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ABSTRACT 

This document presents the results of a study entitled, "Applications of Thermal Energy 
Storage to Process Heat and Waste Heat Recovery tn the Prim,1ary Aluminum Industry". 
Work was performed under Contract Number EC-77-01-5080 by a team composed of 
Rocket Research Company and Intalco Aluminu~ Corporation, with assistance from 
Intalco's energy supplier, the Bonneville Power Administration. 

In this preliminary study, a system has been identified by which the large amounts of low­
grade waste energy in the primary pollution control system gas :stream can be utilized for 
comfort heating in nearby communities. Energy is stored in; the' form of hot water, 
contained in conventional, insulated steel tanks, enabling a morel' efficient utilization of the 
constant energy source by the cyclical energy demand. Less expensive energy storage means 
(heated ponds, aquifers), when they become fully characterized, will allow even more cost­
competitive systems. Extensive design tradeoff studies have been performed for the example 
site, Intalco AI.uminum Corporation and the surrounding communities of Ferndale and 
Bellingham, Washington. These tradeoff studies indicate that a heating demand equivalent to 

12,000 single-family residences can be supplied by the energy from the Intalco site. Using a 
.30-year payback criterion (consistent with utility plannirtg practice), the average cost of 
energy supplied over the system useful life is predicted at one-third the average cost of fossil 
fuel. The exact distribution of this difference between savings to the customers and profit to 
the utility is not within the scope of this engineering study; however, the study clearly 
shows that the utilization of waste energy from aluminum plants is both technically and 
economically attractive. Other economic indices for the 12,000 user case are: 

Net capital outlay $6.33 x 107 (1977 dolla~s) 
Net present value $2.56 x 108 (1985 dollars) 
Average return on investment 62.8% 
In ternal rate 0 f return 17. 1% 
Net displaced energy 1.37 x 1012 Btu/year 

The program included a detailed survey of all aluminum plants within the United States, 
allowing the site specific analyses to be extrapolated to a nation&! basis. Should waste heat 
recovery systems be implemented by 1985, a national yearly savings of 6.5 million barrels of 

oil can be realized. 

Analysis indicates that there are no technological barriers associated with the imple­
mentation of the waste heat recovery system. Operational and cost functions are based upon 
existing available equipment for all items except the transmissio'n and distribution piping. 
Advanced piping material technology is currently under study:' in Europe, with several 
materials showing considerable promise. Polymer-lined prestressed concrete pipe (PLPC) has 

vii 



been under test since 1975. The primary concern for this material (i.e., relaxation of the 
prestressing wires), has been answered favorably, even at temperatUres above those 
considered for this study. Remaining concerns for the longevity of the rubber seals (O-rings) 
would appear to be solvable by 1985. For these reasons, PLPC has been chosen as the 
baseline material for this study. Based upon the favorable technical and economic results of 
the program, additional work leading to a full-scale system demonstration at the Intalco 
Aluminum site is recommended. This program would be carried out in four phases to prove 
the overall feasibility of the concept and provide the industry with the necessary data for 
nation-wide implementation. 
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1.0 INTRODUCTION 

1.1 GENERAL 

The rapid rise in the price of exported petroleum initiat~d in 19'74 has precipitated an 
aggressive effort to develop energy conservation techniques in the United States. Many 
te.:hniques which have formerly been technically feasible. but economically unattractive. 
deserve reevaluation against a background of rapidly rising energy costs. In many cases. 
energy is rejected to the ecosphere at an otherwise usable state simply because a use for this 
energy does not coincide with the time at which the energy is available. The role of energy 
storage is to hold such energy in a usable state until the demand for it arises. 

The primary aluminum smelting industry is a larg~ user of prime (electrical) energy. Its 
waste energy streams are usually of low grade. but high magnitude. The very large amount 
of low grade energy from this industry makes it an attractm: subject for conservation. 

There are few uses for the low grade energy. \fany of th~se are currently not established 
ne~ds. i.e .. one could devdop a use. but the use .:urrently does not exist. Large-scale heated 
greer:house complexes. heated aquiculture. alcohol distillation (for gasoline augmentation l. 
and enhanced crop production through open field soil warming are possible low grade 
energy uses which do not currently exist. Space conditioning for human comfort is the only 
widely established demand for large quantities of low grade energy. This end use is the only 
one which affords direct and immediate redm:tion of the national dependence upon 
imported oil. Comfort conditioning tends to be strongly .:yclic in energy demand on a daily 
and annual basis. Through energy storage. the utilization of the constant energy source by a 
variable demand is enhanced. 

A team composed of Rocket Research Company (RRC) las prime .:ontractor) supported by 
InL.!lco Aluminum Corporation and Bonnevilk Power Administration has conducted a 
detaIled technical and economil.: evaluation of the benefits to be derived from application of 
thermal energy storage techniques to process heat and waste heat recovery in the aluminum 
industry . 

The Intalco Aluminum plant in Ferndale. Washington. has served as a typical aluminum 
plant for the study described herein. Intalco supplied detailed operational data on the plant 
and assisted in the evaluation of plant installation and operation variables. Bonneville Power 
Administration. the supplier of electrical power to the Intalco plant. supported the program 
economic analyses with data on electrical power rates and availability on both a local and 
national level 



The program. with the technical effort completed in a 6-month time period. was 
accomplished in seven tasks as listed below: 

Task I - Literature and Aluminum Industry Survey 
Task II 
Task III 
Task IV 
Task V 
Task VI 
Task VII 

- Process and Storage System Selection 
- Plant Operational Data Collection 
- Interface Definition 
- System Design Analysis 
- Preliminary System Design and Cost Analysis 
- Phase II Program Plan 

The program was initiated with a literature and aluminum industry survey. The literature 
search and survey were aimed at determining the magnitude of potentially recoverable waste 
energy on a national basis and in assuring that the Intaleo Aluminum plan t was typical of 
those in the industry. so that detailed study results obtained with their plant were valid on a 
nation-wide basis. 

Following the national survey. review was made of the aluminum plant waste heat sources. 
Based on preliminary engineering and economic analyses. the aluminum waste heat source 
to be utilized for recovery was selected. After selection of the energy source, a selection was 
made for the application of the waste energy. Task II was completed by the selection of a 
thermal energy storage system for use with the waste heat recovery system. 

