),
carbon monoxide (CO), volatile
organic compounds (VOCs), oxides
of sulfur (SOX) and particulate mat
ter (PM). Larger gas turbines can
A combined heat and power system at the USDA National Animal Disease Center, Ames, Iowa
achieve single digit NOX emissions
Photo by Dennis Jones, NREL/PIX 12537
at approximately 5 parts per million
C a se S t u d i es
(ppm) with no post combustion emissions control tech
A variety of onsite CHP projects utilizing gas turbines are
nologies. Although gas turbines are typically powered by
operating successfully at a number of laboratory facili
natural gas, they can reduce total GHG emissions by 40
ties across the country. Three good examples include
to 60 percent when used in CHP applications to meet the
a Bristol-Myers Squibb laboratory in Wallingford,
majority of site electrical and thermal loads. This type of
Connecticut, the Agricultural Research Service (ARS)
DG technology can typically go further to meet agency
National Animal Disease Center (NADC) in Ames, Iowa,
GHG reduction goals than any other single measure.
and the Princeton University system in New Jersey.
Typical emissions profiles for a gas turbine with a NOX
Bristol-Myers Squibb Laboratory: A 4.8 MW gas
rating of 15 ppm are provided in Table 3.3
turbine system is operating successfully at the BristolMyers Squibb laboratory facility in Wallingford,
Table 3. Emission characteristics of gas
Connecticut. Despite relatively low energy costs at
turbine with a NO X rating of 15 ppm
the site – approximately $0.07 per kWh blended rate
CO2 Emission Factor SO2 Emission Factor N2O Emission Factor
– the system has a payback period of just five years.
(Tons/MMBtu)
(Tons/MMBtu)
(Tons/MMBtu)
The project team paid close attention to steam loads
at the facility and considered the cooling side as well
0.05835
0.000207745
0.0000099
as the heating side. By accounting for all chiller plant
In summary, gas turbines are proven technologies that
loads and other steam-driven equipment, they were
provide a number of potential benefits, including:
able to optimize waste heat utilization year-round for
improved system economics. Should utility power be
• Low NOX emissions with no post combustion emis
lost, the CHP system with backup generator sets can
sions control technologies and significant greenhouse
supply 100 percent of the facility’s energy needs. A
gas savings;
knowledgeable facility engineer and project manager
• High-grade waste heat and high overall efficiencies;
as well as reliable data have been the keys to success
• Proven technology; and
for this installation.
• Lower maintenance than an IC engine.
Agricultural Research Service National Animal
The main disadvantages of gas turbines include:
• Potentially lower electrical efficiencies at capacities
less than 5 MW (dependant on manufacturer); and
• Potentially marginal economic returns at smaller
capacities.

Disease Center: The ARS NADC in Ames, Iowa, is a
major U.S. Department of Agriculture (USDA) center
for research on livestock and poultry diseases. A 1.2
MW cogeneration system now provides highly reliable
power and helps the NADC control utility costs in sev
eral ways. For example, NADC was able to purchase
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electricity at less expensive, interruptible rates by gener
ating power on site. Furthermore, the steam generated
by combustion process waste heat is a byproduct that
can be used year-round for the thermal loads associated
with sterilizers, hot water, and wastewater pretreatment.
Using the technical resources and expertise of the unreg
ulated subsidiary of the serving utility while designing,
installing, and interconnecting the CHP system helped
make the project a success. Because capital funds were
limited, the project was completed with financing
through an energy savings performance contract (ESPC)
coordinated by the DOE Federal Energy Management
Program (FEMP).
Princeton University: Princeton University renovated
a 1923 cogeneration plant in 1996. The new cogenera
tion plant utilizes a General Electric LM-1600 15 MW gas
turbine operating at a heat rate of 9,750 Btu per kWh. The
gas turbine system includes inlet cooling for improved
power and efficiency, anti-ice heating, dual-fuel firing,
and water injection for NOX reduction. The system also
includes a heat recovery steam generator, two steam
boilers, 15,000 chiller tons, and a state of the art thermal
energy storage system for the chilled water plant.

In te rn a l C o m b u s t i o n En g in e s
Spark ignition internal combustion engines are the most
mature power generation technology and have been suc
cessfully used as automobile engines for more than 100
years. IC engines are available in sizes ranging from 1 kW
to larger than 5 MW and are the dominant CHP technol
ogy at capacities below 1 MW. IC engines can be used as
an electric power generation technology or in CHP appli
cations. Natural gas fired IC engines are more prevalent
than compression ignition diesel generators in continu
ous operation applications because strict air emissions
regulations typically make diesel engines impractical for
continuous operation.
IC engine technology is ideally suited for laboratory
applications where the medium temperature waste heat
can be used to generate low-pressure steam or hot water
for onsite heating or process loads. IC engines produce
lower temperature waste heat than gas turbines and can
be used in low-pressure steam heating applications or
tied into hot water distribution systems.

Princeton University installed this CHP system in 1996. Photo from

Princeton University

pression, power, and exhaust. In DG applications, the
rotary motion of the crankshaft drives the electric genera
tor. Spark ignition IC engines typically have the following
general characteristics:
• Installed cost: $900 per kW to $3,000 per kW
• Electrical efficiency: 21.3 to 44 percent
• Exhaust temperature: 850°F to 950°F
• Total CHP efficiency: Up to 70 to 80 percent
The operational efficiency of an IC engine is primarily a
function of the following:

Technolog y De sc ri pti on

• Altitude: The overall capacity of an IC engine is
reduced by approximately four percent per 1,000 feet
of altitude above 1,000 feet.

Internal combustion engines operate on the Otto cycle,
and four-stroke engines are the most prevalent IC engine
technology for stationary power applications. A fourstroke IC engine completes the power cycle in four
strokes of the piston within the cylinder – intake, com-

• Inlet Air Temperature: The overall efficiency of an
IC engine is reduced by approximately 1 percent for
every 10°F the inlet air temperature is above 77°F.
Thus, the colder the inlet air temperature the higher
the efficiency of the unit.
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• Part Load Performance: The overall efficiency of an
IC engine is a function of the electrical part load per
formance of the engine. In general, IC engines have
part load performance curves similar to gas turbines.

C o st a nd Per formanc e Charac te ri s ti c s
Internal combustion engines typically have lower
installed costs than gas turbines, higher electrical efficien
cies than gas turbines, and good part load efficiencies.
A prominent feature of internal combustion engines at
lower capacities is the significantly lower heat rates and
higher electrical efficiencies – approaching 46 percent. IC
engines also start quickly, follow load well, and have high
reliability rates.
IC engines typically have slightly lower overall
efficiencies than gas turbines based on the quality of
the lower grade waste heat. Waste heat can be recov
ered from the engine jacket water cooling at tem
peratures around 200°F to 300°F and exhaust gases at
around 700°F to 850°F. In general, the waste heat avail
able from IC engines contains about half the energy
of the waste heat from gas turbines. This can lead to
use in lower grade waste heat applications and smaller
absorption chilling applications. IC engines typically
provide better economics than gas turbines at capaci
ties below 5 MW.
Table 4 provides the budgetary cost estimates for an
IC engine installation, including the engine/genset, elec
trical equipment, fuel system, heat recovery system, con
struction, and facility enclosure, for three IC engines.

