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SUMMARY

Most utilities in the United States experience the greatest demand for
electricity during periods of high ambient temperature. Unfortunately, the
performance of many power plants decreases with increasing ambient
temperature. This is especially true of gas turbines that use a constant
volume of incoming ambient air for the working fluid. As ambient temperature
increases, the density of the inlet air and the generating capacity of the gas
turbine decrease.

Several approaches have been used to reduce the temperature of gas
turbine inlet air. One of the most successful uses off-peak electric power to
drive vapor-compression-cycle ice makers. The ice is stored until the next
time high ambient temperature is encountered, when the ice is used in a heat
exchanger to cool the gas turbine inlet air. An alternative concept would use
seasonal thermal energy storage to store winter chill for inlet air cooling.
The objective of this study was to compare the performance and economics of
seasonal thermal energy storage in aquifers (aquifer thermal energy storage)
with diurnal ice thermal energy storage for gas turbine inlet air cooling.

The investigation consisted of developing computer codes to model the
performance of a gas turbine, energy storage system, heat exchangers, and
encillary equipment. The performance models were combined with cost models to
calculate unit capital costs and levelized energy costs for each concept. The
levelized energy cost was calculated for three technologies (an oversized gas
turbine, a diurnal ice thermal energy storage system, and an aquifer seasonal
thermal energy storage system) operating at two annual capacity factors (0.05
and 0.2) in two locations (Minneapolis, Minnesota and Birmingham, Alabama).

Precooling gas turbine inlet air with cold water supplied by an aquifer
thermal energy storage system provided lower cost electricity than simply
increasing the size of the turbine for meteorological and geological
conditions existing in the Minneapolis vicinity. A 15 to 20% cost reduction
resulted for both 0.05 and 0.2 annual operating factors. In contrast, ice
storage precooling was found to be between 5 and 20% more expensive than
larger gas turbines for the Minneapolis location.
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In Birmingham, aquifer thermal energy storage precooling was preferred
at the higher capacity factor and ice storage precooling was the best option
at the lower capacity factor. In both cases, the levelized cost was reduced
by approximately 5% when compared to larger gas turbines.

These preliminary results indicate that aquifer thermal energy storage
systems should be given serious consideration as a option for increasing peak
generating capacity with combustion turbines. Like all aquifer thermal energy
storage applications, the concept's cost effectiveness will vary significantly
with site-specific geologic conditions.
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1.0 INTRODUCTION

Gas turbines are increasingly becoming the preferred power generating
option for many power producers. It is projected that gas turbines will
represent up to 50% of the estimated 140,000 MWe of new capacity that must be
added in the next decade (Power Engineering 1990). While gas turbines have
many attractive features, the degradation of gas turbine generating capacity
during time periods with high ambient temperature can be a significant problem
for summer peaking utilities.

A simple cycle gas turbine operates with a constant volume flow rate of
air, which serves as the working fluid for the gas turbine. As ambient
temperature increases, the density of the inlet air decreases, reducing the
mass flow rate through the gas turbine. The generating capacity of the gas
turbine is determined by the mass flow rate. Therefore, the generating
capacity of the gas turbine decreases with ambient temperature (Kerrebrock
1977; Wilson 1984). Approximately one-third of a typical gas turbine's power
output is lost as the ambient temperature climbs from -6.6°C to 35°C (20°F to
95°F) (Ondryas 1991). The overall effect on performance is specific to a
given turbine design and is well characterized (Smith undated; Allen undated;
BPA 1988).

A review of data on existing gas turbine installations shows that the
summer capacity of a typical gas turbine is between 15 and 25% lower than the
winter capacity of the same gas turbine. Nationally, this represents an
8000 MWe reduction in summer peak generating capacity (DOE 1991). With
projections for an additional 5000 MWe to 10,000 MWe of new gas turbine
capacity to be added each year for the next 10 years (Power Engineering 1990),
the cerresponding deficit in gas turbine summer generating capacity could be
as large as 20,000 Mwe.

Traditionally evaporative cooling has been used to cool gas turbine
inlet air. Water is evaporated by the air entering the compressor, lowering
the air temperature. However, evaporative cooling can only reduce the
temperature of the inlet air to the wet bulb temperature. Actual cooling will
be determined by the wet bulb and dry bulb temperatures of the incoming air
and the efficiency of the evaporative cooler. As an example, evaporative

1



S — e ——— - LTy

coolers will reduce the temperature of inlet air at 37.8° (100°F) and a
relative humidity of 45% to between 23.8°C and 26.6°C (75°F and 80°F).
Further reductions in inlet air temperature will require additional cooling
(Ondryas 1991).

Absorption cycle chillers, driven by the thermal energy in the exhaust
of the gas turbine and electrically driven mechanical chillers, have been
considered for gas turbine inlet air cooling but both approaches have
significant shortcomings (Ondryas 1991). The most successful approach to
providing gas turbine inlet cooling uses off-peak electric power to drive a
vapor compression cycle ice maker, producing ice that is then stored. During
the next peak in electricity demand, the stored ice is used to cool the gas
turbine inlet air to approximately 4.4°C (40°F). A diurnal ice thermal energy
storage (TES) system has been installed at Lincoln Electric System's Rokeby
Station and has increased the summer peaking capacity of a gas turbine from 53
MWe to 64 MWe. The capital cost to increase the capacity of the gas turbine
was approximately $165/kWe (Power 1992j.

While the diurnal ice TES system installed at the Rokeby Station is very
attractive, other thermal energy storage options may also be of interest.
Aquifer thermal energy storage (ATES) includes a range of technologies that
can economically store thermal energy for long periods of time. An ATES
system can collect and store winter chill, available during cold winter
months, for gas turbine inlet air cooling when required.

This report documents the technical and economic feasibility of using
ATES for gas turbine inlet air cooling. Section 2.0 discusses the various
options for cooling. Section 3.0 describes the approach used for this study
and Section 4.0 discusses the design and performance evaluation effort. The
economic evaluation is discussed in Section 5.0 and overall conclusions from
this study are detailed in Section 6.0. Reference information is included in
Section 7.0.



2.0 OPTIONS FOR GAS TURBINE PRECOOLING INLET AIR

While there are a number of options for improving the summer peak
capacity of gas turbines, the research documented in this report focuses on a
comparison of seasonal TES with diurnal TES. Three options will be discussed:
evaporative cooling, diurnal TES using ice storage, and seasonal thermal
energy storage using aquifers as the storage media [aquifer thermal energy
storage (ATES)].