During Task III. test measurements were made at the IntaIeo Aluminum plant to verify the 
magnitude of and temperature of the waste energy streams. 

In Task IV of the program. interface requirements for the waste heat recovery system were 
finalized. This effort included both the definition of interface requirements within the 
IntaIeo plant and those external to the plant. 

The major effort on the program occurred in Task V. Under this task. a detailed trade study 
was conducted to arrive at a system design approach which represented an optimum 
utilization of the waste heat from the Intalco plan t (both from technical and economic 
viewpoints). 

In Task VI. a preliminary design was completed of the waste heat recovery system. and 
preliminary cost analyses were conducted to determine the capital cost of installing the 
system. 

The program was completed in Task VII by preparing recommendations for additional work 
and in writing a preliminary program plan for the next phase of work. 
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1.2 ALUMINUM PRODUCTION TECHNOLOGY 

1.2.1 Hall-Heroult Process 

The only large-scale aluminum reduction process currently in use in the world is the 
Hall-Heroult process. This process produces aluminum by electrolytically reducing alumina 
(AI203) in a molten bath of cryolite as shown below. 

In the molten cryolite, the alumina ionizes to: 

As electrons flow through the molten cryolite. aluminum metal is formed at the cathode 
(negative electrode): 

At the anode (positive electrode). oxygen is produced and reacts with the carbon anodes 
forming carbon dioxide and carbon monoxide: 

1-1/20: + 1-1/2 C - I-I :2 C02 

C02 +C # 2 CO 

The basic reaction: 

theoretically requires 3.90 Kw-hrlb of aluminum produced. In actual practice. however. 
additional energy is consumed and ultimately lost in the sensible heat of the products. lost 
due to nonproductive side reactions (production of HF and cryolite-rich volatiles). and lost 
in electrical resistances within the reduction bath and in the electrical conductors. For the 
United States' aluminum industry. the electrical energy req uirements are typically 6.1 to 8.:2 
Kw-hr/lb of aluminum produced. The vast majority (over 90%) of the difference between 
the theoretical reaction energy and the actual energy used to drive the reduction process 
appears as thermal energy. This thermal energy and the additional thermal energy evolved 
by the carbon-oxygen secondary reaction (totaling 12,900 to 19.400 Btu/lb of aluminum) 
must be removed from the bath during the reduction process to maintain the bath heat 
balance. 

The electrolytic cells (commonly called pots in the aluminum industry) used to reduce the 
alumina to aluminum are similar to the cell shown in Figure I. The cells may be up to 30 
feet long and 15 feet wide. depending upon the exact type of cell and the production rate 

.3 
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for which the cell is designed. The individual electrolytic cells are electrically connected in 
series, forming groups of cells called potIines. Each pottine may tontain up to 240 cells. In 
each cell, alumina dissolved in the molten cryolite is reduced electrolytically to molten , 
metallic aluminum which in tum serves as the cathode. As the c~rbon anodes are oxidized 
by the liberated oxygen, the anodes are adjusted down or replacedias necessary. At intervals, 
molten aluminum is tapped from the cells, transported to a casting facility, where it is 

I' 

alloyed (if desired), cast into ingots or billets, and cooled. As required by the cell, additional 
alumina and fluorides are dissolved into the molten cryolite. The] fluorides are required to ], 
maintain the proper cell chemistry. A generalized process flow diagram is presented in 
Figure 2. :', 

Electrolytic Reduction Cell Types - There are two basic types of cells used in the :: 
Hall-Heroult process - those with multiple, pre baked anodes, and those with a self-baking 

, I 

or Soderberg anode. In both types of cells, the anodes are suspended from a superstructure 
extending over the cell such that the vertical positionpf the anodes may be adjusted as the .i 
anodes are consumed during the reduction process. In a prebake c~ll, the anodes are formed 'j , 

, I 

from a coke/coal tar pitch mixture and baked (to approximately 2,IOOOF) in an oven prior :" 
to being. used in the reduction cell. As the prebake anodes are cdnsumed, the anode butts ::: 

'. ,I' 

are removed and new anodes added. In a Soderberg cell, the cok~/coal tar pitch mixture is" 
loaded into a steel frame on top of the reduction cell and baked Iby the heat coming from r: 
the top of the cell and electrical resistance. As the anode is consumed from the bottom, the '.\i­

anode is lowered; and more of the coke/coal tar pitch mixture i~ added to the top of the ;1, . , 
anode. 

The prebaked anode cells are further broken down into two subtypes - center-worked 
I. 

prebake cells (CWPB) and side-worked prebake cells (SWPB). The center- and side-worked ·1 

designations refer to where the alumina is added to the cell. WherJ required by air pollution 1,< 
I 

control agencies (currently at all but one U.-S. primary alumi11um plant), the pots are 
covered with metal hoods to collect the evolved gases and dust

l
:] particles. The hoods are J' 

ducted together, and the hood exhaust gases transported to scrubbers where the dust and '., 
:'; 

fluorides are removed and the gases vented to the atmosphere. The hoods and the scrubbing 
" I, 

system are called the primary air pollution control system. A typical hooded CWPB pot is i, 

shown in Figure 3. Figure 4 shows a typical SWPB pot. The SWPB pot shown in Figure 4 has 1/ 

one of the hood doors open as would be required' for pot t~nding operation (adding I, 

alumina, changing anodes, etc.). 