Table 4. IC engine budgetary cost estimate
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storage of onsite ammonia, which is considered a haz
ardous chemical and could trigger internal environmen
tal reviews. Typical emission profiles for an IC engine are
provided in Table 5 without post combustion emissions
control technologies.4

Table 5. Emission characteristics of IC engines
CO2 Emission Factor
(Tons/MMBtu)

SO2 Emission Factor
(Tons/MMBtu)

N2O Emission Factor
(Tons/MMBtu)

0.0584

0.000207745

0.000128

In summary, IC engines are a proven technology that pro
vide a number of potential benefits, including:
• Low first cost and high electrical efficiencies;
• Proven technology; and
• Good economic returns.
The main disadvantages of IC engines include:
• May require post combustion emission control tech
nology, which introduces environmental concerns
to achieve the same emissions profile as gas tur
bines; and
• Higher maintenance costs than gas turbines.

Fuel C ells
Fuel cells are relatively new and considered an emerging
DG technology. Fuel cells are available in distributed gen
eration capacities ranging from 1 kW to 3 MW. Fuel cells
can be used as an electrical power generation technology
or in CHP applications.

Smaller IC engines have slightly higher installed costs,
but the installed costs are not as sensitive to capacity as
gas turbines.

Fuel cells are ideally suited for laboratory applications
where the medium temperature waste heat can be used
to generate low-pressure steam or hot water for onsite
heating or process loads. Fuel cells produce lower grade
waste heat at temperatures similar to IC engines. The
waste heat from fuel cells can be used in low-pressure
steam heating applications or tied into hot water distribu
tion systems.

E missions

Tech n o l o g y Descri p t i o n

IC engines have slightly higher GHG emissions than gas
turbines due to the combustion temperatures within the
IC engine. The main pollutants from IC engines are NOX,
CO, VOCs, SOX, and PM. A number of post combustion
emission control technologies can be applied to reduce
the emissions of an IC engine. For example, a selective
catalyst reduction (SCR) unit can be used to reduce NOX
emissions to below 15 ppm. An SCR unit injects ammo
nia into the flue gas, which reacts with NOX in the pres
ence of a catalyst to produce N2 and H2O. SCR requires

A fuel cell is an electrochemical device that converts fuel
energy into electricity. Fuel cells operate on hydrogen
and typically utilize an onboard natural gas reformer to
convert natural gas into hydrogen. Two electrodes – a
cathode and anode – pass charged ions in an electrolyte to
generate electricity and heat. The fuel reacts electrochemi
cally and is not combusted, resulting in significantly less
emissions than a standard CHP plant. A comparison of
fuel cell technologies, their applications, and system out
put is provided in Table 6.5

(March 2010)
Generator Size (MW)
Cost Per kW

1.8

2.39

3

$918

$835

$795
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Table 6. Fuel cell technologies comparison
Fuel Cell Type

Operating Temp

System Output

Efficiency

Applications

Alkaline (AFC)

194°F – 212°F

10 kW – 100 kW

60%

•
•

Military
Space
DG

Phosphoric Acid (PAFC)

302°F – 392°F

50 kW – 1 MW
(250 kW module typical)

Greater than 40%

•

Polymer Electrolyte
Membrane (PEM)

122°F – 212°F

Less than 1 kW – 250 kW

53% – 58% (transp.)
25% – 35% (stationary)

•

Molten Carbonate (MCFC)

1,112°F – 1,292°F

Less than 1 kW – 1 MW
(250 kW module typical)

45% – 47%

•

Less than 1 kW – 3 MW

35% – 43%

Solid Oxide (SOFC)

1,202°F – 1,832°F

Backup power
Portable power
• Small DG
• Transportation
• Specialty Vehicles
•

•

• Auxiliary power
•
•

Phosphoric acid (PAFC), polymer electrolyte mem
brane (PEM), molten carbonate (MCFC) and solid
oxide (SOFC) are most applicable to laboratory DG
systems. In particular, PAFC and MCFC are some of the
most prevalent CHP technologies for 200 kW to 1 MW
applications.

C ost a nd Per formanc e Charac te ri s ti cs
Fuel cells are the most expensive distributed CHP tech
nology on a dollar per kW basis, but produce the lowest
emissions of any fossil fuel CHP technology. Fuel cells
typically have relatively high electrical efficiencies at
greater than 40 percent and overall efficiencies of approx
imately 65 percent. The general cost and performance
characteristics for a representative PAFC and MCFC fuel
cell are provided in Table 7.

Electric utility
Large DG
Electric utility
Large DG

E mi ssi o n s
Fuel cells are the cleanest fossil fuel powered distributed
generation technology. This is because a fuel cell does
not combust the fuel and the fuel subsystem processing
system is the only source of emissions. Typical emissions
profiles for a fuel cell operating on natural gas are pro
vided in Table 8.3

Table 8. Emission characteristics of fuel cell
with a NO X rating of 15 ppm
Fuel Cell
Technology

CO2 Emission
SO2 Emission
Factor (lb/MWh) Factor (lb/MWh)

N2O Emission
Factor (lb/MWh)

PAFC

1,100

0.02

0.02

MCFC

980

0.0001

0.01

In summary, fuel cells provide a number of potential ben
efits, including:

Table 7. PAFC and MCFC cost and
performance characteristics

• Lowest emissions of all CHP technologies; and

Characteristics

PAFC

MCFC

Output Power (kW)

400

1,400

Stack Life (yrs)

10

5

• High first cost and maintenance costs; and

System Life (yrs)

20

20

• Higher risk with centralized system liability issues.

Electrical Efficiency (%)

42%

47%

Overall Efficiency ($)

67%

67%

Capital Costs ($/kW)

$7,000

$4,600

O&M Costs ($/kWh)

0.027*

0.0402*

*Includes stack replacement cost

• High electrical efficiencies.
The main disadvantages of fuel cells include:

C a se S t u d i es
Although fuel cells used in stationary power applications
are considered an emerging market, there are more than 50
documented case studies available through the U.S. Army
Engineer Research and Development Center (ERDC) Fuel
Cell website.5
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C OM BI NE D H EAT A N D P O W ER
A number of design options should be consid
ered when evaluating CHP system feasibility.
The three main categories of CHP system
modifications are fuel supply, energy storage,
and thermally activated cooling technologies.
The most common addition/modification to
a CHP plant is the incorporation of thermally
activated technologies, such as desiccant
dehumidifiers, service water heaters, and
absorption chillers. Absorption chillers use
heat instead of mechanical energy to provide
cooling. The mechanical vapor compressor
is replaced by a thermal compressor that
consists of an absorber, a generator, a pump,
and a throttling device. The two most com
mon refrigerant/absorbent mixtures used in
absorption chillers are water/lithium bromide
and ammonia/water. Compared to mechanical
chillers, absorption chillers have a low coef
ficient of performance (COP = chiller load/heat
input). Nonetheless, they can substantially
reduce operating costs because they are ener
gized by low-grade waste heat.
Low-pressure, steam-driven absorption
chillers are available in capacities ranging
from 100 to 1,500 tons. Absorption chillers
come in two commercially available designs
– single-effect and double-effect. Singleeffect machines provide a thermal COP of
0.7 and require approximately 18 pounds of
15-pounds-per-square-inch-gauge (psig)
steam per ton-hour of cooling. Double-effect
machines are approximately 40 percent
more efficient, but require a higher grade of
thermal input using approximately 10 pounds
of 100- to 150-psig steam per ton-hour and
are only applicable to combustion turbine
CHP systems.8 This type of configuration is
common in laboratories that have significant
cooling loads.
CHP system waste heat can also be used in
heat-powered liquid-desiccant air condition
ers to provide independent control of indoor
humidity with up to 100 percent of their
capacity dedicated to outside air dehumidifi
cation. By processing all building ventilation
air and exchanging electric load for a waste
heat load, these systems reduce peak electri
cal demand and energy charges, improve
occupant comfort, and allow electric air condi
tioners to run at their most efficient operating
points avoiding wasteful reheating.
A number of renewable fuel options are
available to power CHP plants, including
biogas, renewable methane, and landfill