2.1 EVAPORATIVE COOLING

Evaporative cooling represents current practice for most gas turbine
installations. Typical systems pass incoming gas turbine inlet air through a
honeycomb medium saturated with water to achieve gas turbine inlet
temperatures of approximately 26°C (80°F), with a pressure drop of
approximately 2 KPa (0.6 in. H,0). Care must be taken when applying
evaporative cooling to ensure that condensation or carryover of water into the
compressor will not result in fouling and ultimately lead to errosion of
turbine blades (Allen undated). Further reductions in inlet air temperature
will require additional inlet air cooling (Ondryas 1991).

2.2 DIURNAL ICE TES SYSTEM

One diurnal ice TES system has been constructed for gas turbine inlet
air cooling. The system, installed at Lincoln Electric System's Rokeby
Station, consists of a refrigeration unit, ice/water storage tank, and an air
cooling heat exchanger. During off-peak periods, cold water from the bottom
of the storage tank is pumped to three ice-making units located on the top of
the tank. The cold water is frozen and the ice is stored in the tank. Off-
peak electric power is used to drive the ice makers.

During periods with high ambient temperature, cold water is pumped from

the tank and is used to cool gas turbine inlet air. The inlet air passes

through the shell side of a heat exchanger while chilled water passes through
the tube side. Indirect heat transfer is used to protect the gas turbine from
impurities in the chilled water (Power 1992; Ebeling et al. 1992). The heat
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exchanger is sized to reduce the temperature of the inlet air from 38.3°C to
4.4°C (101°F to 40°F) with a pressure drop of 1.67 KPa (0.5 in. Ho0) .

Reducing inlet air temperature to 4.4°C (40°F) increases the peak
capacity of the Rokeby gas turbine from 53 MWe to 64 MWe. The 20% increase in
gas turbine capacity is obtained at a cost of approximately $165/kWe. The
Electric Power Research Institute (EPRI) estimates that new gas turbines cost
at least $387/kWe (EPRI 1989). This represents a 58% reduction in the cost of
adding peaking capacity rather than installing new gas turbines.

2.3 SEASONAL THERMAL ENERGY STORAGE

STES technology includes a number of techniques that can efficiently and
economically store thermal energy for long periods of time. Current research
suggests that aquifer thermal energy storage is the most economical concept
and is nearest to commercialization. Therefore, this study focused on
evaluating ATES as a representative STES system; but, other systems are
available and may be attractive for specific applications.

Aquifer thermal energy storage is a technology that allows relatively
Tow-grade thermal energy to be stored and retrieved for future use on either a
seasonal or diurnal basis. Water pumped from a set of supply wells is either
heated or cooled and then injected into a set of storage wells. Later, the
storage wells are pumped and the warm or cool water can be used to meet a
thermal Toad (see Figure 1). The principal advantages of ATES are the use of
an existinc aquifer formation as both the media and physical containment
component of the storage system, the use of water as the heat transfer medium,
and the concept's ability to store energy on either a seasonal or diurnal
basis. The concept is limited, however, to locations where the energy source,
energy application, and a suitable aquifer are in close proximity to each
other.

For gas turbine inlet air cooling applications, water withdrawn from
supply wells is chilled by cold winter air in a conventional cooling tower
prior to injection into storage wells. The chilled water is stored until
periods with high ambient temperature, when chilled water is withdrawn from
the aquifer and used in a heat exchanger to cool the gas turbine inlet air.
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The heated water is then returned to the aquifer and stored until the next
winter, when it is again cooled using winter chill. ATES eliminates the need
to use off-peak electric power for charging storage, and reduces the cost of
charging storage while minimizing fuel consumption and environmental impacts
associated with the generation of off-peak electric power.



3.0 APPROACH

The study consisted of comparing the levelized cost of power for three
technologies proposed to increase the capacity of a gas turbine during periods
of high ambient temperature. The three options include:

e Install a Larger Gas Turbine - The first approach consisted of
installing a larger gas turbine with a capacity sufficiently large to

compensate for the reduced generating capacity during periods with high
ambient temperature.

e Diurnal Ice Storage - Diurnal ice storage uses off-peak power to drive
an ice maker that generates and stores the ice until high ambient
temperatures are encountered. This approach is similar to the system
installed by Lincoln Electric and was described in Section 2.2.

s Seasonal Thermal Energy Storage - ATES usr:i for storing winter chill was
selected as the representative seasonal ‘75 concept. The system
collects winter chill that is stored unti! neaded to provide gas turbine
inlet air precooling.

The marginal cost of power ($/kWh) was calculated for the three
technologies operating at two annual capacity factecrs (0.05 and 0.2) in two
locations (Minneapolis, Minnesota and Birmingham, Alabama). Thus, a total of
12 cases were evaluated. The reference technology was presumed to be a gas-
fired combustion turbine with performance characteristics representative of a
General Electric model MS7001EA. System designs were based on precooling the
inlet air from the summer design temperature (37.8°C or 100°F at both
Tocations) to 4.4°C (40°F) with ice storage, 7.2°C (45°F) with ATES in
Minneapolis, and 11.1°C (52°F) with ATES in Birmingham. These temperatures
were selected based on previous experience (Ebeling et al. 1992; Spurr 1986;
Midkiff and Brett 1991). As a result, each of the inlet air precooling
systems results in a different amount of incremental power relative to
operating without precooling. The size of the larger gas turbines was
arbitrarily set to provide the same incremental generating capacity at the
summer design temperature (37.8°C or 100°F) as the two ATES precooled systems.
Larger gas turbines matching the incremental power produced by ice storage
precooling were not evaluated. Turbine performance was calculated using
average meteorological conditions for the locations included in the comparison
and for the two capacity factors used in the analysis.
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The performance evaluation and the results of .umponent sizing

calculations are presented in Section 4.0.
are presented in Section 5.0.

Results of the economic evaluation
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4.0 DESIGN AND PERFORMANCE EVALUATION

Design characteristics and projected system performance was estimated
for the reference gas turbine and each of the three options for improving gas
turbine peak performance. The reference gas turbine is discussed in Section
4.1. The larger gas turbine is described in Section 4.2 while the ATES system

is presented in Section 4.3. Finally, the diurnal ice TES system is described
in Section 4.4.