Soderberg cells are also broken down into two subtypes - horizontal stud Soderberg (HSS), 
and vertical stud Soderberg (VSS), shown in Figures 5 and 6, resp~ctivelY. In a VSS cell, the 
electrical current carrying studs project vertically thmugh the urybaked paste portion and 
into the baked portion of the anode. In an HSS cell, the current ~arrying studs are inserted 
ne~rly horizontally into the anode. As the anode is lowered to repl~ce the consumed catbon, 
studs must be extracted and reset to higher positions. Since bot~: types of Soderberg cells 
have a single anode in the center of the cell, all cell tending operatibns are around the side of 

, 1 

the anode. ' 
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Since the Soderberg anode is baked in conjunction with the reduction process, the: 
hydrocarbons and volatiles released from the baking pitch binder are added to the cell gas ", 
and dust emissions associated with the reduction process. The pitch binder emissions have a : ; 

r ' 

tar-like nature. Since the anode studs on VSS cells arei;located above the cell superstructure,':!, 
I j: "I 

VSS cells have an integral gas collection skirt around the cell casing. This enables the tar and :1' 
gas emissions to be collected at a sufficient concenb-ation and temperature to maintain: t 
combustion of the products in special burners adjac6nt to the dells as shown in Figure 6. : 

!! I " 

These burners essentially completely bum up the tar-like hydrocaibons and volatiles. i , 
.' \ 
, , I: I" 

HSS cells do not use the same integral gas collection skirt and burner arrangement as the !, 
VSS cells. Since the anode casing for an HSS cell has! removablei! sections for repositioning:. 
the horizontal stud as shown in Figure 6, the removalJle section~ do nct permit installation;' 
of an integral gas collection skirt. Because of this, collection is !accomplished by hooding :~' 
with removable side panels (to allow access for cell tending~perations). This form of! 
collection results in air dilution to such an extent that self-com8:ustion of the released tars ~ i' 

and gases in the burner is not possible. Typically, theke tars are lemoved by wet-scrubbing. i ',' 
Ii 

1.2.2 Alternate Aluminum Production Technologies 
j , 

While the Hall-Heroult process is the only large-scale primary aluminum production process ," 
currently being used in the world, there are a number q~f other' alt~'rnative primary aluminum I"~ 
production processes that have been considered sin~e the Hal1~Heroult process was fIrst L 
developed in 1886. None of the alternative process~s described below have reached the ;:; 
point where they can economically compete with !iall-Heroultl' process. All of the large 
primary aluminum plants being constructed or proposed are HalliHeroultplants.Themajor- : 
alternative processes under current consideration are: I ' 

1. 
2. 
3. 

Tolt process 
Alcoa silicon/aluminum alloy process 
Alcoa AlCl3 electrolytic reduction process I 

These three process are described in more detail in the following pkragraphs. 
, I 

~ ! I i 

~ , 

I 
I, ' 

" 

Tolt Process - The Tolt process is a multistep, nonelectrolytic process which uses carbon in," 
the form of coke to reduce alumina via an AICl3 inter~ediate sta~e. The basic reactions are !,' 

,I I: 

shown below: 1 

Al203 + 3Cl2 + 3C - 3CO + 2A1C13 i 

MnCl2 + 02 - Mn02 + Cl2 

Mn02 + 2C -Mn + 2CO 

2AICl3 + 3Mn - 2AI +3MnC12 

11 
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Since the chlorine and manganese are recycled with the process, the net reaction with 
alumina is: 

Al203 + 11 C + 402 - 2Al + II CO 

Because the Tolt process is in an early stage of development, no real plant operating process 
parameters are available. The high carbon consumption required for the process appears, 
however, to offset any cost savings over the Hall-Heroult process. Based upon a preliminary 
evaluation of the process, there appears to be a number of high and low grade waste heat 
streams that could be recovered from within the process. 

Alcoa Silicon/Aluminum Alloy Process - The Alcoa silicon/aluminum alloy process is direct 
reduction process which produces an aluminum/silicon alloy by reducing the ores with 
carbon (cool) in furnaces similar to iron and steel blast furnaces. The process produces as a 
by-product 16 times as much CO as aluminum. Preliminary cost analyses performed by 

\ 

Alcoa indicate that the process is only viable if the CO by-product gases can be sold to an 
outside user. 

The Alcoa silicon/aluminum alloy process is still at the lab-scale development stage. A joint 
DOE/ Alcoa research program on the process is underway to construct a small-scale pilot 
unit to determine the feasibility of the con~~pt. 

Alcoa AICl3 Process - The Alcoa AlCl3 process is a proprietary electrolytic process 
~ "-involving the redtiction"'of AIC13 at 'I ,4000F in do sea "cells. The evolved 02 "gas is recycled 

within the process and is used in conjunction with carbon to produce AICl3 from alumina 
(Al203). The AICl3 process is claimed by Alcoa to reduce the electrical energy requirements 
by 30% over the Hall-Heroult process plants. Much of the electrical cost savings appear to be 
offset by additional carbon (cool) required to produce the aluminum chloride. 

While Alcoa is currently testing the process on a' pilot plant level (nominal 15,000 tons/year) 
at Palestine, Texas, in an effort to reduce the process to commercial practice, there is 
currently much discussion in the primary aluminum industry as to how practical and 
efficient the process will be when and if it is reduced to commercial practice. 
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2.0 SURVEY OF U.S. ALUMINUM PLANTSIFOR 
RECOVERABLE PROCESS HEAT Ii 

The baseline district heating waste heat recovery concept was based upon a study of the 
Intalco Aluminum Corporation and appropriate prim~ aluminJrn production literature. 
The purpose of the Task I waste heat survey was to re~iew the priplary aluminum industry 
with regards to potentially recoverable thermal process I energy soJrces and applications for I' 

the recovered energy. This information was then be uS6d to develbp a data base to ensure 
" I 

that the baseline distri9t heating system, or an alternative waste heat recovery concept to be . 
I, 

selected in Task II, would be applicable to the primary aluminum industry as a whole . 
! 

2.1 SURVEY APPROACH 

The Task I survey efforts consisted of three separate parts: 

I. Literature survey 
2. Waste heat questionnaire 
3. Plan t visits 

The literature review was aimed at determining trend~ in prima& aluminum production 
I • II 

technology and appropriate waste heat recovery technol?gy. ! 

Waste heat survey questionnaires were mailed to each of lit he primrut aluminum producers in 
,I' II, ' 

the United States.' A copy of the survey form and the standard cO~ler letter are presented in 
Appendix A. Prior to mailing out the waste heat survey forms, ea,~h of the producers was 
contacted by telephone, and contacts were made with the app1ropriate people in each 
organization. As the surveys were returned, follow-up calls were !made as required to the 
various plant personnel to further clarify the supplied data. ! 