gas. Each fuel option changes the performance and emissions characteristics of the
CHP technology and needs to be carefully
designed to account for these operational
changes. The primary benefit of a renewable
fuel is potential cost savings and substantial
GHG emissions savings.
Energy storage technologies, such as batteries
and flywheels, often complement DG systems.
A wide range of energy storage technologies
are in development at research organizations
throughout the world, but initial costs are
traditionally prohibitive in most on-grid appli
cations. As these technologies mature, energy
storage systems will become more prevalent
in CHP plants.
In addition to the three design considerations
presented above, some additional design
considerations during the evaluation process
include:
Minimize electric loads with energy-efficient
equipment and practices before implementing
CHP or other forms of onsite generation. This
may allow a smaller generator to be specified,
minimizing the capital investment required for
the DG or CHP project.
Know current utility costs, including energy
and demand costs. These rates help deter
mine whether a DG or CHP system will be cost
effective. Often, the spark spread between the
cost of electricity and the cost of natural gas
determines cost effectiveness. However, other
impacts, such as power quality and emissions,
should also be taken into account. The effect
of the project on the facility load profile must
be carefully evaluated for savings to be esti
mated accurately.
Consider anticipated changes in facility
energy requirements over the life of the DG
or CHP system.
Determine fuel costs and availability at
the site. Fuel costs and availability will help
decide which DG technologies and appli
cations are most appropriate in the area.
Complete a fuel cost sensitivity analysis to
see how changes in fuel prices will affect the
economics of the proposed system. If pos
sible, consider long-term gas contracts to
reduce the volatility of fuel costs over time.
High fuel costs combined with low electric
rates make many forms of DG uneconomical.
In addition, fluctuations in gas pressure, flow,
and heating value must be considered con
cerning fueling DG and CHP systems.

Make the CHP system cost effective by
optimizing the amount and use of waste heat.
CHP systems are usually sized to accom
modate the thermal energy needs of a facility
rather than the electricity needs, but this is
not a fixed rule. To improve project econom
ics, consider every possible option for using
the waste heat, such as space heating and
cooling, hot water, chilled water, steam, pro
cess needs, and other uses.
Know local air quality requirements as they
play an important role in technology selection
for a particular DG or CHP application. An air
permit may be required to construct, replace,
and operate this equipment. Permits can be
costly and difficult to obtain if not specified
and planned for early in the design process.
Additional equipment, operations, and material
handling issues also need to be considered in
areas where tailpipe treatments are required
to meet air quality requirements.
Investigate potential interconnection
requirements early in the project evaluation
process as they vary from state to state and
utility to utility. It can be costly and time-con
suming to delay finding out about require
ments for interconnecting a DG system to the
local electric grid.
Become familiar with utility rate struc
tures. Utilities often have complicated rate
structures with fixed charges, demand
charges, block charges, and time-of-use
rates that can affect the economics of
onsite generation. For example, installing
a CHP system may allow a facility to pur
chase energy under interruptible rates. An
interruptible rate is a less expensive rate
structure that allows the utility to interrupt
electric service for a brief time. During that
time, facility energy needs would be met
by the onsite generation system. On the
other hand, potentially expensive backup or
standby charges may be imposed if there is
a need for electric service when a generator
goes down for maintenance or repair. Not all
utility rate structures are designed to provide
affordable standby power service.
Plan for adequate maintenance. Onsite
generation requires additional maintenance.
The site should consider a post-installation
maintenance contract that ensures seamless
operation and maintenance of the new equip
ment while providing training for onsite staff to
maintain equipment in the future if no trained,
onsite maintenance staff currently exist.
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Bi o m a s s H e a t a n d Po w e r
Biomass is widely used for facility heating and, to a lesser
extent, for electric power generation and combined heat
and power. Biomass encompasses a large variety of mate
rials, including wood, agricultural residues, and waste
products. Municipal solid waste and landfill gas are often
considered biomass. This section, however, focuses on
woody biomass.

Technolog y De sc ri pti on
Biomass heating systems typically include a fuel stor
age, handling, and feed system; burner or gasifier (plus
boiler for hydronic systems); heat distribution system;
ash handling and removal; emissions controls; opera
tions controls and notification system; and a backup
heating system.
A fossil fuel backup system is typically recommended.
In larger systems, the backup boiler is integrated into the
biomass system controls, which can automatically turn
on the backup boiler when the load is not being met by
the biomass system. This allows the biomass system to
be undersized. Having a properly sized backup system
reduces capital costs of the biomass system, improves
operating efficiency, and reduces uncertainties due to fuel
supply disruptions or system mechanical issues.
Woody biomass is common for facility heating across
three forms – whole logs/firewood, wood chips, and
wood pellets. Chips or pellets are typically used for
power generation or CHP.
Biomass heat and power can be divided into three
main phases:
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a steam turbine can be used to generate electricity. The bio
mass can also be gasified and burned for heat. In a power
generation application, the biogas can also be used to fuel
an IC engine or gas turbine.
The two principle direct combustion biomass boiler
systems are fixed-bed (stoker) and fluidized-bed sys
tems. In a fixed-bed system, biomass is fed onto a grate
where it combusts as air passes through the fuel. This
releases hot flue gases into the heat exchanger to gener
ate steam. A fluidized-bed system feeds biomass into a
hot bed of suspended, incombustible particles, such as
sand, where the biomass combusts to release hot flue
gases. Fluidized-bed systems produce a more complete
combustion of the feedstock, resulting in reduced emis
sions and improved system efficiency. Compared to
fixed-bed systems, fluidized-bed boilers can also utilize a
wider range of feedstocks.

C o st a n d Perf o rma n ce C h a ra ct eri st i c s
The efficiency of biomass gasification or direct combus
tion systems is influenced by a number of factors, includ
ing feedstock moisture content, amount and distribution
of combustion air, operating temperatures and pressure,
and flue gas temperatures. A typical biomass system
operating on fuel with a moisture content of 40 percent
has a net efficiency of approximately 60 to 65 percent.
Biomass heating plants have average installed costs
of $260,000 per million Btu (MMBtu) per hour. The cost of
fuel and labor make up a majority of operations and main
tenance (O&M) costs A well-operated and maintained

1. Resource procurement (harvest
ing, collecting, transporting, and
delivery of the biomass);
2. Storage, processing, and convey
ance; and
3. Conversion to energy (burning
or gasifying to produce heat or
to drive a steam turbine, gas
turbine, or internal combustion
engine).
Direct combustion is the most com
mon method of biomass heating and
CHP. In a direct combustion system,
biomass is burned to generate hot
gas, which is either used directly to
provide heat or fed into a boiler to
generate hot water or steam. In a boil
er system, the steam can be used to
provide process or space heating and