4.1 REFERENCE GAS TURBINE PERFORMANCE AND OPERATING CONDITIONS

The reference gas turbine was assumed to produce 83.50 MWe at
International Standards Organization (ISO) standard atmospheric conditions
(15°C or 59°F and 60% relative humidity). Capacity at other operating
temperatures was calculated based on the relationship expressed by Equation

(1).
Generating Capacity, MW = 83.5 * {1 + [4.39 * 1073 * (59 - T)]} (1)

where T is turbine inlet temperature, °F.

Thus, at the summer design temperature of 37.8°C (100°F), generating capacity
is reduced to 68.47 MW. As noted in Section 3.0, turbine inlet air could
Tikely be cooled to 7.2°C (45°F) in Minneapolis and 11.1°C (52°F) in
Birmingham using chilled water provided by ATES systems and 4.4°C (40°F) using
chilled water provided by ice storage systems. These inlet temperatures
result in generating capacities of 88.63 MW and 86.07 MW for Minneapolis and
Birmingham ATES systems, respectively, and 90.47 MW for ice storage systems.
This corresponds to peak capacity increases of 20.16 MW, 17.60 MW, and 22.00
MW. Using a larger gas turbine to obtain peak increases in generating
capacity equivalent to the two ATES systems, the required increase in ISO

capacity would be 24.59 MW and 21.46 MW. Turbine capacity data are summarized
in Table 1.

uw
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TSBLE 1. Gas Turbine Generating Capacities

Operating Condition Power OQutput, MW
ISO conditions (15°C/59°F) 83.50
Summer design (37.8°C/100°F) 68.47
Minneapolis ATES precool (7.2°C/45°F) 88.63
Birmingham ATES precool (11.2°C/52°F) 86.07
Ice storage precool (4.4°C/40°F) 90.47
Minneapolis ATES peak increase 20.16
Birmingham ATES peak increase 17.60
Ice storage peak increase 22.00
Minneapolis ISO increase 24.59
Birmingham ISO increase 21.46

As noted in Section 3.0, the gas turbines were evaluated at annual
operating capacity factors of 0.05 and 0.2, corresponding to 438 and 1752
operating hours per year. Reference turbine and larger gas turbine
performance was based on the average temperature occurring during the
operating period, which was presumed to be the warmest hours of the year.
Hourly weather data compiled by the U.S. Department of Commerce (1963) was
used to calculate average operating temperatures, which are summarized in

Table 2 along with the corresponding capacity relative to the ISO temperature
[15°C (59°F)].

The reference gas turbine, larger gas turbine, and ATES-precooled gas
turbines have the flexibility to match various operating schedules, including
actually operating during the warmest hours of the year if desirable; ice
storage systems do not have this flexibility. Design of the ice storage
systems required specification of the operating schedules (hours/day,
days/week, weeks/year) yielding the presumed annual capacity factors of 0.05
and 0.2. An attempt was made to select a reasonable combination that would be
representative of a typical peaking cycle with a concentration of operation

during the warmest hours of the year. The operating schedules evaluated are
summarized in Table 3.

o=y
(an]
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TABLE 2. Average Ambient Air Temperatures

Location Capacity Factor Temperature, °C (°F) Relative Capacity
Birmingham 0.05 33.1  (91.6) 0.857
Birmingham 0.2 29.3 (84.7) 0.887
Minneapolis 0.05 29.6 (85.2) 0.885
Minnzapolis 0.2 24.8 (76.6) 0.923

TABLE 3. Ice Storage System Operating Schedules

Reference Case

Capacity Factor Days/Week Hours/Day Weeks/Year(a)
0.05 7 6 10
0.2 7 12 21
Sensitivity Case
Capacity Factor Days/Week Hours/Day Weeks/Year(2)
0.05 5 6 15
0.2 5 12 29

(a) Multiplying days/week times hours/day times weeks/year does not
exactly yield presumed annual operating hours because of rounding.

It is inevitable that a fixed operating schedule will preclude some of
the warmest hours of the year. Thus, the average ambient temperature would
certainly be lTower than shown in Table 2 for systems designed to operate in
this fashion. The impact of a lower average ambient air temperature is to
reduce the annual incremental kWh produced by inlet air precooling, but
increase the annual incremental kWh produced by a larger gas turbine operating
on the same schedule. In general, a lower average ambient air temperature (if
all other factors are equal) will favor building a larger turbine instead of
precooling the inlet air. Determining the actual annual average ambient air
temperature for a fixed operating schedule would require hour-by-hour weather
modeling, which was beyond the scope of this preliminary evaluation.
Therefore, the ice storage precooling systems may actually be at greater

disadvantage when compared to the ATES-precooling systems than indicated in
this analysis.

11
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4.2 LARGER GAS TURBINE DESIGN CHARACTERISTICS AND PERFORMANCE

Incremental annual energy production for larger gas turbines was
calculated by multiplying incremental ISO capacity by the "relative capacity"
at the average operating temperature and the annual operating hours. The
resultant energy production data are presented in Table 4.

Incremental fuel costs for larger gas turbines were calculated based on
the incremental annual energy production and incremental heat rate. The
latter was calculated based on the average operating temperatures presented in
Table 2 and the heat rate relationship defined by Equation (2).

Heat Rate (HHV) = 11,588 * [0.941 + (3.66 * 10°% * T) + (1.22 * 10™5* 12)] (2)

where T is turbine inlet temperature, °F

Incremental heat rates and annual fuel input for larger gas turbines are
summarized in Table 5.

TABLE 4. 1Incremental Energy Production for Larger Turbines

Location Capacity Factor Incremental Energy, MWh/yr
Birmingham 0.05 8,055
Birmingham 0.2 33,349
Minneapolis 0.05 9,532
Minneapolis 0.2 39,764

TABLE 5. Incremental Heat Rates and Fuel Consumption for Larger Turbines

Fuel Input
Location Capacity Factor Heat Rate, Btu/kWh MWh/yr (10° Btu/yr)
Birmingham 0.05 12,480 29,500 (100,500)
Birmingham 0.2 12,280 119,980 (409,500)
Minneapolis 0.05 12,290 34,310 (117,100)
Minneapolis 0.2 12,060 140,520 (479,600)

12



4.3 ATES SYSTEM DESIGN CHARACTERISTICS AND PERFORMANCE

For the ATES systems, inlet air at 37.8°C (100°F) and 40% relative
humidity is cooled to saturated conditions at 11.1°C (52°F) in Birmingham and
7.2°C (45°F) in Minneapolis. Inlet air flow is 1,028,000 kg/hr (2,254,700
1b/hr) at ISO conditions. At the design temperatures noted above, the air
flow rates increase to 1,036,000 kg/hr (2,285,500 1b/hr) and 1,051,100 kg/hr
(2,317,200 1b/hr), respectively. The resultant peak cooling loads for the two
design conditions are 13.4 MWht (45.71 * 106 Btu) in Birmingham and 16.76 Mwht
(57.24 * 106 Btu) in Minresota. Annual cooling loads were calculated based on
the average ambient temperatures and relative humidities for the four location
and operational capacity factor combinations. Cooling load and capacity
factor data are summarized in Table 6.