, I, 

During the course of the program, three primary aluminpm plants ip addition to the Intalco 
Aluminu!fl Plant were visited by program personnel' and discJssions held with plant 
personnel on both the various waste heat recovery/utilizatiqn copcepts and on potential 
plant-related problems. The plants visited were typical'1of the entire range of Hall-Heroult 

, I 

process aluminum production electrolytic reduction cell types used in the United States. 
The three plants visited were the Reynolds Aluminum plants at Ttoutdale, Oregon (CWPB 
cell plant); Longview, Washington (HSS cell plant); and the Martin N1ari~ha Xfiiii1inum plant 
at Dalles, Oregon (VSS cell plant). The Intako Aluminttm Corpora:tion plant is a SWPB cell 
plant. !' 

2.2 SURVEY RESULTS 

Waste heat survey information was received from 29 out of the 3 United States primary 
alu~inum plants. The plants supplying information correspond tq approximately 97% of 
the total U.S. aluminum production capacity. Some of the informat1ion requested (primarily 

:, II 
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related to current production rates and energy consumption) on the survey forms was felt to 
be proprietary by some of the aluminum producers and was not supplied by them. Where 
this data was required for the analysis efforts, the required data was estimated, based upon 
similar type plants and alternative information sources. 

2.2.1 Waste Heat Sources 

The major waste heat sources in primary aluminum industry are the cast house, anode 
baking ovens (prebaked anode cell plants), and the electrolytic reduction cells. Each of these 
waste heat sources is described in more detail in the following.sections. 

Electrolytic Reduction Cells - The electrolytic reduction cells consume approximately 80% 
of the energy used in the primary aluminum plants. This figure includes the fuel value of the 
carbon consumed in the anodes. Considering only the energy used directly in the plant, i.e., 
natural gas, fuel, and electricity, the reduction cells account for over 90% of the energy 
consumed within the plants. 

While the exact percentage varies widely from plant to plant, approximately 50% of the 
total energy input to the reduction cells is converted to thermal energy and must be 
removed from cell to maintain the proper cell operating temperature. Much of this energy is 
picked up along with the air and pot gases by the primary air pollution control system with 
the remaining energy radiated and convected into the potroom environment. In plants 
which in the past have not had primary air pollution control systems, all of the energy was 
transferred to_.the_potroom.environment (currently all but one of the U.S. primary 
aluminum plants have or are installing primary air pollution control systems). The one 
remaining plant will be installing a primary air pollution contr~l system within the next few 
years to meet Federal air pollution control requirements. 

The gas temperature and the amount of energy entrained in the primary air pollution 
control system gases varies, depending upon the cell type and the plant operating 
parameters. The approximate gas temperature range for each type of cell is listed below: 

SWPB 
CWPB 
VSS 
HSS 

250 to 2900 F 
185 to 3000 F 
400to 7000 F 
195 to 3000 F 

From a heat recovery standpoint, both types of pre baked anode cells are essentially 
identical in approximate primary air pollution control system gas temperature and flow 
rates (per ton of metal produced). The gases in the primary air pollution control system in 
both types of cell consist primarily of air, cell gas emission (pot gases), and contain a slight 
amount of particles and cryolite. 

The gas flow rates and temperature of the primary air poIlu tion gas stream from HSS cells 
are basically the same as from the pre baked anode cells, except that gases coming off the 
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HSS cells are very heavily laden with soot and hydrocarbon tars produced by the baking : 
anode paste. As long as the gas temperature remains fairly high, these tars tend to remain in ' 
suspension. When these gases are cooled, the tars coriidense out. l'These tars would tend to, 
build up on any heat exchanger surfaces at a high rat~ (more thah 0.9 inch/week). Thus, in :. 
HSS plants, any heat recovery heat exchangers in the ,primary a~ pollution control system, : 
would require heat exchangers employing effective surface cleaning methods. " 

, , I: : 

In VSS plants, the soot and hydrocarbon tars in the gases are bufued as they leave the cells ;, 
Ii ' 

and do not enter the primary air pollution control system, eliminating any problems with" 
tars building up on the heat exchangers. VSS cells typiyally tend t6 dump greater percentage i.: 
of the waste heat from the' cells into the potroom environment, resulting in less thermal Ii . 
energy being picked up by the primary air pollution c;ontrol syst1rm. The lower quantity of ,: . 
thermal energy in VSSplants is somewhat effected by the hikher temperature (400 to i i 
7000F) of the primary air pollution control system gases which ~rcreases the availability of,: 
the energy. '; 

i' 

While the relative merits of the various cell types a~e not gen~rally agreed upon by the:, 
industry, the trend in the United State and Europe for new prodpction capability is toward:; . 
pre baked anode cell plants. This trend is shown in Table 1. ii 

I' : 
i: 
I' 

The total quantities of energy potentially recoverable from each of the, U.S. primary': 
aluminum plant fume collection systems are presented in Tablel2. This amount of energy i 
(7.39 x 109 Btu/hr) corresponds to approximately 83.5% of t~e recoverable energy from i: 
the three primary waste heat sources. 'i - : 

i' 

Cast Houses - At regular intervals, molten aluminum (l,8000F) is removed from the cells; 
and transferred to holding furnaces in the cast house. The inteJior of a typical cast house ::: 
(IntaIco) is shown in Figure 7. In the holding furnaces, the m~tal is alloyed, stirred, and;:: 

"I, ' 
prepared for casting. The metal is held during this prqcess at a c~sting temperature of 1,300:,,' 
to 1,4000F until it is cast into the required form. Typically, the kluminum is cast in a water", 
cooled mold. Some of the cast aluminum forms (tYPically extr,~sion billets) go through ai', 
heat treating process called homogenizing before leaving the casf house. In this process, the>: 
c<:ist aluminum pieces are placed in special homogenizing funiace~ and held at a temperature: 
of 1,000 to 1,1 OooF for a period of 4 to 8 hours.' :. 

j' " 

I' , 

Cast houses typically have two supporting operations - a dross reclamation facility and a: 
,I, : 

remelt furnace. The dross opera,tion involves the recovery of molten metal from dross. Dross,;, 
is a combination of aluminum oxide, alloy oxides, and aluminub metal which is skimmed.: 
from the furnaces prior to casting. This material is tra'nsferred to lia rotarY kiln and processed!, 

I, ". 

with salt at approximately 1,4000F. The oxides and the salt form a slag material, and the:' 
metal separates and is recovered. The remelt furna~e operatiori is comprised of a melting~ 

I' II ~. 