University of Iowa uses local biomass feedstock in this power plant. Photo from University of Iowa,
NREL/PIX 19255
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wood chip fired heating system typically requires two to
five hours of O&M per week during the heating season.
This includes fuel ordering and a daily walkthrough
inspection. Equipment maintenance supplies cost $500
to $1,000 per year. Additional maintenance costs include
removing wood onsite and loading the hopper from a
larger storage area. This handling can cost approximately
$2,000 per year for a medium chip system.
The type of system best suited to a particular applica
tion depends on many factors, including feedstock cost
and availability, competing fuel costs, thermal peak and
annual load, building size and type, space availability,
O&M staff availability, and local emissions regulations.
For buildings/campuses with more than 100,000
square feet in a moderately cold climate, a wood chip
system is typically the best option assuming a stable
feedstock supply. The economics are even more favor
able with buildings that require year-round hot water
or steam, or systems that compete against high-priced
fossil fuels.
A wood pellet system is typically the best option for
buildings with less than 10,000 square feet in a moder
ately cold climate. These systems can be loaded manually
with 40-pound bags of pellets, but larger systems typi
cally have bulk delivery systems (not bagged) where bulk
delivery is available. These systems use a pellet silo or
bunker to store large quantities of pellets, which are auto
matically conveyed from the silo to the pellet stove, pellet
furnace, or pellet boiler.
Cordwood systems are another option for smaller
buildings. The best of these have a burner surrounded
by a large water jacket. Cordwood is loaded in batches
and burned at full fire, which heats the water. The hot
water acts as a thermal energy storage medium and is cir
culated through the building space as demanded by the
thermostat. Cordwood heaters do not generally include
fuel storage and handling. The fuel must be loaded by an
operator, making these systems very labor intensive.
Some cordwood systems reduce burn rate by throt
tling combustion air, but this results in low efficiency and
very high emissions of particulate matter and unburned
hydrocarbons. These systems are not recommended, and
are illegal in many jurisdictions.
Most biomass power generation facilities in the U.S.
are combustion/steam turbine systems. These systems
have a conversion efficiency of 15 to 35 percent depending
on system size and operating parameters. A steam CHP
system can reach system efficiency of up to 85 percent.
Installed costs range from $1,700 to $3,500 per kW and typ
ically produce energy at a cost of $0.06 to $0.20 per kWh.
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Table 9. Air emissions for a typical biomass
heating system (lbs/green ton)
Typical Biomass
System Emissions

PM10

NOX

VOC

CO

2.1

2.8

0.6

1.7

E mi ssi o n s
Biomass emissions depend on the system size, design,
and fuel characteristics. Table 9 shows typical emissions
for a biomass heating system operating on 40 percent
moisture content pine. If necessary, emissions control
systems can be used to reduce PM and NOX. Sulfur
emissions depend on the sulfur content of the biomass,
which is typically very low.
Forests sequester carbon as a natural byproduct of
tree growth. Through photosynthesis, trees remove
carbon from the atmosphere and store it in wood. If
dead trees are left in a forest, they generally decompose
and produce large quantities of carbon dioxide and
methane, which are significant GHGs. When a tree is
cut, only that aboveground portion is typically removed,
leaving the carbon in the belowground material
untouched. To calculate GHGs, the wood mass of a tree
is divided between aboveground mass (approximately
64 percent) and belowground biomass (approximately
36 percent). Because of these two factors, biomass is
considered either GHG neutral or negative, meaning
that using biomass to produce energy and offsetting
fossil fuel use reduces the amount of GHGs entering
the atmosphere.

C a se S t u d y
The University of Iowa power plant uses a local biomass
feedstock in its circulating fluidized-bed boiler that saves
hundreds of thousands of dollars in fuel costs each year.7
The system uses oat hulls and other fuel sources to oper
ate a CHP system on campus.

Pho to vo lta ic Systems
Photovoltaics (PV) are semiconductor devices that con
vert sunlight directly into electricity. They do so without
any moving parts and without generating any noise or
pollution. They must be mounted in areas with no shade.
Rooftops, carports, and ground-mounted arrays are com
mon mounting locations.

Tech n o l o g y Descri p t i o n
The amount of energy produced by a PV panel depends
on several factors. These factors include sunlight levels,
the type of collector, the tilt and azimuth of the collector,
and temperature and weather conditions. An inverter is
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required to convert the direct current
(DC) to alternating current (AC) of
the desired voltage compatible with
building and utility power systems.
The remaining system components
include conductors/conduit, switch
es, disconnects, and fuses. Gridconnected PV systems feed power
into the facility’s electrical system
and do not include batteries. Figure
3 shows the major components of
a grid-connected PV system and
illustrates how these components are
interconnected in a grid-connected
PV system.
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PV modules

Combiner box

AC disconnect

Electrical panel
(150–225 amp)

DC disconnect

PV panels are very sensitive
Transformer
to shading. When shade falls on a
Inverter
panel, that portion of the panel is no
(500V DC & 240V AC)
longer able to collect the high-energy
beam radiation from the sun. PV
panels are made up of many indi
Figure 3. Depiction of major components of grid-connected PV systems
vidual cells that all produce a small
amount of current and voltage. These individual cells are
how the energy would be fed back into the grid. Fixed
connected in series to produce a larger current. If an indi
tilt systems are installed at a specified tilt, and are fixed
vidual cell is shaded, it will act as resistance to the whole
at that tilt for the life of the system. Single axis tracking
series circuit, impeding current flow and dissipating
systems have a fixed tilt on one axis, and a variable tilt on
power rather than producing it.
the other axis. The system is designed to follow that sun
in its path through the sky. This allows the solar radiation
If a site is found to have good potential for a PV sys
to strike the panel at an optimum angle for a larger part
tem, the next step is to determine the size of that system.
of the day than can be achieved with a fixed axis system.
This is highly dependent on the average energy use of the
A single axis tracking system can collect up to 30 percent
site. It is generally not advisable to provide more energy
more electricity per capacity than a fixed tilt system. The
than the site will use due to the economics of most net
drawbacks include increased O&M costs, less capac
metering agreements.
ity per unit area (DC-W per square foot), and greater
Types of Photo v ol tai c Sy ste ms
installed cost (dollar per DC-W).
PV systems typically fall under ground-mounted or roofRoof-mounted PV systems are usually more expen
mounted categories.
sive than ground-mounted systems, but roofs are a
Ground-mounted PV systems are usually the low
convenient location because they are out of the way and
est cost option to install on a dollar per DC-Watt (W)
usually unshaded. Large areas with minimal rooftop
basis. There are several mounting options available, each
having different benefits for different ground condi
Table 10. Power density by panel and system
tions. Table 10 outlines energy density values that can be
for ground mounted PV
expected from each of the different system types.
To get the most out of available ground area, consider
whether the site layout can be improved to incorporate
a PV system better. The unshaded area can be increased
to incorporate more PV panels if there are unused struc
tures, fences, or electrical poles that can be removed.
When considering a ground-mounted system, an elec
trical tie-in location should be identified to determine

Fixed Tilt Power
Density (DC-W/ft2)

Single Axis Tracking
Power Density (DC-W/ft2)

Crystalline
Silicon

4

3.3

Thin Film

3.3

2.7

Hybrid High
Efficiency

4.8

3.9

System Type
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equipment are preferred, but equipment can sometimes
be worked around if necessary. If a building has a sloped
roof, flush-mounted installations can achieve power
densities of 11 DC-W per square foot when installing a
typical crystalline silicon panel. If the roof of the building
is flat, rack-mounted systems can achieve power densities
of 8 DC-W per square foot for a crystalline silicon panel.
Typically, PV systems are installed on roofs that are less
than five years old or on roofs with more than 30 years
left before replacement.