Aquifer-related design characteristics can vary significantly depending
on location. The ATES system characteristics presented in Table 7 were taken
directly cr derived from data presented in Spurr (1986) for Minneapolis and
Midkiff and Brett (1991) for Birmingham. Spurr (1986) describes a feasibility
study conducted for a proposed ATES cooling system in Minneapolis-St. Paul.
Midkiff and Brett (1991) describes the design and operating performance for an
ATES cooling system operating at the University of Alabama.

TABLE 6. Peak and Annual Cooling Loads/ATES Systems

Operational
Capacity Peak koad, Annual boad, Cooling
Location Factor MWht (10 Btu/hr) MWht (10° Btu) Capacity Factor
Birmingham 0.05 13.4 (45.7) 4,156 (14,200) 0.035
Birmingham 0.2 13.4 (45.7) 14,700 (50,100) 0.125
Minneapolis 0.05 16.8 (57.2) 5,300 (18,100) 0.036
Minneapolis 0.2 16.8 (57.2) 17,140 (58,500) 0.117

13



TABLE 7. ATES System Design Data

Parameter Minneapolis Birmingham
Average injection temperature 2.5°C (36.5°F) 5.8°C (42.5°F)
Average recovery temperature 3.3°C (38.0°F) 7.2°C (45.0°F)
Cooling water return temperature 15.5°C (60.0°F) 21.1°C (70.0°F)
Storage charging period 120 days 60 days
Flow rate per well 0.126 m3/sec 0.00095 m>/sec

(2000 gpm) (150 gpm)

Well depth 122 m (400 ft) 30.5 m (100 ft)
Well spacing 152 m (500 ft) 45.7 m (150 ft)
Transmission piping length 305 m (1000 ft) 152 m (500 ft)

Althoug:. the ATES precooled and larger gas turbine systems (at a single
location) were sized to produce the same incremental power production at the
summer design temperature, power production is different at all other
temperatures. The ATES system was designod to produce a constant power output
regardless of ambient air temperature; the inlet air is always cooled to the
same temperature, either 7.2°C (45°F) at Minneapolis or 11.1°C (52°F) at
Birmingham. On the other hand, power production increases for the non-cooled
turbines as the ambient air temperature drops from the summer design point.
Therefore, incremental annual energy production for the precooled systems is
less than the systems with larger turbines.

Incremental energy production for the ATES system was calculated by
comparing energy production with precooling to the energy production with the
reference 83.5 MW gas turbine operating at the average ambient temperature.
Energy production data for the ATES system is summarized in Table 8.

TABLE 8. Incremental Energy Production in ATES Precooled Systems

l.ocation Operational Capacity Factor Energy Production, MWh/yr
Birmingham 0.05 6,360
Birmingham 0.2 21,006
Minneapolis 0.05 6,452
Minneapolis 0.2 20,288
14
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Incremental fuel requirements for the ATES system weie also calculated
by evaluating the difference between operating the 83.5 MW (ISO) turbine with
and without precooling. Precooling lowers the inlet air temperature and
average heat rate, but a greater increase in energy production results in an
overall increase in fuel consumption, as shown in Table 9.

The relative size (and cost) of the inlet air heat exchanger was
calculated based on a comparison o thermal duties and log-mean temperature
differences (LMTD) with the size and cost specified for the Lincoln Electric
System plant. Size (heat transfer area) was presumed to be proportional to
thermal duty and inversely proportional to LMTD. The overall heat transfer
coefficient was assumed to be constant. Relative thermal duties, LMTDs, and
sizes are summarized in Table 10.

4.4 DIURNAL ICE STORAGE DESIGN CHARACTERISTICS AND PERFORMANCE

For the diurnal ice storage system, inlet air at 37.8°C (100°F) and 40%
relative humidity is cooled to saturated conditions at 4.4°C (40°F) for ice
storage systems in both Minneapolis and Birmingham. Inlet air flow is
1,028,000 kg/hr (2,254,700 1b/hr) at ISO conditions. At the design

TABLE 9. Incremental Fuel Consumption in ATES Precooled Systems

Fuel Consumption,

Location Operational Capacity Factor MWht/yr (MMBtu/yr)
Birmingham 0.05 13,600 (42,700)
Birmingham 0.2 45,100 (141,600)
Minneapolis 0.05 14,000 (43,900)
Minneapolis 0.2 44,400 (139,400)

TABLE 10. Precooling Heat Exchanger Sizing
Thermal Duty,

System MWt (MMBtu/hr) LMTD, °C (°F) Relative Size
Lincoln Electric 14.7 (46.25) 14.3 (25.8) 1.00
Minneapolis/ATES 18.2 (57.24) 10.5 (18.9) 1.69
Birmingham/ATES 14.5 (45.71) 8.8 (15.8) 1.61

15
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temperatures noted above, the air flow rate increases to 1,061,400 kg/hr
(2,340,000 1b/hr). The resultant peak cooling load is 2.03 MWt (63.66 * 106
Btu/hr). Annual cooling loads were calculated based on the average amiient
temperatures and relative humidities for the four locatinn and operational
capacity factor combinatiuns. Cooling load and capacity factor data are
summarized in Table 11.

Diurnal ice storage system design and performance was based on the
characteristics of the Lincoln Electric system. Key elements of the ice
storage system are refrigeration, storage tank, air cooling coils (common to
ice and ATES systems), and circulating water pumps and piping. Ancillary
equipment includes controls, electrical, and water treatment.

The refrigeration unit uses ice harvesting technology. Ice is generated
by alternating freezing and shedding cycles that last about 8 minutes and 45
seconds, respectively. The refrigerant ic ammonia. The overall system
coefficient of performance is 2.7 (i.e., 2.7 kkh of cooling capacity is
charged to storage per 1.0 kWh of electrical input). This figure includes
electricity cons:med by motors driving the compressor, evaporative condenser
fan, water circulation pumps, and the evaporative condenser cooling water
supply pump. Refrigeration system performance is enhanced by the use of
12.7°C (55°F) well water for cooling in the evaporative condenser.

