over 50 % of the available energy into electric power. The majority of the energy
content of the fuel is lost at the power plant through the discharge of waste heat. Further
energy losses occur in the transmission and distribution of electric power to the
individual user. Inefficiencies and pollution issues associated with conventional power
plants provide the impetus for new developments in “onsite and near-site”” power

generation.

EFFICIENCY OF
CENTRAL POWER GENERATION

100% 98% 32% 31% 29%

=

NATURAL COAL POWER
RESOURCE PLANT

TRANSMISSION DISTRIBUTION

Figure 1.1: Efficiency of Central Power Generation (www.bchp.org)















14
Table 2.1: Comparison of DPG Technologies
(http://www.eren.doe.gov/der/chp/pdfs/chprev.pdf)

Comparison of DPG Technologies

I I Diesel Engine | Natural Gas Gas Turbine Microturbine | Fuel Cells
Engine
Electric 30-50 % 25-45 % 25-40 % 20-30 % 40-70 %
Efficiency (simple)
(LHYV) 40-60 %
(combined)
Power Output 0.05-5 0.05-5 3-200 0.025-0.25 0.2-2
(MW)
Footprint 0.22 0.22-0.31 0.02-0.61 0.15-1.5 0.6-4
(fE/kW)
CHP installed 800-1,500 800-1,500 700-900 500-1,300 >3,000
cost ($/kW)
O&M cost 0.005-0.010 0.007-0.015 0.002-0.008 0.002-0.01 0.003-0.015
($/kW)
Availability 90-95 % 92-97 % 90-98 % 90-98 % >95 %
(uptime)
15 OIS el 25,000-30,000 | 24,000-60,000 | 30,000-50,000 | 5,000-40,000 10,000-
Overhauls 40,000
Start up time 10 sec 10 sec 10 min-1 hr 60 sec 3 hrs-2 days
Fuel pressure <5 1-45 125-500 40-100 0.5-45
(psi) (may require (may require
compressor) compressor)
Fuels Diesel and Natural gas, Natural gas, Natural gas, Hydrogen,
residual oil biogas, biogas, biogas, natural gas,
propane propane, propane, propane
distillate oil distillate oil
Moderate to Moderate to Moderate Moderate Low
high (requires | high (requires | (enclosure (enclosure (no
building building supplied with | supplied with | enclosure
enclosure) enclosure) unit) unit) required)
NOx emissions 3-33 2.2-28 0.3-4 0.4-2.2 <0.02
(Ib/MW-hr)
Uses for Heat Hot water, LP | Hot water, LP | Direct heat, Direct heat, Hot water,
Recovery steam, district | steam, district | hot water, LP- | hot water, LP LP-HP
heating heating HP steam, steam steam
district heating
CHP output 3,400 1,000-5,000 3,400-12,000 4,000-15,000 500-3,700
(Btu/kWh)
Useable Temp 180-900 300-500 500-1,100 400-650 140-700
for CHP (8F)
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Heat Recovery

In most CHP applications, the exhaust gas from a prime mover is ducted to a heat
exchanger to recover the thermal energy in the gas stream. Generally, these heat
exchangers are air-to-water heat exchangers, where the exhaust gas flows over some form
of tube-and-fin heat exchanger surface and the heat from the exhaust gas is used to make
hot water or steam. The hot water or steam is then used to provide process energy and/or
to operate thermally-activated equipment, such as absorption chillers or desiccant
dehumidifiers. Many of the thermal-recovery technologies used in building CHP systems
require hot water, some at moderate pressures of 15 to 150 psig. In the cases where
additional steam or pressurized hot water is needed, supplemental heat can be added to
the exhaust gas with a burner in the exhaust gas duct.

In some applications, air-to-air heat exchangers can be used. If the emissions
from the generation equipment are low enough, the hot exhaust gases can be mixed with
make-up air and vented directly into the heating system for building space heating.