C o st a nd Per formanc e Charac te ri s ti c s
The PV systems considered here has the following com
ponents:
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Current inverter technology provides true sine wave
power at a quality often better than that of the serving
utility. A location for the inverter along with the balance
of the system equipment should be considered.
Inverters are available that include most or all of the
control systems required for operation, including some
metering and data-logging capabilities. Inverters must
provide several operational and safety functions for
interconnection with the utility system. The Institute of
Electrical and Electronics Engineers (IEEE) maintains
standard P929 Recommended Practice for Utility Interface
of Photovoltaic Systems, which allows manufacturers to
write “Utility-Interactive” on the listing label if an invert
er meets the requirements of frequency and voltage
limits, power quality, and non-islanding inverter testing.
Underwriters Laboratory (UL) maintains UL Standard

PV Array: The primary component of a PV system,
the PV array, converts sunlight to electrical energy. All
other components simply condition or control energy
use. Most PV arrays consist of inter
connected PV modules that range
in size from 50 to 300 peak DC-W.
Peak Watts are the rated output of
PV modules at standard operating
conditions of 77°F and insolation of
1,000 W per square meter. Because
these standard operating condi
tions are nearly ideal, the actual
output will be less under typical
environmental conditions. PV
modules are the most reliable com
ponents in any PV system. They are
engineered to withstand extreme
temperatures, severe winds, and
impacts. ASTM E 1038-93 subjects
modules to impacts from one-inch
hail at terminal velocity (55 mph)
NREL implemented this PV system on its S&TF through a power purchase agreement. Photo by
Brent Nelson, NREL/PIX 17091
at various parts of the module. PV
modules have a life expectancy of
1741, Standard for Static Inverters and Charge Controllers for
25 to 30 years and manufacturers typically guarantee
Use in Photovoltaic Power Systems, which incorporates the
them to produce at least 80 percent power in 25 years.
testing required by IEEE 929 and includes design (type)
The array is also usually the most expensive com
testing and production testing. Several manufacturer
ponent of a PV system. It accounts for approximately
choices exist, but it is recommended that the inverter
two-thirds the cost of a grid-connected system. Several
be approved by Go Solar California and that the system
manufacturer choices exist, but it is recommended that
undergo a competitive bid process.
the PV array be approved by Go Solar California9 and
Operation and Maintenance: PV panels come with
that the system undergo a competitive bid process.
a 25-year performance warranty. Inverters come stan
Inverters: PV arrays provide DC power at a volt
dard with a five- or 10-year warranty, with extended
age that depends on the configuration of the array. This
warranties available, and should be expected to last 10
power is converted to AC power at the required voltage
to 15 years. System performance should be verified on
and number of phases by the inverter. Inverters enable
a vendor provided website. Wire and rack connections
the operation of commonly used equipment, such as
should be checked. For economic analysis, an annual
appliances, computers, office equipment, and motors.
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O&M cost of $12.50 per DC-kW is typically used for
fixed axis grid tied PV systems. For the case of single
axis tracking, an annual O&M cost of $20 per DC-kW
should be used based on existing single axis tracking
system O&M.

square foot load of the future PV system. NREL did not
have the budget to include a PV system as part of the
original construction, so it added a 94 kW grid-connect
ed roof-mounted PV system under a power purchase
agreement (PPA).

Photo volta ic Si ze and Pe rformanc e

W ind E ner g y

PV arrays must be installed in unshaded locations on the
ground or on building roofs that have an expected life
of at least 25 years. The predicted array performance can
be found using PVWATTS Version 1,10 a performance
calculator for grid-connected PV systems created by the
NREL Renewable Resources Data Center. A table of 2009
installed cost estimates by state and system size is pro
vided in Table 11.11

C a se Study
PV systems have been installed on many labora
tory buildings. One example is the NREL Science and
Technology Facility (S&TF).12 The NREL S&TF was
designed to be solar ready by orienting the building
facing south and leaving large, flat, open roof areas for
solar. The roof was designed for the three pounds per

Wind turbines turn wind into electricity. The amount of
wind at a particular site varies with the season, time of
day, and weather events. Collected wind data focuses
on two primary considerations – average annual wind
speed and a frequency distribution of the wind at vari
ous speeds. The wind speed at any given time deter
mines the amount of power available in the wind, and
subsequently the power that can be captured using a
wind turbine generator.

C o st a n d Perf o rma n ce C h a ra ct eri st i c s
Wind power production varies significantly from one site
to another. For feasibility and scoping studies, NREL pub
lishes wind energy resource maps of the U.S.13
Evaluating the economic feasibility for wind turbine
installation involves assessing the site’s wind resource,

Table 11. PV system installed costs (2009)
2009 Systems

State

All Reported Years
Capacity-Weighted
Average Cost
(All Sizes)*

Capacity-Weighted
Average Cost
(All Sizes)*

AZ

$7.2

(n=3330)

$7.1

(n=2048)

$7.2

(n=1858)

$6.9

(n=187)

*

(n=3)

*

(n=0)

CA

$7.7

(n=58991)

$7.6

(n=15376)

$8.1

(n=13882)

$7.5

(n=1326)

$8.1

(n=106)

$7.2

(n=62)

CT

$7.9

(n=946)

$7.6

(n=306)

$8.3

(n=226)

$8.1

(n=61)

$7.3

(n=19)

*

(n=0)

FL

$7.5

(n=577)

$7.5

(n=575)

$7.6

(n=536)

$7.3

(n=38)

*

(n=0)

*

(n=1)

MA

$8.1

(n=1990)

$7.4

(n=860)

$8.4

(n=740)

$8.0

(n=92)

$6.8

(n=26)

*

(n=2)

MD

$9.0

(n=546)

$8.6

(n=316)

$8.8

(n=307)

$8.4

(n=9)

*

(n=0)

*

(n=0)

MN

$9.1

(n=198)

$9.3

(n=54)

$9.6

(n=49)

$9.6

(n=5)

*

(n=0)

*

(n=0)

NH

$7.6

(n=189)

$7.5

(n=157)

$7.9

(n=157)

*

(n=0)

*

(n=0)

*

(n=0)

NJ

$7.7

(n=4634)

$7.4

(n=1292)

$8.1

(n=964)

$7.9

(n=253)

$7.5

(n=62)

$7.2

(n=13)

NV

$8.7

(n=499)

$8.2

(n=183)

$8.8

(n=167)

$8.8

(n=16)

*

(n=0)

*

(n=0)

NY

$8.7

(n=1990)

$8.4

(n=779)

$8.6

(n=654)

$8.3

(n=125)

*

(n=0)

*

(n=0)

OR

$7.9

(n=1321)

$7.3

(n=473)

$8.0

(n=385)

$7.7

(n=76)

$6.9

(n=11)

*

(n=1)

PA

$7.9

(n=536)

$7.4

(n=372)

$7.7

(n=305)

$7.4

(n=66)

*

(n=1)

*

(n=0)

TX

$7.0

(n=1226)

$6.7

(n=459)

$7.1

(n=406)

$6.4

(n=51)

*

(n=2)

*

(n=0)

VT

$8.4

(n=365)

$7.9

(n=139)

$8.3

(n=134)

$7.2

(n=5)

*

(n=0)

*

(n=0)

WI

$8.7

(n=614)

$8.6

(n=264)

$8.8

(n=225)

$8.6

(n=39)

*

(n=0)

*

(n=0)

*n = number of systems included in averages

0 – 10 kW DC*

10 – 100 kW DC*

More Than
500 kW DC*

100 – 500 kW DC*
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selecting and collecting cost and performance data on
suitable wind turbine models, estimating the wind tur
bine energy production, reviewing integration require
ments, and researching available incentives and net
metering policies. The first step of the process is to deter
mine the local wind resource and size of the turbine that
would be appropriate for the specific application. This is
determined by looking at several critical siting param
eters, including:
• Wind Resource Exposure: An exposed ridge or hill is
better than flat land or a valley.
• Good Fetch in the Primary Wind Directions: Fetch
is an unobstructed pathway for wind. Good fetch
includes no tall trees, buildings, cities, cliffs, etc.
• Proximity to Existing Roads: Sites with paved or
improved gravel roads in reasonable condition close to
the available land will have lower construction costs.
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and in compliance with the draft American Wind Energy
Association (AWEA) standards for small wind turbine
systems.15 These standards ensure turbines are designed
to proper safety levels and that performance is verified
independently. As part of a separate process, the result
ing test data may be used by the Small Wind Certification
Council,16 a recently organized nonprofit organization
formed with support from DOE, AWEA, state energy
offices, and turbine manufacturers to certify small wind
turbine systems. Small wind turbines that are tested
and certified give consumers greater confidence that the
installed systems will perform within specified wind
regimes as advertised by the manufacturer.
The current installed cost for large (1.5 MW and
larger) turbines on large wind farms ranges from approxi
mately $1,800 to $2,000 per kW. Smaller projects (a few