furnace which is charged with recycled' scrap, saw' chips, andl, the metal from the dross" 
operation. Occasionally, f0f special alloying needs, precast bar i~ also charged. This metal is;' 
melted down, tapped into a metal transfer ladle, and transpotted to one of the holding" 

~ ,,; 

furnaces where it is converted into product along with the metal from the potlines. ' 
, 
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Table I 

CURRENT TRENDS IN ALUMINUM 
PRODUCTION PROCESSES 

HSS 
Plant Number Plant 

Expansions Plants Expansions 

1* 

1 

4 7; 

6 1· 

2 l' 

1 1: 

1 7 

2 1 

3.767 x 106 tons/year 1.043 x 106 tons/year 

69.5 19.2 

VSS 
Number Plant 
of Plants Expansions 

4 

4 

4 1 

4 

4 

4 

4 

4 

-
0.613 x 106 tons/year 

11.3 
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The waste process energy from the cast house operations consists primarily of energy in the 
stack gases of the various furnaces and as the latent a,pd sensible:: energy of the aluminum 
given off during the· casting process. The temperature of the st4ck gases off the holding, ' 
dross, homogenizing, and remelt furnaces ranges fr0!ll 265 to 1'1 ,8000F. The lower gas 
temperatures are the result of cooling or being mixed with the furnace gases in the stacks to 

!I I) i," 

prevent damage to the stacks by the hot furnace gases; Due to the nature of the water chill 
, ,I 

casting process used by most of the plants, the energy,: produced by the cooling aluminum :' 
during the casting process appears as a rise in the mold cooling w~ter temperature with the " 

, I 
maximum temperature below 1500F. ii 

!) 

'I 

The total energy consumed by the cast house is only!: about 4% :~f that .consumed by the i i 

plant. Assuming all of the furnace stack gas energy could be recovered before it was mixed . 
with cooling air in the stacks, the total amount of recoverable ~nergy from the furnaces 

:! I; 

would amount to approximately 10.5% of the potentially recover1ple energy from the three;: 
primary waste heat sources. "Ii· 

Anode Baking Furnace - All but one of the Uniteq States' p~~bake plants have an~de : ': 
baking ovens. The one prebake plant without an anode baking furnace purchases its baked,', 

. :1 l' 

anodes from a nearby sister plant. 

, 11 

The majority of plants use ring furnaces, which are sun,ken baking;pits with interconnecting 
flues to bake the green' anodes. The baking pits are fired with n~tural gas or oiL' The flue ;: 
system in the baking permits the hot gases from the sections of the pits being fired to 
preheat the next batch of anodes to be baked. T: 

Another type of bake furnace called a tunnel kiln is also used. Iri a tunnel kiln, the anodes I', 
II r ~ , ~: 

are baked under a controlled atmosphere (to prevent oxidation of the anodes) in a long kiln. .' 
II II I' 

The flue gases from each type of furnace are heavily laden with tars, soot, and particulate 
matter generated during the baking process and must ~e wet scru~bed before being released i; 
to the atmosphere. The average temperature of the aAode bakin~ furnace exhaust gases is " 
approximately 3750F before the scrubbers. :1 I .,' 

For the industry as a whole, anode baking furnaces co?sume onlYi,about 3.6% of the energy I 

used for primary aluminum production and contain only about 6.0% of the potentially ': 
II jl " 

recoverable energy from the three primary waste heat sources. " 
,! 

, I, 
Other Sources - In addition to the three primary waste hea'~ sources, some primary 
aluminum plants have additional major waste heat sources. Foui United States aluminum 
plants generate their own electrical power with on-sitetherrnal :blectriC generators. These 
generators represent potential waste heat recovery sources fr~m their stack gases' and : '. 
condensers (turbines operated in back-pressure mode for cogeneration applications). At least ~.I 

I' Ii I 

one aluminum plant has an on-site coke calciner. The coke calciner represents' a waste heat 
• • • , I, • 

source at approXImately 2,0000F. I 1 

I 

19 
, 
I·' 
.'.' 



2.2.2 Plant Locations 

The 31 United States primary aluminum plants are located throughout the country as 
shown in Figure 8. The plants tend to be located near sources of low-cost electrical power. 

For external utilization applications of the recovered waste heat, the distance that the 
energy must be transported from the plant to the point of ~se determines whether or not 
the energy can be utilized economically. For the baseline district heating system, the 
required transport distance is the distance from the plant to the nearby population centers. 
Figure 9 shows the relative plant and population center distances for the United States 
primary aluminum plants. The same information with the HSS process plants eliminated is 
shown in Figure 10 (leaving approximately 80% of the United States production capacity). 

It should be noted, however, that even where the thermal energy transport distances may be 
too great to be economical, a district heating system or other external utilization application 
may still be practical. Given the availability of low-cost thermal energy to the area 
surrounding each aluminum plant, it is conceivable that potential users would tend to locate 
in an area close to the plant. The strongest attraction would be to industrial operations with 
a large demand for low-grade thermal energy, i.e., avery concentrated demand by 
comparison to the example site chosen for this study. Such situations would be expected to 
show even better economic criteria than the example case. The aluminum plant, by offering 
low-cost energy, could in essence create a demand for that energy over time. 

2.2.3 Predicted Trends 

The search for defined trends in the aluminum industry was made so that the magnitude of 
the waste energy streams could be predicted for the 1985 time frame. References 1 and 2 
list data on past and/or near future primary aluminum production capability in the United 
States. As is evident from the data of Table I, there have been no new primary aluminum 
plants built in recent years. Two new plants are under consideration at the current time. 
Environmental concerns have delayed the ground breaking for the more advanced of the 
two proposals. Taking a conservative estimate, it is assumed that neither plant will be 
operational by 1985. 