In the majority of installations, a flapper damper or "diverter" valve is employed
to vary the flow across the heat exchanger to maintain a specific design temperature of
the hot water or a specific steam generation rate. In some CHP designs, the exhaust gases
are used to activate a thermal enthalpy wheel or a desiccant dehumidifier. A thermal
wheel uses the exhaust gas to heat a rotating wheel with a medium that absorbs the heat

and then transfers the heat into the incoming airflow into which the wheel is rotated.
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Thermally-Activated Devices

Thermally-activated devices are based on technologies that use thermal energy,
preferably heat from the exhaust gases of power generation equipment, instead of electric
energy for providing heating, cooling, or humidity control for buildings. The two primary
components for thermally-activated devices for application in CHP systems are

absorption chillers and desiccant dehumidifiers.

Absorption chillers

Absorption chillers use heat as the primary source of energy for driving an
absorption refrigeration cycle. These chillers require very little electric power (0.02
kW/ton) compared to electric chillers that need 0.47 to 0.88 kW/ton, depending on the
type of electric chiller. Absorption chillers have fewer and smaller moving parts and are
quieter during operation than electric chillers. These chillers are also environmentally
friendly in that they use non-CFC refrigerants.

Commercially available absorption chillers can utilize the following sources of
heat:

e Steam
e Hot water
e Exhaust gases
e Direct combustion
Absorption chillers, except those that use direct combustion, are excellent candidates for

providing some or all of the cooling load in a CHP system for a building. Modern
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absorption chillers can also provide heat during winter and feature electronic controls

that provide quick start-up, automatic purge, and better partial-load operation than many
electric chillers. Maintenance contracts and extended warranties are also available for
absorption chillers at costs similar to those for electric chillers. Many facilities across the
U.S. are already benefiting from the use of absorption chillers, such as the one pictured in

Figure 2.5.

Figure 2.5: Absorption Chiller by Broad Air Conditioning (www.broad.org)

Two types of absorption chillers are commercially available: single effect and
multiple effect. Compared to single-effect chillers, multiple-effect absorption chillers
cost more (higher capital cost) but are more energy efficient and are, thus, less expensive
to operate (lower energy cost). The overall economic attractiveness of each chiller

depends on many factors, including the cost of capital and the cost of energy.

Desiccant dehumidifiers

There are two separate aspects of space conditioning for comfort cooling,

e Lowering the temperature of the air (sensible cooling), and


www.broad.org
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e Reducing humidity in the air (latent cooling)

The humidity level should remain below 60 % Relative Humidity (RH) to prevent growth
of mold, bacteria and other harmful microorganisms in buildings and to prevent adverse
health effects.

Traditionally, temperature and humidity control have been accomplished using a
single piece of equipment that reduces the air temperature below its dew point
temperature. Moisture in the incoming air condenses on the outside of a cooling coil over
which the air passes and cooler air, containing less moisture, is sent to the space being
conditioned. Reducing humidity in the air by cooling often requires lowering the air
temperature below a comfortable level and may necessitate reheating of the dehumidified
air to achieve comfort.

Desiccant dehumidifiers reduce humidity in the air by using solid desiccant
materials or liquid desiccant materials to attract and hold moisture. Desiccant
dehumidifiers can operate independently of chillers and can be operated in series or
parallel with chillers. Recoverable heat from the exhaust gases of turbines and engines for
power generation or engine-driven chillers is used for regenerating saturated desiccant
material in these dehumidifiers.

In some CHP systems, the moisture content of the air is reduced using a desiccant
dehumidifier and the dehumidified air is then cooled using conventional cooling
equipment. By reducing the moisture content of the air, desiccant dehumidifiers satisfy
the latent cooling load and, thus, reduce the load of the chillers to only the sensible

cooling (reducing the temperature). Alternatively, a desiccant dehumidifier can be used to



19
further dehumidify and partially reheat cool, saturated air leaving a conventional

cooling coil. By positioning the desiccant dehumidifier after the cooling coil, the
dehumidification performance of the desiccant is enhanced. This allows the use of
moderate or lower temperatures, typical of CHP systems, for regenerating the desiccant.

A typical, commercially available desiccant system is shown in Figure 2.6.