The ice/water mixture is contained in a cylindrical tank constructed
from cast-in-place concrete. The tank is sized for a 50/50 mixture of ice and
water when fully charged, with a 5% reserve ice capacity at the end of each
discharge cycle. An additional 10% freeboard volume is included at the top of
the tank. The tank is externally insulated (R value = 10) to provide a
thermal storage efficiency of 98%.

TABLE 11. Peak and Annual Cooling Loads/Ice Storage Systems

' Operational  Peak boad, MWt Annual Load, Cooling
Location Capacity Factor (10° Btu/hr) MWht/yr (10° Btu) Capacity Factor
Birmingham 0.05 20.3 (63.7) 6,890 (21,940) 0.039
Birmingham 0.2 20.3 (63.7) 25,700 (80,780) 0.145
Minneapolis 0.05 20.3 (63.7) 6,620 (20,810) 0.037
Minneapolis 0.2 20.3 (63.7) 19,800 (62,300) 0.124
16



The diurnal ice TES system is designed to produce a constant power
output regardless of ambient air temperature. However, power production
increases for the non-cooled turbines as the ambient air temperature drops
from the summer design point. Therefore, incremental annual energy production
for the diurnal ice TES systems is less than systems with larger turbines.
Incremental energy production for the diurnal ice TES system was calculated by
comparing energy production with precooling to energy production with the
reference 83.5 MW gas turbine operating at the average ambient temperature.
Energy precduction data for precooled systems are summarized in Table 12.

Incremental fuel requirements for the diurnal ice TES system was also
calculated by evaluating the difference between operating the 83.5 MW (IS0)
turbine with and without precooling. Precooling lowers the inlet air
temperature and average heat rate, but a greater increase in energy production
results in an overall increase in fuel consumption, as shown in Table 13.

The relative size (and cost) of the inlet air precooling heat exchanger
was calculated based on a comparison of thermal duties and log-mean
temperature differences (LMTD) with the relative size and cost specified for

TABLE 12. 1Incremental Energy Production in Ice Storage Precooled Systems

Location Operational Capacity Factor Energy Production, MWh/yr
Birmingham 0.05 8,285
Birmingham 0.2 28,707
Minneapolis 0.05 7,257
Minneapolis 0.2 23,505

TABLE 13. Incremental Fuel Consumption in Ice Storage Precooled Systems

Fuel Consumption,

Location Operational Capacity Factor Mwh/yr (MMBtu/yr)
Birmingham 0.05 18,000 (56,700)
Birmingham 0.2 62,900 (197,500)
Minneapolis 0.05 15,900 (49,900)
Minneapolis 0.2 51,900 (163,200)

17
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the Lincoln Electric System plant. Size (heat transfer area) was presumed to

be proportional to thermal duty and inversely proportional to LMTD. The
overall heat transfer coefficient was assumed to be constant. Relative
thermal duties, LMTDs, and sizes are summarized in Table 14.

TABLE 14. Precoc'ing Heat Exchanger Sizing
Thermal Duty,

System MWt (MMBtu/hr) LMTD, °C (°F) Relative Size
LincoIln Electric 13.6 (46.25) 14.3 (25.8) 1.00
Ice storage 18.7 (63.66) 14.1 (25.4) 1.40
18



5.0 ECONOMIC EVALUATION

The economic evaluation was conducted by calculating and comparing the
levelized cost of electricity produced by the concepts being considered.
Levelized cost analysis combines initial capital cost, annually recurring
cost, and system performance characteristics with financial parameters to
produce a single figure-of-merit (the levelized cost) that is economically
correct and can be used to compare the projected energy costs of alternative
peak power production concepts.

5.1 METHODOLOGY AND ASSUMPTIONS

The methodology used was that defined in Brown et al. (1987), which is
consistent with the "required revenue" approach suggested by the Electric
Power Research Institute (EPRI) in their Technical Assessment Guide. The
specific financial assumptions used to calculate the levelized erergy cost are
listed in Table 15. These assumptions, taken from EPRI's Technical Assessment

Guide (EPRI 1989), are intended to be representative of the electric utility
industry.

TABLE 15. Financial Assumptions

Parameter Assumption
System economic life 30 years
System depreciable life 20 years
Nominal after-tax discount rate 9.82%
General inflation rate 5.0%
Combined federal/state income tax rate 38%
Property tax and insurance rate 2%
System construction period 1 year
Price year 1990
First year of system operation 1995
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Marginal capital and annual operating and maintenance (08M) costs for
the turbine were also estimated based on data presented in EPRI's Technical
Assessment Guide (EPRI 1989). Incremental capital costs were estimated by
subtracting the cost of the reference turbine from the cost of a turbine sized
to include the incremental ISO capacity shown in Table 1. Incremental 08&M
costs for the turbine were based on the total ISO capacity, the incremental
capital cost, and the incremental annual energy production shown in Table 4.
ATES system capital and annual O8M costs were estimated using the AQUACOOL
model described in Brown, Hattrup, and Watts (1991). Ice storage system
capital costs, including the precooling hzat exciianger common to ATES and ice
storage systems, were scaled-up from estimates presented in Ebeling et al.
(1992) based on the relative size of system components. Annual 08M for the
precooling heat exchanger and other ice storage system components, including
operating overheads, was assumed to be 10% of initial capital. Incremental
natural gas requirements shown in Tables 5, 9, and 13 were assumed to cost
$2.33/MMBtu and escalate at 4.3%/year in excess of general inflation (Energy
Information Administration 1992). The cost of off-peak electricity used to
charge the ice storage system was assumed to be $0.03/kWh, based on the
average off-peak energy charges for the industrial sector presented in Brown,
Garrett, and Sedgwick (1991). Electricity costs were presumed to escalate at
0.55%/year above general inflation based on forecasts prepared by the Energy
Information Administration (1992).

Startup and working capital costs were estimated based on information
presented in EPRI (1989). Startup costs include operator training, equipment
checkout, minor changes in equipment, extra maintenance, and fuel consumption
incurred after the plant is constructed, but prior to regular operation.
Working capital represents a "revolving account" used to pay for current
expenses and an investment in spare parts. Startup and working capital were
estimated by the relationships described in Equations (3) and (4).