• Distance to Homes: Avoiding negative impacts to
neighbors, such as shadow flicker and sound, is a nec
essary component of gaining local support. Adequate
distance reduces the potential impact of these issues.
• Potential Radar Impacts: Proximity to Federal Aviation
Administration (FAA) radar and airport runways,
Department of Defense (DOD) flight operations and
radar, and the Next-Generation Weather Radar Program
(NEXRAD) are roadblocks to wind turbine deployment.
• Turbine Size and/or Height Limitations: Some sites
may have height constraints due to potential radar
interference.
• Onsite Electric Energy Use: Depending on specific
state ordinances and interconnection requirements,
the wind turbine should be sized to maximize energy
capture while limiting the excess energy sent to the
local power company.
• Electric Infrastructure: Unless it is used specifically
for an off-grid application, a wind turbine must be
connected to a local electric utility service, which may
have specific limitations, such as distribution carrying
capacity, phase, and voltage.
Once a site has demonstrated potential for wind energy
applications, an onsite anemometer is typically installed
to measure wind speeds at a number of heights over
a one- to two-year period. This information is used to
determine applicable turbine sizes. A specific turbine or
several potential size options must be considered. This
process is addressed in the Wind Turbine Buying Guide14
by small wind industry expert Mick Sagrillo. Currently,
small wind turbines can be tested to standards adopted
by the International Electrotechnical Commission (IEC)

Wind turbines at the National Wind Technology Center at NREL
pull double duty – generating power while serving as a test bed for
essential research. Photo by Patrick Corkery, NREL/PIX 17691

mid-scale turbines) are more expensive, ranging from
$3,000 and $5,000 per kW depending on mobilization
costs, distance to transmission, and electrical infrastruc
ture costs for the installation. Small, residential-scale
wind turbines are more expensive, ranging from $4,000 to
$7,000 per kW. Generally, the installed cost-per-kilowatt
increases the smaller the wind turbine.

O p era t i o n a n d M a i n t en a n ce:
Wind turbines have an expected life of 30 years depend
ing on the level of preventative maintenance. For small
projects (one-to-five turbines), the approximate annual
O&M cost is dependent on turbine size:
• 100kW: $3,000 to $4,000 per year
• 400kW/600kW: $10,000 to $13,000 per year
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connection costs are the same throughout the state and are
commensurate with the nature, size, and scope of the DG
project. They also help DG project developers accurately
predict the time and costs involved in the application
process as well as the technical requirements for intercon
nection. Finally, standard rules ensure that the project
interconnection meets safety and reliability needs of both
the energy end-user and the utility. If a state sets artificial
ly low interconnection limits, it makes interconnection of
a larger DG system difficult and adds additional adminis
trative costs to the overall installed costs.

• 1.5 MW and larger: $40,000 to $60,000 per year for
integrated service
Integrated service is broad reaching service performed
by factory technicians, covering all O&M costs except
major failures such as gearbox or large bearing failures.
The $50,000 per year estimate is comprised of a $20,000 to
$25,000 per year fixed cost and an escalating cost depend
ing on energy production of approximately $0.005 per kWh.
Due to the wide variety of factors needing evaluation
in siting wind turbines, energy managers are encouraged
to analyze wind resource using NREL wind resource maps
in addition to contacting a wind energy consultant to per
form a feasibility assessment if the site has a good wind
resource and meets the siting criteria on the previous page.

Net Meter ing A gr eements
For electric customers generating their own electricity,
net metering enables electricity flow to and from the
customer – typically through a single, bi-directional
meter. When customer generation exceeds customer use,
electricity flows back to the grid, offsetting electricity
consumed by the customer at a different time during the
same billing cycle. In effect, the customer uses excess

In te rc o n n e c t io n S t an d a r d s
Interconnection standards specify the technical and pro
cedural process by which a customer connects a system
that generates electricity to the grid. While providing
uniform processes and requirements
for connecting to the electric utility
grid and ensuring safety, standard
WA: 20,000
interconnection rules encourage DG
OR: 10,000
by reducing inherit uncertainty.
Interconnection standards cover
the technical and contractual arrange
ments by which system owners and
utilities must abide. State public util
ity commissions typically establish
standards for interconnection to the
distribution grid, while the Federal
Energy Regulatory Commission
(FERC) has adopted standards for
interconnection at the transmission
level. Many states have adopted inter
connection standards, but some state
standards apply only to investorowned utilities and not to municipal
utilities or electric cooperatives.
Several states have adopted intercon
nection guidelines, which are weaker
than standards and generally only
apply to net-metered systems. A list
ing of interconnection standards by
state is provided in Figure 4.17
More than 40 states have inter
connection standards, some of which
have no limit on system capacity
while others limit the system size to
as low as 25 kW. These state interconnection requirements ensure inter

C E N T U RY

MT: 50*

MN: 10,000

SD: 10,000
WY: 25*
NE: 25*

NV: 20,000
CA: no limit

IA: 10,000

KS: 25/200*

OH: 20,000

IN: no limit
IL: no limit
MO: 100*

ME: no limit

NY: 2,000

MI: no limit

CO: 10,000

UT: 2,000

VT: no limit

WI: 15,000

NH: 1000*
MA: no limit

PA: 5,000*

CT: 20,000
NJ: no limit

WV: 2,000

KY: 30*

MD: 10,000
DC

DE: 20,000*
DC: 10,000

AR: 25/300*

NM: 80,000
AK: 25*
HI: no limit

VA: 20,000
NC: no limit

TX: 10,000

SC: 20/100

LA: 25/300*

GA: 10/100*
FL: 2,000*

State standard

PR: no limit

State guideline

* Standard or guideline only applies to net-metered systems
Figure 4. State interconnection standards (DSIRE, June 2011)

Figure 5. State net metering standards
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generation to offset electricity that the customer other
wise would have to purchase at the full retail rate. Net
metering is required by law in most U.S. states, but these
policies vary widely. A listing of the net metering poli
cies by state is provided in Figure 5.18
These net metering agreements have the potential to
affect the economics of onsite DG systems. For example,
the net metering agreement in Wyoming is set to 25 kW.
As a result, if a customer installs a DG systems larger than
25 kW, the local utility is not required to pay the customer
for excess electricity beyond the 25 kW limit. This sig
nificantly affects the economics of a large PV array that
produces more electricity during sunlit hours than the
facility is consuming because the site will not receive an
economic incentive for this electricity production.

Cod e s a n d S t an d a r d s
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in conjunction with UL 2200 to apply the installation
and operation of CHP technologies. Like UL 2200,
NFPA 3 can be extended to micro turbines.
• IEEE 1547, Standard for Distributed Resources Intercon
nected with Electric Power Systems, addresses technical
requirements for the safe interconnection of DG sys
tems to local electric distribution systems.