Figure 2.6: Desiccant Dehumidifier (www.bchp.org)


www.bchp.org

CHAPTER III

INTERNAL COMBUSTION ENGINES

Technology Overview

Internal combustion (IC) engines are widespread in their application. IC engines
require fuel, air, compression, and a combustion source to function. The four-stroke
reciprocating IC engine, illustrated in Figure 3.1, is comprised of an ignition source,
intake and exhaust valves, a cylinder, a piston, a connecting rod, and a crankshatft.
Depending on the ignition source, IC engines generally fall into two categories: (1) spark-
ignited engines, typically fueled by gasoline or natural gas, or (2) compression-ignited

engines, typically fueled by diesel fuel.

20
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Spark Plug
Exhaust Valve
i N Cylinder
TOP-DEAD-CENTER |p===ug b |
(T.D.C.) - -
Piston
STROKE
J Connecting Rod
BOTTOM-DEAD-CENTER
(B.D.C) Crankshaft

Figure 3.1: Four-stroke Reciprocating IC Engine (www.personal.washtenaw.cc.mi.us)

A spark-ignited reciprocating engine operates on the basis of the Otto cycle. The
most fundamental model of an IC engine is the air-standard Otto cycle, which assumes
that heat is added instantaneously, that the heat is rejected at a constant volume, and that
the working fluid is air. The ideal Otto cycle consists of four internally reversible
processes. First, as the piston moves from bottom-dead-center to top-dead-center, air is
isentropically compressed. Second, combustion begins when heat is added at a constant
volume to the compressed working fluid. Third, during the process known as the power
stroke, the working fluid expands isentropically and forces the piston to move to bottom-

dead-center. Finally, heat is rejected at a constant volume. The pressure-specific volume


www.personal.washtenaw.cc.mi.us
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(pv) and temperature-entropy (Ts) diagrams for the ideal Otto cycle are presented in

Figure 3.2.

v = constant /s = constant

2 4 2 4
1 1

s v
Figure 3.2: Pressure-Specific Volume and Temperature-Entropy Diagrams for the Ideal
Otto Cycle
Application of the first law to the ideal Otto cycle determines the expressions for
the net work accomplished by the cycle (Woy,), the heat added (Qj,), and the thermal

efficiency (Mowo). Applying the air-standard assumptions of constant specific heats and

ideal gas properties, the following relationships are employed.

Wouo =m-(yy —ty;) (3-1)
:m'(us _”4)_’”'(”2 _”1)
=c,-m-([+T,-T,~T,)

O, =m-(u; —u,) (3-2)
=cv-m-(T3—T2)

WOtto

(3-3)
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For the isentropic compression and expansion processes, the compression ratio

(r) 1s defined as the ratio of the volume of the working fluid when the piston is at bottom-
dead-center to the volume of the working fluid when the piston is at top-dead-center.
Noting from Figure 3.2 that V, = V3 and V| = V4, the expression for compression ratio

appears in the following form:

rzﬂ:ﬂ 3-4
Vv, 1, (3-4)

An air-standard analysis provides the following isentropic relationships for pressure,

temperature, and volume.

k k
])l V2 1 f)3 V4 k
— = = =— and —= =r -
., (V} o ro\n (-onb)
T VT1 | , (v.} 1
O\ o g BB o i
T, (Vl ) ] T, (V4 ) ] (3-6a,b)

Where k is the ratio of specific heats (cy/c,). For air-standard analysis, k is 1.4. From

Equations 3-6a and 3-6b, T4/T=T5/T,. The Otto cycle thermal efficiency then becomes

_f
Nowo = _T_z (3-7)

The efficiency can, therefore, be expressed in terms of compression ratio as

1
Notto :l_rk__l (3-8)
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For a working fluid with constant specific heats, the thermal efficiency will

increase with an increase in the compression ratio. Figure 3.3 shows the ideal Otto cycle
thermal efficiency as a function of the compression ratio of the engine. The figure clearly
illustrates that a change in compression ratio from 1 to 10 has the most dramatic effect on

the thermal efficiency of an Otto engine.