Startup capital cost = 0.02 * total system construction cost + (3)

1/12 * total annual 0&M +
1/52 * total annual fuel

20
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Working capital cost = 0.005 * total system construction cost +
1/6 * total annual 0&M +
1/6 * total annual fuel (4)

5.2 RESULTS

Incremental initial capital costs, annually recurring costs, and annual
energy production are shown in Tables 16, 17, and 18 for larger gas turbines,
ATES precooled systems, and ice storage precooled systems. Marginal
electricity costs are shown in Table 20 for all cases. The levelized cost
results show that some form of precooling is likely to result in Tower cost
power production than simply installing a larger gas turbine for each of the
four operating capacity factors and location combinations investigated.
Precooling with an ATES system offered a significant advantage compared to
larger turbines or ice storage precooling in Minneapolis, while in Birmingham,
the preferred precooling system depended on the operating capacity factor.

Capital costs for larger gas turbine and ATES precooling systems are
either constant or increase very little at higher capacity factors. This is
in contrast to the ice storage precooling systems, which increase
significantly in cost between 0.05 and 0.2 capacity factors. The impact is a
greater percentage reduction in levelized energy cost for larger turbine and
ATES precooling systems than for ice storage precooling systems when comparing
0.05 and 0.2 capacity factor results.

The larger gas turbines also benefit from the lower average operating
temperature at the Minneapolis site, which increases the annual electricity
production, thus lowering the levelized cost. The opposite effect occurs for
the precooling systems, although this is masked in the2 results for the ATES
precooling systems by the difference in inlet air precocling achieved in
Birmingham [11.1°C (52°F)] and Minneapolis [7.2°C (45°F)].

ATES precooling system costs are sensitive to site-specific aquifer
characteristics. The principal difference between the two locations is the
substantial increase in productivity per well in Minneapolis [0.126 m3/sec
(2000 gpm)] compared to Birmingham [0.00095 m3/sec (150 gpm)]. ATES
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TABLE 16.

Larger Turbine Cost Summary

(1000s of 1990 dollars, except for annual energy production)

Birming

ham

Minneapolis

Operating Capacity Factor Operating Capacity Factor
0.05 0.2 0.05

Element
System capital 6,000
Fixed 0&M 12
Variable 0&M 56
Fuel 234
Startup capital 130
Working capital 80
Annual energy, MWwh 3,055
TABLE 17.

.

6,000
12
232
a54
159
230

33,349

6,851
14

66
273
148
91

9,532

6,851
14
273
1,117
181
266

39,764

ATES Precooling Cost Summary

(1000s of 1990 dollars, except for annual energy production)

Element

Birmingham

Minneapolis

System capital
Total 0&M

Fuel

Startup capital
Working capital

Annual energy, Mwh(2)

Operating Capacity Factor Operating Capacity Factor
0.05 0.2 5 0

4,050
445
100
120
111

6,193

4,511
497
330
138
160

20,534

2,464
259
102

73
73

6,092

3,002
339
325

95
126

19,328

(a) On-peak pumping power subtracted from gross energy output shown in

Table 8
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TABLE 18. 1Ice Storage Precooling Cost Summary
(1000s of 1990 dollars, except for annual energy production)

Birmingham Minneapolis
Operating Capacity Factor Operating Capacity Factor

Element 0.05 0.2 0.05 0.2
System capital 3,666 6,394 3,666 6,394
Total 0&M 367 639 366 639
Fuel 132 460 116 380
Electricity 71 263 68 226
Startup capital 108 195 107 193
Working capital 113 259 110 239
Annual Energy, Mih(8) 8,150 28,211 7,129 23,079

(a) On-peak pumping power subtracted from gross energy output shown in
Table 12

TABLE 19. Marginal Levelized Energy Costs
Birmingham Minneapolis

Operating Capacity Factor Operating Capacity Factor
System Type 0.05 0.2 0.05 0.2

Larger turbine 0.142 0.086 0.138 0.084
ATES precooling 0.170 0.080 0.118 0.069

Ice storage
precooling 0.133 0.090 0.147 0.101

TABLE 20. Ice Storage Precooling Levelized Cost Results

Birmingham Minneapolis
Operating Capacity Factor Operating Capacity Factor

System Type 0.05 0.2 0.05 0.2

5 days/week 0.133 0.090 0.147 0.101
(reference)

7 days/week 0.127 0.083 0.139 0.092
(sensitivity)
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precooling would be preferred at the lower capacity factor if well
productivity at a site was about 0.0315 m3 (500 gpm) or higher. ATES
precooling system capital costs are too high in Birmingham to be cost
effective at the lower capacity factor.

The larger turbine systems all have higher capital costs than either of
the two precooling systems for corresponding cases. However, marginal energy
production is greater for the larger turbine systems because the marginal
power production is greater for all ambient temperatures less than the 37.8°C
(100°F) summer design point. The difference in energy productinn is greatest
at an annual operating factor of 0.2, because the average ambient temperature
is lower for the longer operating period.

For both Minneapolis and Birmingham, the ATES system is most attractive
at the higher capacity factor. This result can be attributed to the annually
recurring costs, which are mostly variable for the larger gas turbine, but
primarily fixed for the ATES system. While fuel costs are certainly variable
with production and experience has demonstrated that the majority of gas
turbine 0&8M costs are variable with production, further experience with ATES
systems is required to determine fixed and variable 0&M portions.

The results described above for ice storage precooling were based on
charging and discharging every day of the week (diurnal mode) per the
reference case operating schedule detailed in Table 3. System designs based
on charging 7 days/week, but discharging only 5 days per week (diurnal/weekly
mode) were evaluated as a sensitivity case. The results (see Table 20)
indicate a cost advantage of 5 to 8% for the diurnal/weekly mode, which would
not change the preferred technology for each city and capacity factor
combination. In addition, the sensitivity results do not reflect the
reduction in average air temperature that would occur in the diurnal/weekly
mode, which would reduce or eliminate the cost advantage.
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6.0 CONCLUSIONS

Precooling gas turbine inlet air with cold water supplied by an ATES
system provided lower cost electricity (levelized $/kWh) than simply
increasing the size of the turbine for meteorological and geological
conditions existing in the Minneapolis vicinity. A significant (15 to 20%)
cost advantage resulted for both 0.05 and 0.2 annual operating factors. 1In
contrast, ice storage precooling was found to be significantly (5 to 20%) more
expensive than larger gas turbines in Minneapolis.

In Birmingham, ATES precooling was preferred at the higher capacity
factor and ice storage precooling was the best option at the lower capacity
factor. In both cases the levelized cost advantage compared to larger gas
turbines was estimated to be about 5%. The levelized energy cost advantage
shown for ATES at the Minneapolis site was reduced or eliminated (depending
on capacity factor) at the Birmingham site principally because of much lower
well flow rates in the Birmingham vicinity. The ice storage precooling system
benefitted from higher average annual operating temperatures in Birmingham,
which resulted in an increase in incremental annual power production for this
site not experienced by the other systems.