Thus, the trend set for the last several years is likely to continue; expansion in primary 
aluminum smelting capacity will be through expanded capability at existing plants. In the 
past, the rate of expansion has been between 1 and 1.7% per year. It is concluded that 
aluminum production capability in 1985 will exceed that of 1977 by 8 to 14%. An increase 
of 11 % for this same period has been assumed in this analysis. As the total energy in the 
fume streams is, at least to the first approximation, directly related to the primary 

1) Aluminum Statistical Review, The Aluminum Association, Inc., 1976 

2) Primary Aluminum Plants, Worldwide, Part 1, Detail, Bureau of Mines, Division of Nonferrous Metals, 
June 30, 1977 
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production, the industry-wide fume energy above 700 F is estimated in 1985 to reach 8.205 
x 109 Btu/hr. Replacement of fossil fuel (energy value 129,500 Btu/gal: burner efficiency 
100%) by this energy would result in a savings of 13.2 x 106 barrels of oil per year. If a 
burner efficiency of 70% is used in the calculation, then the predicted savings increases to 
18.9 x 106 barrels of oil per year. 
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3.0 SELECTION OF PROCESS ENERGY RECOVERY APPLICATION AND 
I I: 

THERMAL ENERGY STORAGE SYSTEMS - T~SK II 
, i: 

The objectives of Task II were to reevaluate the availa,ble primarY aluminum plant waste 
heat sources and, on the basis of the Task I survey and, preliminary engineering economic 
analyses, reevaluate the baseline waste heat recovery/ut~ization application and alternative 
recovery /utilization applications. ,The best process energy recoverY/utilization application 
and its appropriate storage devices would then be sel~cted for detailed engineering and 

I 

economic analyses during the remainder of the program. ,,' ii 

3.1 UTILIZATION OF RECOVERED PROCESS ENERGY 
'I 

To effectively utilize the energy that is potentially recoverable froin the various aluminu~ 
, 

reduction plant sources, the following two areas are critical: I 

. ,~I', 

1. Establishment of applications that could utilize the recovered process energy 
I 

2. Identification of economically attractive energy collestion, transmission, and 
storage systems 

I: 

I 
As described in Section 2.0, there are several locations within prim~ry aluminum plants that 
contain high temperature energy and as such, are attractive for wa~te heat recovery. While 
these applications are economically attractive, theirltotal, conservation impact to the 

• • , 1 

aluminum industry is'limited. ,The most significant conservation impact that can be created 
by the aluminum industry is to effectively utilize the 'massive a~ount of 1200 to 7000 F 
energy available from the primary air pollution control sy;stems. 

In order to utilize this low temperature energy, several applications external to the plant 
" have been identified. Obviously, where applicable, internlal plant utilization of the recovered 

process energy is preferable, since this reduces the energy; input req~ired per unit of product 
produced, and logistic complications associated with plant shutdov{n, etc., are not a factor. 
For applicatio~s where external applications are involved, backuJ

i
, systems, etc., must be 

included. :, 
I, 

The following sections discuss both internal and external utilization of recoverable energy 
" I' 

from the aluminum reduction process. I: 

3.1.1 Internal Utilization of Recoverable Process ThefI11.al Energy I: 
, , 

The energy recovered from the various process areas in aluminum reduction plants could be 
utilized in the overall process either directly as therrhal energy ,lor indirectly by being 
converted to electrical energy by means of a thermoelectric power plant and used to provide 
some of the electrical demands of the plant. I: 
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Direct Utilization - Due to the nature of the aluminum reduction process, electrical energy 
provides all of the energy required for the actual electrolytic reduction of alumina to 
aluminum. Fossil fuels used in the aluminum reduction process are only consumed for 
secondary processes (remelt furnaces, holding furnaces, anode baking, etc.), or are used as 
raw materials for the anodes. The energy of the fossil fuels consumed for thermal processes 
amounts to only about 6.5% 0 f the total process input energy. Any recovered process 
thermal energy can be used directly in those processes which' can utilize the thermal energy, 
i.e., the cast house operations or the anode baking furnaces. ' 

Due to the temperatures of the various recoverable energy sources, the only direct 
applications of recoverable energy would be to utilize the cast house recoverable energy in 
the anode baking furnace, or utilize the same energy in recuperators in the cast house 
furnaces to preheat the incoming furnace combustion air and reduce fuel consumption. 
Even if all of the recoverable energy from cast house were utilized in the baking furnace, 
some additional outside energy in the form of fossil fuels would still be required to reach 
the maximum baking furnace temperature of 2,1000F. 

Based upon preliminary cost analyses, it appears to be more economical to utilize the 
recoverable cast house energy within the cast house for furnace recuperation than to 
. transport the energy to the anode baking furnaces. 

Indirect Utilization - In an indirect utilization application, the recoverable thermal process 
energy would be stored and then upon demand, converted into electrical energy by means 
of thermoelectric generator. This electricity would then be used internally within the plant 
to reduce the plant's outside electrical consumption. This concept would allow the 
aluminum reduction plant to reduce its external power demand during times of peak 
electrical utility loads. 

The maximum amount of electrical energy that could be recovered from each of the various 
process areas of the plant is limited by second law of thermodynamics. Using the Intalco 
plant as an example and a Rankine cycle conversion of this thermal energy to electrical 
(1000F heat rejection temperature), the amount of electrical energy potentially available 
from each of the Intalco process areas is presented in Table 3: 

The high temperature waste heat stream from the cast house furnaces would be an attractive 
site for an optimum application study. Recuperators and charge preheaters should be 
considered as well as a cogeneration system. As the current study is concerned with 
application for storage in the low temperature waste energy, and as the high availability 
waste stream represents less than 20% of the energy available, the current study 
concentrated upon the low temperature streams. 

The operation of Rankine cycle turbogenerators in a "botto~ing mode" is known and the 
economics and efficiencies well established by many investigators. The very low overall 
efficiency of these systems, compared to the very high utilization achievable through district 
heating systems, causes the latter to be more attractive. 
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Table 3 I: 

INDIRECf RECOVERABLE PROCESS ENERGY 
RANKINE CYCLE CONVE~SION 

INT ALCO ALUMINUM PLANT 

" 

Assumed Estin;tated 
Ii Total 

qavailable Average Conversion' 
Energy Source Electrical 

Btu/hr Temp. o Efficiency ,. 

I' 

ji

MW 
(OF) (%) 

:1 I' , 

Anode baking furnaces 8.3x 107 372 7 I 1.7 

i 

Cast house (remelt, 7:08 xl07 1,200 19 1,14.0 
holding and homog-

" 

Ii I, 
" 

enizing furnaces) ii 

3.3 x 108 
I [I 

Reduction cells (energy 260 6 
It 5.9 

available in primary air 
pollution control 

;i I: system gas stream) 
I: 

II I 

': 

I 

i 

% of PIant 
I. 