Feder a l, Sta te, a nd Loca l
Incentives
The Database of State Incentives for Renewables and
Efficiency (DSIRE)18 summarizes available incentives by
state. While state and local incentives vary by utility pro
vider, numerous federal incentives are available. In addi
tion to tax credits and exemptions, federal grant and loan
programs, depreciation deductions, and the Renewable
Energy Production Incentive (REPI) are available to
facilitate implementation and offset costs of renewable
energy projects. The federal Business Energy Investment
Tax Credit (ITC), for example, provides a 30 percent tax

In general, DG and CHP system installations are subject
to the same permitting and evaluation process as other
site or facility modifications. The National Electric Code;
the National Life-Safety Code;
and the International Fuel Gas,
O N SIT E DISTR IB U T E D G E NE R ATIO N SYST E M
Plumbing, Mechanical, Building, and
Fire Codes are the references for local
C O S T E FFE C T IVE NE SS
code officials. These codes do not
Several simple indicators can be used
to CHP systems and compares the dif
address some of the newer DG tech
ference in price per MMBtu between
to evaluate if a distributed generation or
nologies, such as micro turbines and
gas and electricity.
combined heat and power system will be
fuel cells. In addition, most code offi
cost effective at a particular site, including: • The CHP system will operate more than
cials have little or no experience with
6,000 hours per year.
• Electricity prices are high, typically more • Thermal energy is required throughout
issuing permits for such installations.
than $0.10 per kWh, or when most of
the year.
Therefore, code officials may require
the facility’s annual energy costs go to
• High quality, reliable power is missiona number of design, test, and docu
demand charges.
critical.
mentation reviews before approving
• The ratio of average electric load to
• Existing equipment, such as boilers,
a DG system.
peak load is greater than 0.7.
chillers, or backup/standby genera
Several standards authored by
• A central or district heating and/or cool
tors, are old, inefficient, and need to be
UL, IEEE, and the National Fire
ing system is already in place, or there
replaced.
is a need for process heat, typically hot
Protection Association (NFPA) spe
• New facilities are in early design stages.
water or steam.
• The facility has GHG goals and is located
cifically address the installation of
• The spark spread is greater than $12
in a region where grid electricity has a
DG and CHP systems:
high GHG content.17
per MMBtu. The spark spread is specific
• UL 2200 is commonly cited for
combustion engines and gas
turbines in stationary power applications. It does not
credit for PV, fuel cell, wind, and biomass systems; a 10
specifically refer to micro turbines, but that technolpercent tax credit for CHP and micro turbines; and a
ogy could be considered as included.
seven-year accelerated depreciation schedule. In some
cases, additional utility and local incentives cover 30 to
• NFPA 853, Standard for the Installation of Fuel Cells, cov
50 percent of the total installed costs and have a signifi
ers the design, construction, and installation of fuel
cant impact on DG system economics. Federal and utility
cell power plants larger than 50 kW. It covers natural
incentives
can also be the main determinant for DG proj
gas and a number of other fuel sources.
ect lifecycle cost effectiveness.
• NFPA 3, Standard for the Installation and Use of
Stationary Combustion Engines and Gas Turbines, works
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F i n a n c i n g O p t io n s f o r t h e
Fe d e ra l Se c t o r
Projects reaching the financing and contracting point
in the process have typically been proven cost effective
through the initial screening process and project team
deliberations. Unless direct funding is designated for the
project, the financing process can be a complex decision.
If no direct funding is available, financing options
must be considered. Before choosing an available financ
ing option, the site should review options presented in
this guide and contact a financing specialist to discuss
project specifics and confirm financing mechanism appro
priateness. Additional financing information is provided
in the resources section. The financing options considered
in this guide include:

Agency/Site F undi ng
In an agency- or site-funded project, funding has been
designated for the outright purchase of a system. The
site owns the system, its energy production, and all attri
butes of the system – including the renewable energy
certificates (RECs). The main advantage of this financing
mechanism is that it is well understood. It does not incur
additional financing costs and is a common financing
option for most agencies and laboratory sites. This mech
anism also has the potential to provide the greatest cost
savings over the life of the project.
The disadvantages of agency-funded projects include:
• The site is responsible for O&M arrangements, such
as PV inverter replacement, but can purchase an O&M
service contract.
• There is no assurance of long-term performance. The
agency can purchase optional long-term performance
guarantees that differ from a manufacturer’s warranty.
• The agency may not be able to monetize available tax
incentives.
The main disadvantage of this approach is that gov
ernment agencies do not typically have the ability to
monetize available tax incentives. For renewable energy
projects, tax incentives can cover 30 to 50 percent of the
total project cost.

Power Pur chas e Agre e me nts
Power purchase agreements (PPAs) have been used
to finance distributed generation projects since 2003
and are now driving most commercial solar installa
tions. Under a PPA, a private entity – typically a group
of developers, construction companies, and finance
companies – installs, owns, operates, and maintains cus
tomer-sited, behind the meter DG equipment. The site
purchases electricity or thermal energy through a long-
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term contract with specified energy prices. Payment is
based on actual energy generated from the DG equip
ment and consumed by the site.
So far, PPAs have primarily been applied to electrici
ty purchases, but there is no reason why a PPA could not
be used to purchase thermal energy as well. Note that
some of the obstacles to PPAs, such as their legality in
certain states, do not apply to thermal projects because
thermal energy is not regulated in the same manner as
electricity production.
The primary advantages of PPAs include:
• The developer is eligible for tax incentives and accel
erated depreciation, which could lead to reduced
energy costs.
• The agency/site is not required to provide upfront
capital.
• The developer provides O&M for the duration of the
contract. The site has limited O&M responsibilities.
• The agency/site typically receives a known long-term
electricity or thermal energy price for a portion of the
site load, which reduces the price risk of fluctuating
utility energy prices.
• The developer has incentives to maximize production
by the system.
• The agency/site can potentially use available funds
for a front-end buy down to get a better PPA price or a
larger system.
The disadvantages of PPAs include:
• Transaction costs include a significant learning curve
and time investment.
• PPA utility contracts are often limited. DOD has
2922A authority, which permits 30-year terms.
• Site-access issues can be complex.
• Management and ownership structures can be complex.

E n erg y S a vi n g s Perf o rma n ce C o n t ra c t s
Energy savings performance contracts (ESPC) have a long
history in the federal sector for energy efficiency projects.
ESPCs are starting to be used by the private sector as well,
and are increasingly being seen as a long-term financing
method for DG projects. An ESPC is a guaranteed sav
ings contract that requires no upfront cost. An energy
service company (ESCO) incurs the cost of implementing
a range of energy conservation measures (ECMs), which
can include DG, and is paid from the energy, water, and
operations savings resulting from these ECMs. The ESCO
and the agency negotiate to decide who maintains the
ECMs. Payments to the contractor cannot exceed savings
in any one year.
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K E Y QU E ST I O N S F O R P R O J E C T TE A MS
Project teams must continually ask questions
to ensure projects are designed, implement
ed, and executed to meet their needs. These
questions cover the following areas:
Pre-Design: As facility managers progress
through the evaluation of onsite DG sys
tem options, they should find out if other
facilities in their area have installed onsite
generation. Find the contact person at each
facility and ask what lessons have been
learned, including:
• Are the distributed generation systems
functioning as expected?
• What is the actual payback using mea
sured performance data and O&M costs?
• What lessons were learned throughout
the project?
• What would they have done differently?
Investigating opportunities for onsite genera
tion can involve many different specialists or

contracting firms. For example, an engineer
ing firm is usually hired to perform the initial
scoping study. Design engineering docu
ments are put together by a qualified archi
tectural/engineering firm. A construction firm
or general contractor is typically responsible
for building the system. Many utilities also
support CHP projects, offer valuable exper
tise, and may even offer incentives.
Energy managers are encouraged to follow
the general five-step process outlined on
the NREL Climate Neutral Research Campus
site17 when evaluating an onsite distributed
generation system.
Selecting Consultants: When selecting a
contractor to design and install the onsite
generation system, be sure to ask the fol
lowing questions:
• How many DG or CHP systems have you
designed and installed? What types of

Multiple contracting options are available to sites
interested in an ESPC. DOE offers an indefinite delivery,
indefinite quantity (IDIQ) contract designed to make
ESPCs as cost effective and easy to implement as possible.
Sixteen prequalified ESCOs have accepted the terms of
the IDIQ contract and can respond to project requests.
The U.S. Army also has an IDIQ contract in place as an
alternative to the DOE option. Additional information is
available in the resources section.