Incremental capital costs were 25 to 65% lower per peak kW for the ATES
precooling systems and 15 to 50% lower per peak kW for the ice storage

precooling systems, but incremental energy production was generally greater
for the larger turbine systems.

These preliminary results indicate that ATES and ice storage precooling
systems should be considered as options for increasing peak generating
capacity of combustion turbines. The preferred system will depend on site-
specific conditions and operating requirements. Like all ATES applications,
its cost effectiveness will vary significantly with site-specific geologic
conditions. Genera11y, ice storage systems will look most attractive in low
capacity factor applications, while ATES systems will look best at higher
capacity factors.
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Further experience with ATES and ice storage precooling systems will be
needed to reduce the cost uncertainty associated with these systems and allow
more conclusive comparative assessments. In addition, other inlet air
precooling options should be considered, such as surface-engineered seasonal
chill storage systems using ice or artificial snow.

26



| N 1
W O

7.0 REFERENCES

Allen, R. P., Undated. GE Gas Turbine Performance Characteristics. GER-
3567A, General Electric Company, Schenectady, New York.

Bonneville Power Administration. 1988. Development of Combustion Turbine
Capital Costs. Bonneville Power Administration, Portland, Oregon

Brown, D. R., J. R. Dirks, M. K. Drost, G. E. Spanner, and T. A. Williams.
1987. An Assessment Methodology for Thermal Energy Storage Evaluation. PNL-
6372, Pacific Northwest Laboratory, Richland, Washington.

Brown, D. R., S. M. Garrett, and J. M. Sedgwick. 1991. Electric Rate
Structures for Thermal Energy Storage Evaluation. PNL-7697, Pacific Northwest
Laboratory, Richland, Washington.

Brown, D. R., M. L. Hattrup, and R. L. Watts. 1991. Site-Specific
Investigations of Aquifer Thermal Energy Storage for Space and Process
Cooling. PNL-7751, Pacific Northwest Laboratory, Richland, Washington.

Ebeling, J. A., R. Halil, D. Bantam, B. Bakenhus, H. Schreiber, and R.
Wendlend. 1992. "Peak Gas Turbine Capacity Enhancement Using Ice Storage for
Compressor Inlet Air Cooling." 1In Proceedings of the International Gas
Turbine and Aeroengine Congress and Exposition. American Society of
Mechanical Engineers, New York.

Electric Power Research Institute. 1989. Technical Assessment Guide,
Electricity Supply-1989. EPRI P-6587-L, Palo Alto, California.

Energy Information Administration. 1992. Annual Energy Outlook, With
Projections to 2010. DOE/EIA-0383(92), Washington, D.C.

Kerrebrock, J. L. 1977. Aircraft Engines and Gas Turbines. MIT Press,
Cambridge, Massachusetts.

Midkiff, K. C., and C. E. Brett. 1991. 1990 Annual Report, Monitoring of
Aquifer Chill Energy System. University of Alabama, Tuscaloosa, Alabama.

Ondryas, I. S. 1991. "Go Beyond Evaporative Coolers To Stretch Gas Turbine
Output." Power Vol 135, No 7. McGraw Hill, New York.

"Ice Maker Adds Low-Cost Kilowatts to Peaking Unit." 1992. Power Vol 136, No
1. McGraw Hill, New York.

"Can Manufacturing Capacity Keep Up With New Orders for CTs." 1990. Power
Engineering 94(4):45. Pennwell Publications, Barrington, Illinois.

Smith, S. S. Undated. GE Aeroderived Gas Turbine Performance. GER-3572B,
General Electric Company, Schenectady, New York.

27



Spurr, M. 1986. Aquifer Thermal Energy Storage District Cooling in Downtown

St. Paul. DE-FGO1-85CE26520, District Heating Development Company, St. Paul,
Minnesota.

U. S. Department of Commerce. 1963. Decennial Census of United States
Climate-Summary of Hourly Observations. Washington, D.C.

U.S. Department of Energy. 1991. Inventory of Power Plants in the United
States 1990. DOE/EIA-0095(90), United States Department of Energy,

Washington, D.C.

Wilson, D. G. 1984. The Design of High-Efficiency Turbomachinery and Gas

Turbines. MIT Press, Cambridge, Massachusetts.

28



E T TTI

PNL-8427

uc-202
DISTRIBUTION
No. of No. of
Copies Copies
OFFSITE Electric Power Research Inst.

12

U.S. Department of Energy
Attn: R. Eaton

Office of Energy Management
Forrestal Bldg, CE-142 5F-064
Washington, DC 20585

U.S. Department of Energy
Attn: K. Klunder

Office of Energy Management
Forrestal Bldg, CE-142 5F-064
Washington, DC 20585

U.S. Department of Energy
Attn: E. Reimers

Office of Energy Management
Forrestal Bldg, CE-142 5F-064
Washington, DC 20585

DOE/Office of Scientific and
Technical Information

Arizona State University
Attn: R. Sears

Center for Energy Research
Tempe, AZ 85287-5806

Cogeneration and Independent
Power Coalition of America

Atnn: C. L. Nolin

1025 Thomas Jefferson St, NW

Washington, DC 20007

EBASCO

Attn: M. Winegart

3000 West MacArthur Blvd
Santa Anna, CA 92704-6993

Electric Power Research Inst.
Attn: A. Cohn

PO Box 10412

Palo Alto, CA 94303

Distr.1

Attn: V. Rabl
PO Box 10412
Palo Alto, CA 94303

Electric Power Research Inst.
Attn: R. Wendland

PO Box 10412

Palo Alto, CA 94303

Energetics, Inc.