Electrical 
Requirement 

0.4 
, 
I' 

1.0 

1.4 

3.1.2 External Utilization of Recoverable Process Thel'111al Energy , 
.:: ._~ . • _ _ __ .. . .. '~ • ,... •.• ._'. _.!' . ~I t • 

Application - In recent years, a considerable amount of work vas been devoted to the 
utilization of low-grade thermal energy. This work was", performed! not only for waste heat , 
utilizatio~, but for utilization of geothermal and oth~r 10w-gradJ energy sources. The six ;', 
basic application areas other than electrical power gen~ration are:!lgreenhousing, open field i' 

soil warming, aquiculture, snow and ice control, comfort condition;ing, and low temperature ,i'; 
industrial process energy. :,:'. 0 

ii 
Greenhousing - Of the three agricultural applications, the heating of greenhouses with 

" t 
low-grade heat has received the most attention. Several pilot operations are currently in 
operation; for instance, a 5-acre complex in Abu Dabi produces 1 ~on of vegetables per day. : . 
Waste heat from a steam-electric plant in Romania I; is pumped 4 miles to a 325-acre 
greenhouse complex. . :, I: i ' 

! 
. ' 

Most existing products make use of the heat only during the w~nter months. A cooling 
tower is used to dissipate that energy during the summer. A backup heat source (fossil fuel) :' . 
is provided to avoid crop loss in the event of a power plant 'shutdown. Thus, capital 
investment is relatively high due to redundant systems. Note that fdr the system in question, 
cooling towers or alternate dissipation systems are not requireq. The industrial process 
currently operates satisfactorily, and no change in this a~ility is for~seen. 
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Retrofitting existing greenhouse complexes for low-grade heat utilization should be a 
relatively simple matter as the most common heating system is a hot water or low pressure 
steam grid, designed for fluid temperatures in the 200 to 2300 F range. To convert to 
low-grade heat in the 200 to 2200 F range requires no change in the piping system; only the 
controls. 

A severe disadvantage is found when the waste heat sourc"e is considered for greenhouse 
heating: 

1. The high capital expenditure associated with greenhouses requires a crop which 
shows significant growth improvement in a greenhouse environment and which 
commands a high price. Known crops which meet these criteria are tomatoes, 
cucumbers, lettuce, and decorative plants (flowers, house plants). None of these 
are staple crops. It is difficult to justify expenditure of public funds towards the 
creation of luxury goods, when population growth trends indicate a staple food 
shortage in the future. 

2. A second disadvantage is that greenhouse facilities are not necessarily found near 
aluminum plants. 

Open Field Soil Warming - The concept of extending the growing season for open field 
agriculture through soil warming has been under investigation for several years. Frost 
control for citrus orchards is usually included under this heading. When compared to 
greenhousing, this concept requires significantly less overall expenditure per acre; hence, 
crops are not limited to luxury foods and decorative plants. Open field soil warming 
experiments with potatoes in Minnesota and with several crops (notably bush beans) in 
Oregon have shown that double cropping is feasible in some environments, with some stabl~ 
crops. On an annual basis, land productivity was increased 30 to 70% (the second crop 
generally shows lower yield). In the case of potatoes, the second crop was also of lower 
quality (smaller), but acceptable on a nutritional basis. 

A significant disadvantage for the open field soil warming application is found in the annual 
demand profile. The costs associated with heating toward a full year growing season are 
prohibitive; hence, the system actually works to allow earlier spring planting and later fall 
harvesting. During the winter months, the energy may be dissipated by the field system, but 
not to a useful purpose. It is unlikely that the power required to pump the heat transfer 
fluid to the field would be justified under this condition as existing dissipation means 
operate satisfactorily. During the summer months, dissipating heat in the soil may be 
harmful to the crop, especially during the day time. Hence, a soil warming system must 
justify its expenditure based upon operation for only spring and fall operation, perhaps 50% 
of the year. 

An unexpected disadvantage of open field soil warming was noted in the Oregon studies. 
Considerable difficulty was experienced with disease and pest control in the heated plots 
when compared to the control plots. Experimenters attributed this phenomenon to large 
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flocks of birds which were attracted to the warmer soil, as Jell as the more favorable' 
incubation conditions. Bird damage to the crops was al~o more se~ere in the heated plots. :: 

II I, 
, f 

Heating of barns and stalls for increased protein production from j:domestic animals has been: . 
suggested, but no data was found to indicate significant improvement by this means. ! 

I 

Aquaculture - Low-grade waste heat is used to i+prove" aq~aculture yields in several;' 
countries, notably Japan, Western Europe, and the U.S.A. Many additional long-term,;' 
projects are suggested against the future worldwide food shortage} 

I ' 

I' ':. 
In Western Europe, carp forms a significant enougp portion, ;pf the protein diet to be.::. 
considered a near-staple commodity. The carp culture industry I. is an established one, and J 
pond heating exists on a cost competitive basis. CaJ!p growth rate is sensitive enough to :.: • 
temperature so that fish can be brought to marketable size in th~ee seasons in heated pools, i, 
when four seasons are required in unheated pools; thus a 33% yield increase is possible." , 

!i ! . 

In Japan, Red Sea bream, Crimson Sea bream, eels, abalone, yeilowtail, spiny lobster, blue I i 
II ~i ,<' 

crab and prawns all have been evaluated as crops for waste heat augmented aquaculture.': 
;; I' .' Most of the work to date has been research or nonprofit opera~ion. In Japan, as in many" ; 

other democratic countries, the charter of utility companies dbes not include the sale or:;' 
~ I' 11 I 

heated water, nor the production of food. This may explain the "nonprofit" nature of I , 
I .,'. 

installations to date. In the USA, commercial aquaculture is accomplished without heating" 
,I ' 

with catfish (in the Southeast) and trout in the Northeast, Mountain and Northwest regions.!r 
Studies have shown these indiginousspecies benefit V~ry litt1e-ftbm'heated environmentsin:'· .. · .. _- -­
the regions wher~ a market exists for them. It i~ likely that a C1tfish production facility in;:' 
the Northern latItudes would benefit from heahng the ponds; ~pwever, no market for the,:;: 

" .I, product exists in these regions. 