Cycle Efficiency

0 T T T T
0 5 10 15 20 25

Compression Ratio

Figure 3.3: Otto Cycle Thermal Efficiency as a Function of Compression Ratio

The expressions for work, heat addition, and thermal efficiency presented in
Equations 3-1, 3-2 and 3-8 are useful for analyzing the Otto cycle under ideal, air-
standard conditions. In an actual Otto cycle, the ratio of fuel to air and the ratio of
combustion gases to air remain small enough to apply the properties of air to the working
fluid. However, reversibility and constant volume heat rejection and addition are
assumptions that affect the accuracy of an actual Otto cycle model. Detailed modeling of
the combustion processes, the irreversibilities and the heat transfers associated with an

actual Otto engine normally involves computer simulation and is beyond the scope of this
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e Stulz-Air Technology Systems in Frederick, Maryland builds desiccant

dehumidification systems for applications as low as 125-cfm and as high as 25,000-

cfm. Figure 8.13 shows a dehumidification rotor by Stulz-Air.

Figure 8.13: DESICAIR Dehumidification Rotor by Stulz-ATS (www.stulz-ats.com)

e Cargocaire Division of Munters USA is located in Amesbury, Massachusetts.
Cargocaire traditionally manufactures integrated and packaged desiccant
dehumidifier systems for industrial and military applications; however, Cargocaire
now includes systems with smaller capacities in an overall production line for air-

flows of 30-cfm to 80,000-cfm. A 160-cfm unit is pictured in Figure 8.14.

Figure 8.14: MH-240 by Cargocaire Operates at Flow Rates up to 160-cfm
(www.gascooling.com)



CHAPTER IX

CASE STUDY: MISSISSIPPI BAPTIST MEDICAL CENTER

The Mississippi Baptist Medical Center (MBMC) in Jackson, Mississippi,
represents an excellent example of a CHP-B system with a long and economically-
successful record. The MBMC CHP system was brought on line in 1991, so it has a long
operational history. This case study examines details of the system as well as details of
the operating experiences.

Figure 9.1 is a site photograph of the MBMC. The full-service hospital has 694
beds, a 24-hour emergency room, a medical staff of 500 and more than 3000 total

employees.
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Figure 9.1: Site View of the MBMC

The history of CHP at MBMC started in 1990 when hospital officials were
interested in exploring options to reduce energy costs. In 1990, the hospital has a large
electricity requirement, a large steam requirement, a significant price differential per Btu
between electricity and gas, a centralized physical plant, and small daily variations in
energy requirements. Taken together, the 1990 energy profile indicated CHP, or
cogeneration as it was then called, to be a viable economic option. A CHP system was
proposed. A detailed economic analysis projected that the proposed CHP system should
have savings of $800,000/year with an initial system cost of $4.2 million for a calculated
simple payback period of 5.25 years. The system was expected to provide 70 percent of

the electricity requirement, 95 percent of the steam required, and 75 percent of the



cooling load. Based on the favorable outcome of the economic study, hospital

officials decided to install the BCH system.

The system contains the following components:

1.

AN

Gas Turbine Generator Set: Solar Centaur H Model
Diverter Valve

ABCO Waste Heat Recovery Boiler

Economizer

Steam Absorption Chiller

Primary Switch Gear
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The performance specifications as well as details of each of the system components are

presented in the next few paragraphs. System operation can be best understood by

examining Figure 9.2, which presents a schematic of the system.
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Natural gas

-

Figure 9.2: MBMC CHP System Schematic

The Solar Centaur Turbine is fired by natural gas; shaft power is extracted from
the turbine and, via a gearbox, used to drive the generator. The Solar Centaur H Turbine
is rated at 5600 hp with an electrical output of 4.0 MW on an ISO standard day. The
turbine is controlled by an Allen Bradley PLC 5/20 microprocessor with starting and
synchronizing controls, a fire detection/protection system, and vibration analyzer
capability. The nominal generator output is 13, 800 volts. Figure 9.3 shows the turbine

installation arrangement.
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Figure 9.3: Centaur H Turbine Installation

The diverter valve operation is controlled by the waste heat recovery boiler
(WHRB) and directs the exhaust gas to the WHRB boiler or out of the bypass stack to
maintain the required steam pressure. The ABCO WHRB is rated at 30,000 1b/hr and has
two firing modes. In the turbine-firing mode, a 5.8 MMBtu duct burner is available to
supplement the turbine exhaust stream. In the direct-fire mode, used when the turbine is
off line, direct fresh-air fire at 41.5 MMBtu is available. The diverter valve is pictured in
Figure 9.4.