U tility E ner g y Se r v i c e Contrac ts
Utility energy service contracts (UESC), like ESPCs, have
a history of use in the federal sector for energy efficiency
projects. These contracts are also seen as a method of longterm financing with a typically added benefit of being a sole
source contract. A UESC is an agreement that allows a serv
ing utility to provide an agency with comprehensive energy
and water efficiency improvements and demand-reduction
services. The utility could partner with an ESCO to provide
the installation, but the contract is between the agency and
the serving utility. The UESC process is well defined, but
utilities might describe them differently. Additional infor
mation is available in the resources section.

E n ha nced Use L e as e s
In the federal sector, enhanced use leases (EULs) have
a history of being used to implement infrastructurebuilding projects. They are also being used for DG

technologies and what system sizes have
you worked with?
• Will you be able to secure all necessary
permits and interconnection studies for
this project?
• Have you ever experienced problems
with interconnecting DG or CHP systems
to the grid? Were they showstoppers? If
not, how did you solve them?
• Who will be responsible for system main
tenance?
Sites are encouraged to develop and com
pete a request for proposal (RFP) to select
an appropriate developer. Review criteria
should also be developed that includes the
questions listed above in addition to:
•
•
•
•

Installed cost (dollar per kW);
Annual O&M cost (dollar per kW);
Equipment warranty (in years); and
Parts and service warranty (in years).

projects, particularly solar and wind projects. An EUL
is a real estate agreement that focuses on underutilized
land. Prospective developers compete for the lease, and
payment can be either monetary or in-kind consider
ation, such as renewable power. The value of the lease
is used to determine the amount of the consideration.
An EUL typically is used for large projects, for example,
those having a capacity greater than the site load. Few
agencies have the authority to execute EULs, includ
ing DOD, DOE, the National Aeronautics and Space
Administration (NASA), and the U.S. Department of
Veterans Affairs (VA).

C onclusio n
Installing an onsite DG or CHP system can be a good
way to trim utility costs, reduce GHG emissions, and
enhance energy reliability at laboratory facilities.
Numerous siting, permitting, and interconnection issues
can be involved. However, these issues do not need to be
barriers for laboratories that want to control costs, reduce
environmental emissions, enhance fuel efficiency, and
ensure reliable heat and power for sensitive equipment
and important research projects. The information pre
sented in this guide walks laboratory energy managers
through the process of evaluating and implementing DG
and CHP systems.
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Re s o u rc e s
The following resources are presented to provide labora
tories additional information on key distributed genera
tion and combined heat and power topics as outlined in
this guide.

D G a nd C HP
• DOE FEMP: Using Distributed Energy Resources: A
How-To Guide for Federal Facility Managers, www.eere.
energy.gov/femp/pdfs/31570.pdf

• NREL: PV System Applications for Laboratories,
www.nrel.gov/applying_technologies/climate_
neutral/photovoltaics.html
• DOE FEMP: Renewable Energy Resources, www.eere.
energy.gov/femp/technologies/renewable_energy.html

Wi n d E n erg y
• NREL: Wind Energy, www.nrel.gov/applying_
technologies/climate_neutral/wind_energy.html

• NREL: Climate Neutral Research Campuses, www.
nrel.gov/applying_technologies/climate_neutral/

• DOE Wind and Hydro Program, www.eere.energy.
gov/windandhydro/

• EPA: Combined Heat and Power Partnership, www.
epa.gov/chp/

• American Wind Energy Association, www.awea.org/

• DOE Industrial Technologies Program (ITP):
Industrial Distributed Energy, www.eere.energy.gov/
industry/distributedenergy/
• American Council for an Energy-Efficient Economy,
Combined Heat and Power, www.aceee.org/topics/chp/

Biom a ss
• NREL: Renewable Fuel Heating Plant, www.nrel.gov/
sustainable_nrel/pdfs/42649.pdf
• NREL: Performance Assessment of a Desiccant Cooling
System in a CHP Application Incorporating an IC Engine,
www.nrel.gov/docs/fy05osti/36974.pdf
• DOE Office of Energy Efficiency and Renewable
Energy (EERE): Biomass, www.eere.energy.gov/
topics/biomass.html
• DOE Biomass Program, www.eere.energy.gov/
biomass/
• EPA: Biomass CHP, www.epa.gov/chp/basic/
renewable.html
• Colorado Governor’s Energy office: Evaluating and
Implementing Biomass Heating, http://rechargecolorado.
com/images/uploads/pdfs/Cashing_Chips.pdf

Photo volta ic
• NREL: Solar Ready Buildings Planning Guide, www.
nrel.gov/docs/fy10osti/46078.pdf
• NREL: The Open PV Project, http://openpv.nrel.gov/
• DOE Solar Energy Technologies Program (SETP),
www.eere.energy.gov/solar/
• DOE SETP: Procuring Solar for Federal Facilities,
www.eere.energy.gov/solar/federal_guide/

Fu el C el l s
• DOE Hydrogen and Fuel Cells Program, www.eere.
energy.gov/hydrogenandfuelcells/
• U.S. Army: ERDC-CERL Fuel Cell, http://dodfuelcell.
cecer.army.mil/index.php
• Energy Power Research Institute, www.epri.com
• Fuel Cells 2000, www.fuelcells.org/
• Fuel Cell Today, www.fuelcelltoday.com/

Fi n a n ci n g M ech a n i sms
• DOE FEMP: Alternative Financing, www.eere.energy.
gov/femp/financing/mechanisms.html
• DOE FEMP: Training Opportunities, www.eere.
energy.gov/femp/services/training.html
• DOE FEMP: Energy Savings Performance Contracts,
www.eere.energy.gov/femp/financing/espcs.html
• DOE FEMP: Utility Energy Service Contracts, www.
eere.energy.gov/femp/financing/uescs.html
• DOE FEMP: Power Purchase Agreements, www.eere.
energy.gov/femp/financing/power_purchase_
agreements.html
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This best practices guide was written by Jesse Dean;
Otto Van Geet, P.E; and Caleb Rockenbaugh, P.E., of the
National Renewable Energy Laboratory (NREL). It is
based on information from the provided references and
Laboratories for the 21st Century (Labs21) case studies.
The following individuals provided helpful review:
Nancy Carlisle, AIA; Ali Jalalzadeh, Ph.D.; Andy
Walker, Ph.D., P.E., of NREL. We would also like to
thank Geoffrey Bell, P.E., and Paul Mathew, Ph.D., of the
Lawrence Berkeley National Laboratory (LBNL), as well
as Will Lintner, P.E., of the U.S. Department of Energy
(DOE) Federal Energy Management Program (FEMP) for
helpful review.
We acknowledge the contributions of the U.S. Environ
mental Protection Agency (EPA); Dennis L. Jones, P.E., of
the U.S. Department of Agriculture (USDA) ARS National
Animal Disease Center; and Michael S. Conway of BristolMyers Squibb.
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