Attn: Jon Hurwitch

7164 Columbia Gateway Drive
Columbia, MD 21046

Gas Research Institute
Attn: B. A. Headman

8600 West Bryn Mawr Avenue
Chicago, IL 60631

Gas Research Institute
Attn: M. P. Whelan

8600 West Bryn Mawr Avenue
Chicago, IL 60631

Institute of Gas Technology
Attn: J. 0'Sullivan

3424 S, State

Chicago, IL 60612

H. Jaehne
3290 Warrenville Center Rd
Cleveland, OH 44122

Lawrence Berkeley Laboratory
Attn: M. Wahlig

University of California
Bldg. 90-2024

1 Cyclotron Road

Berkeley, CA 94720

Los Angeles Department of
Water and Power

Attn: M. Robledo

PO Box 111, Rm 1129

Los Angeles, CA 90051



T T

No. of
Copies

Charles F. Meyer
1141 Cima Linda Lane
Santa Barbara, CA 93108

New York State Energy
Research & Development
Agency

Attn: G. Walmet

Rockefeller Plaza

Albany, NY 12223

NSP Research Department
Attn: J. Hietala

414 Nicollet Mall
Minneapolis, MN 55401

Oak Ridge National Laboratory
Attn: J. Tomlinson

Building 9204-1, MS 8045

Y-12 Plant, Box 2009

Oak Ridge, TN 37831-8045

Office of Congressman
Sid Morrison

1330 Longworth Bldg.

Washington, DC 20515

0ffice of Congressman
Tom Bevil

2302 Rayburn Bldg.

Washington, DC 20515

Pacific Gas and Electric
Attn: J. J. lannucci
3400 Crow Canyon Road
San Ramon, CA 94583

Resource Efficiency, Inc.
Attn: M. Spurr

340 Daly Street

St. Paul, MN 55102

Sandia National Laboratory
Attn: G. Kolb
Albuquerque, NM

PNL-8427
uc-202

No. of
Copies

Distr.2

Solar Energy Research Institute
Attn: B. Gupta

1536 Cole Blvd.

Golden, CO 80401

Southern Company Services, Inc.
Attn: K. W. Bowers

PO Box 2625

Birmingham, AL 35202

Southern Company Services, Inc.
Attn: A. F. Ellis

PO Box 2625

Birmingham, AL 35202

Southern Company Services, Inc.
Attn: K. Vakhshoorzadeh

PO Box 2625

Birmingham, AL 35202

United American Energy Corp.
Attn: S. Strait

50 Tice Blvd.

Woodcliff Lake, NJ 07765

United American Energy Corp.
Attn: E. Tomeo

50 Tice Blvd.

Woodcliff Lake, NJ 07765

University of Alabama

Attn: E. Brett

School of Mines and Energy
Development

Box 6282

University, AL 35486

University of Massachusetts
at Amherst

Attn: J. E. Sunderland

Dept. of Mechanical Eng.

Eng. Laboratory Bildg.

Amherst, MA 01003



N

No. of
Copies

University of Minnesota
Attn: R. Sterling
Underground Space Center
Dept. of Civil and Mineral

Eng.

PNL-8427
UC-202

No. of
Copies

790 Civil and Mineral Eng. Bldg.

Minneapolis, MN 55455

US Army Corps of Engineers

Attn: C. W. Sohn

Construction Engineering
Research Laboratory

PO Box 4005

Champaign, IL 61820-1305

US Department of Interior

Attn: Natural Resources
Library

Serials Branch (G/E)

Washington, DC 20240

Douglas A. Wilke
Architect/Engineer
38 Roosevelt Avenue
Glen Head, NY 11545

FOREIGN

Bengt Hidemark Gosta Danielson

Arkitekter SAR
Attn: A. Boysen
Jarntorget 78
S-11 29 Stockholm
Sweden

Commission of European
Communities

Attn: P. Zegers

DG XII, E3

200 Weststraat

Brussels, Belgium

DFVLR

Attn: M. Becker

Bereich Projekttragerschaften

Linder Hohe
5000 Koeln 90
Germany

Distr.3

DIDIER Werke

Attn: C. Streuber
Lessir-=trasse 16-18
D-6200 wiesbaden 1
Germany

Helsinki University of
Technology

Attn: P. Lund

Otakaari 3

SF-02150 Espoo

Finland

Ministry of Trade and Industry
Attn: Pirjo-Liisa Vainio
Energy Department

Pohjoinen Makasiininkatu 6
00130 Helsinki

Finland

I.E.N.E.R.
EPF-Ecublens
Attn: B. Saugy
1015 Lausanne
Switzerland

IF Technology
Attn: A. Snijders
Frombregstraat 1
6814 RE Arnhem
The Netherlands

Institut Fisica Universite
Attn: F. Reale

P. le Tecchio

80125 Napoli

Italy

Institut fur Kernenergetik
und Energiesystems

Attn: M. Groll

Univers‘tat Stuttgart

Pfaffenwaldring 31

Postfach 801140

7000 Stuttgart 80

Germany



w— |

No. of
Copies

Institut fur Thermodynamik and
Waermetechnik

Attn: U. Gross

Universitat Stuttgart
Pfaffenwaldring 6

7000 Stuttgart 80

Germany

KFA Julich, PLE
Attn: V. Lottner
PO Box 1913
D-5170 Julich
Germany

KM Kjessler & Mannerstrale AB
Attn: S. Lundin

PO Box 7124

S-171 07 Solna

Sweden

Laboratory for Energetics

Attn: B. Qvale

Technical University of Denmark
DTH Building 403

DK-2800 Lyngby

Denmark

Lambrecht Industrial Consultants
Attn: J. Lambrecht
Max-Ruttgers-Str 29

D-8021 Irschenhausen

Germany

B. Matthey
Consulting-Engineers Ltd.
CH-2205 Montezillon-Neuchatel
Switzerland

NOVEM

Attn: G. J. van Mourik
PO Box 8242

3503 RE Utrecht

The Netherlands

No.

PNL-8427
uc-202

of

Copies

Public Works Canada

Attn: E. L. Morofsky

C456 Sir Charles Tupper Bldg.
Riverside Dr. and Heron Rd.
Ottawa, Ontario

K1A OM2 Canada

Riso National Laboratory
Attn: P. L. Christensen
DK-4000 Roskilde

Denmark

Swedish Council for Building
Research

Attn: W. Raldow

St. Goransgatan 66

$-11233 Stockholm

Sweden

Swedish Council for Building
Research

Attn: B. T. Sellberg

Sankt Goransgatan 66

$-11233 Stockholm

Sweden

Universitat Stuttgart
Attn: Rudolf Giebe
Pfaffenwaldring 6
7000 Stuttgart 80
@Germany

ONSITE

38

Distr.4

DOE Richland Field Office

D. R. Segna, A5-90

Pacific Northwest Laboratory

Z. 1. Antoniak, K7-15 (5)
D. R. Brown, K6-61 (5)

M. K. Drost, K5-19 (5)

L. D. Kannberg, K5-20 (15)
B. L. Mohler, K5-02

S. Somasundaram, K5-19
Publishing Coordination
Technical Report Files (5)