The economizer utilizes the remaining waste heat to preheat boiler feed water;
water treatment chemicals are added to the feed water prior to the economizer. Two
absorption chillers are used by the system: a 1250-ton York Paraflow double effect

chiller utilizes 115 psi steam at 11.8 Ib/hr-ton to produce chilled water at 42 F and a 750-
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ton Trane double effect chiller utilizes 115 psi steam at 9.6 1b/hr-ton to produce

chilled water at 42 F. The chillers supply approximately 60 percent of the MBMC’s 2002
total chilled water requirements. Additions to the facility since 1991 have added cooling
load and resulted in 60 percent rather than 70 percent of the chilled water load being
supplied by the absorption chillers. Figure 9.5 shows the two chillers and their

installation arrangements.

Figure. 9.4: Diverter Valve Arrangement
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(a) York Chiller (b) Trane Chiller

Figure 9.5: The York and Trane Absorption Chillers

The primary switchgear is Powell metal-clad 4-bay switchgear that uses vacuum
breakers for generator output and primary utility feed and contains generator and utility
protective relays as well as synchronizing controls for generator/utility grid interconnect.
The turbine-generator does not supply 100 percent of the electrical load, so the MBMC
remains connected to the grid in normal operation. If a CHP problem is sensed by the
switchgear, the full hospital load is instantaneously shifted to the grid. If the primary
utility grid connection fails, the switchgear will shift the electrical load to a secondary
utility feed in two seconds. The combination of turbine-generator, primary grid, and
secondary grid provides the MBMC with triple redundancy for emergency situations.

The turbine control panel and the switchgear panel are pictured in Figure 9.6.



(a) Turbine Control Panel (b) Primary Switchgear

Figure 9.6: Turbine Control Panel and Switchgear Panel

Important dates in the history of the MBMC CHP operations history are listed

below.

e Construction started May 1990

e System online March 1991

e Scheduled* overhaul September 1994

e Scheduled* overhaul January 1998

e Scheduled* overhaul November 2001
*Nominal 30,000 hours

The nominal 30,000 hours (3.42 years) between major overhauls is indicative of the
reliability of ground-based turbines, and the actual overhaul dates confirm that reliability!
Preventive maintenance requirements for the turbine-generator, as established by Solar,
are presented as the following:

e Turbine gearbox overhaul > 3.5 years (See dates above.)
e QOil change* > As needed
*Last oil change in 1993!
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e Filter replacement > 3 months

e Routine inspections every 8 weeks
e Intermediate inspection every 6 months
e Annual inspection every year

e 200 off-line hours/year for inspections

The oil change requirement is based on a spectrographic analysis of the oil for metallic
particles. The nearly ten years since the last oil change are a graphic indication of the
robustness of the Solar turbine. The maintenance contract with Solar cost $14,000 per
month, but includes all parts and labor. Attention to detail and a rigorous preventive
maintenance policy are some of the reasons for the successful long-term operation of this
CHP system.

Schmidt and Hodge (1998) examined in detail the economics of the MBMC CHP
system and concluded that the actual yearly cost avoidance was close to the original

estimate of $800,000/year. Their economic study results are presented in Table 9.1.

Table 9.1: Actual Cost Avoidance

Electricity
Savings ($) Natural Gas ($) Maintenance ($)  Savings ($)
1994 1,250,000 402,000 159,000 686,000
1995 1,240,000 432,000 159,000 648,000
1996 1,400,000 468,000 163,000 770,000
Average cost avoidance 701,000
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The actual average yearly cost avoidance for 1994-1996 was $701,000 which

compares favorably with the original estimate. The actual payback period was about six
years, which again compares favorably with the estimated payback period of the original
economic study of 1990.

One indication of the overall system performance is the percent of time the CHP
system was online. Table 9.2 presents the online percentage for the years for which data
were available as well as the total electrical generation as a percentage of the electrical

requirement for the entire hospital.

Table 9.2: MBMC Online and Generation Percentages

Year \ Percent Generation \ Online Percentage
1994 74 94
1995 74 98
1996 78 98
1998 64 84
1999 73 98
2001 61 82
2002 70 93

As illustrated in Table 5-2, except for 1998 and 2001, the system provided in
excess of 79 percent of the electricity for the hospital and online percentages mirrored the
percent generation. In 1998, generator problems caused a multi-day outage, and in 2001
the high spike in natural gas costs caused the MBMC to rely solely on grid electricity
during the peak-cost period. Taken over the 11 years of operation, the system was online

and producing electricity for all but two out of 132 months!
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Performance data for the last complete calendar year of operation are provided

in Table 9.3. These data illustrate the effectiveness of the system in the MBMC.

Table 9.3: Calendar-Year 2001 Performance Data

Total Electricity Used 34,870,334 kWh
Electricity Generated 21,181,009 kWh
Electricity Purchased 13,689,325 kWh
Turbine Gas 334,221 MMBtu
Duct Burner Gas 18,286 MMBtu
Average Steam Prod. 19,130 Ib/h

The average steam requirements for the absorption chillers and the ancillary
hospital usage was virtually satisfied by the turbine exhaust as the duct burner used only
5 percent of the total gas usage for the system (turbine plus duct burner). Moreover, 2001
was the year in which gas costs caused a curtailment in the turbine usage; none-the-less,
the turbine-generator accounted for more than 60 percent of the required electricity.

Many factors have contributed to the successful long-term operation of the
MBMC CHP system. The most important of these factors are delineated as follows:

1. A high reliability for all system components.

2. A comprehensive maintenance program.

3. An enthusiastic and competent power-house staff.

4. An accurate and consistent monitoring procedure.

5. A no-penalty switchover-to-grid electrical rate structure.

6. A continuous assessment and improvement process.
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Among the new operational policies are real-time monitoring with current utility

prices for optimum economic operation and a 36-months firm gas price for economic
stability ($3.80/MMBtu).

By virtually any metric, the CHP system at the Mississippi Baptist Medical
Center must be rated a success. In the United States, situations where CHP make sense
exist by the thousands. This case study illustrates how effective CHP can be as a solution

to energy costs.



CHAPTER X

CONCLUSION

CHP-B is an emerging paradigm in energy systems. The driving potential behind
CHP-B systems is the thermal efficiency that these systems can achieve. Projected CHP-
B system efficiencies of 80% are well above the overall thermal efficiencies experienced
by standard energy systems. Reliability, enhanced power quality, energy security, fuel
versatility, improved indoor air quality, and lower emissions are additional benefits that
make CHP-B systems attractive.

A variety of distributed power generation (DPG) technologies may be selected for
a CHP-B system. Table 10.1 illustrates how these technologies compare in efficiency,
cost/technology status, emissions, noise, and small-scale capacity. The technologies are
ranked from those having the most positive characteristics to those having the most
negative characteristics. For example, Fuel Cells have the lowest emissions and therefore
the best characteristics in this category, and IC Engines have the highest emissions and
therefore the most negative characteristics in this category. The rankings in Table 10.1
are based on the technologies as a whole and may vary in some cases.

The thermally-activated technologies discussed in this module are non-competing.
A specific system-configuration may require that only an Absorption Chiller or a

Desiccant Dehumidifier be utilized. However, if both cooling and dehumidification are
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desired, both components may be included in a CHP-B system. Thus, these

thermally-activated components are not mutually exclusive and are selected based on

product rather than performance.

Table 10.1: Rankings for Distributed Power Generation Technologies

Rankings for DPG Technologies
Category Positive === Worst

Efficiency Fuel Cells = IC Engines = Industrial Turbines = Microtrubines

Cost/Technology
Status

Emuissions Fuel Cells = Microturbines = Industrial Turbines = IC Engines

IC Engines = Industrial Turbines = Microturbines = Fuel Cells

Noise Fuel Cells = Microturbines = Industrial Turbines = IC Engines

Small Scale

Capacity Microturbines, Fuel Cells, IC Engines = Industrial Turbines
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