Two heated commercial aquaculture ventures are in operation mii New England. Both utilize:' 
the cooling water effluent from large power generation station~ "by agreement" with the·:!i. 
operating utilities. Coho salmon and oyster seed are,produced.iiln the case of the oysters/it 
growing in heated environment to marketable size has provert unprofitable. "Seed" are';:' 
started in the heated effluent, then transferred to a n~tural mariAe environment for most of1 r 
their growing cycle. Studies showing economic feasibility are r~ported for a third scheme'!'. 
involving production of fingerling rainbow trout dunng the winter and fresh-water Asiami: 

L , 

prawns during the summer. This could also be viable in the pacific Northwest ciimate,;t 
although no indication was found that it is under considerat~on. Clams, scallops, spiny!! 
lobsters, and oyster seed are under study in California as products from waste heat!' 
augmented aquaculture. i' 

I ~' , 

Many forms of algae are suggested as a future source :,of high prd'tein animal feed, or human::, I 
protein supplement. Algae shows significant growth' enhancem~nt in heated water (most:, ,.: 
cooling towers and ponds incorporate algicides to avoid cioggipg and fouling). Currently,! 

I I', 
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harvesting and processing techniques are under study. Processing is especially critical as the 
product must be dried and heated to make the protein digestible. The required temperature. 
is in excess of 1000C, and much water must be evaporated; hence, at the current time, the 
processing requires so much energy that the output product is not competitive with other 
protein sources (soy beans, etc.). 

Comparing the requirements of heated aquaculture systems' with the characteristics of the 
aluminum industry waste heat source, the following conclusions are drawn: 

1. The requirement for storage is eased as the pond forms its own storage reservoir. 

2. The annual variations in available and required energy can be accepted by 
incorporating different species in winter and summer months. 

3. Of the three agricultural applications, aquaculture. will require the least 
expenditure for user-end heat exchangers. The air side of the greenhouse heat . 
exchanger is the limiting factor there, while the very diffuse geometry required 
for soil warming results in high expense. 

4. As heated aquaculture is not currently a widespread industry in the U.S., 
application of the waste energy to this use presupposes the development of a new 
industry. While not specifically forbidden, it would be preferable to choose an 
application where the waste heat could be used to replace a demand for some 
higher grade energy form. 

Snow and Ice Control - Geothermal energy is used to keep certain very critical roads clear 
of snow and ice.--The waste heat from a-nuclear plant is proposed as a method to keep the 
St. Lawrence Seaway clear of ice. While no significant applications of this type are known 
for the Seattle area, it is possible that this could form a viable use in other parts of the 
country. Basically, energy is required only a few months per year. However, very low grade 
(300 C) energy could be used. Energy savings takes the form of reduced gasoline 
consumption of municipal snow plows and sand and salt trucks, a difficult parameter to 
quantify. Overall benefit must include the reduced accident probability, which is even more 
difficult to reduce to a dollars basis. 

Space Heating - Space heating for human comfort accounts for a very large fraction of the 
national expenditure of fossil fuel. In recent years, a growing fraction of the comfort 
heating is accomplished electrically. All else being equal, the replacement of electric heating 
energy with waste energy presents the greatest net savings, both on a national and a local 
level. 

Theoretically, there is no reason why energy at any temperature greater than room 
temperature (700C) cannot be used to heat space. Practically, temperature differences are 
required to encourage energy transfer; and the higher the source temperature, the lower will 
be the costs associated with equipment purchase. 
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Both residential and commercial buildings may be c9nsidered ~,~ potential applications. 
Experience with geothermal space heating systems sho'ws greater e¢6nomic justification for 
systems where the energy density is high, i.e., high riseresidenti~l and larger commercial 
bUildings. : 

1! . 

Space heating is an existing demand for any site under consideratiorl. Individual variations in 
specific sites are a matter of distance from the source to the'demJnd area and the demand 
density. ,,' I 

I 

Space heating has the potential for fossil fuel substitution either directly (through the 
I' 

replacement of existing oil or' gas furnaces) or indirectly (through. unloading fossil fired, 
electric generating plants for replacement of electric heating system~). , 

" 1: 

i, 
District space and water heating systems have been widely used in Europe and elsewhere for 
many years in both residential and commercial heating application~. The energy sources for 
these systems have included dedicated boilers, cogeneratipn with th~rmal electric plants, and 
in some limited instances, waste heat recovered from nearby industriial process plants. In the 
United States, due to the low cost of energy, district heating syst6ms have been primarily 

h 

used for only large commercial applications. 

" , 

, , 

The temperatures involved in the various district heatingiisystem varY widely from system to 
system, depending upon somewhat arbitrarily chosen system operating constraints. In 
Denmark, for example, by law, the maximum temperatNres allowea in internal installation I' 

are 1940F. The district heating temperatures compare vkry favora~IY to the 185t03000F-"', 
temperature, at which bulk of the recoverable energy in prim*ry aluminum plants is;:: 
available. I 

i: 

Low Temperature Process Heat Substitution - A significant atnount of fossil fuel is 
expended in heating low temperature (230 t03000F) processe~. The food processing 
industry is a good example. Generally, product quality is highly d~pendent upon accurate 
temperature control. Neither lower nor higher temperatures can be:! tolerated. The concept 

, ! 
of increasing the temperature of low-grade heat via a~heat, pump

l
: to the desired process 

temperature has been suggested for,many low-grade heat sources. I 

j: ~ " 

Whereas there may be specific situations where an aluminum waste heat recovery system 
, I 

could supply low temperature process heat demands to: nearby industrial site, selection of 
this use as the baseline would be unnecessarily restrictive.';: ' 

I' 

3.1.3 Recovery Application Selection 

Of the various waste heat recovery applications examined, the o/aseline district heating 
concept shows the greatest fossil fuel replacement poteptial. The 'faste heat available and 
hence the potential for energy savings for the waste heat recovery application is estimated to 
be over 80% of the total recoverable waste heat from the primary ,Huminum plant sources. 
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Based upon the Task I waste heat survey and the above analysis, the baseline (district 
heating system) waste heat recovery/application concept was determined to be the best 
waste heat recovery / application and was used as a basis for the remaining analysis efforts. 

It should be noted that the goal of use selection is to choose the most representative use to 
which the low-grade energy would be applied if made readily available on a national basis, so 
that the benefits of making the energy available can be correctly established. Nothing herein 
said should be construed to forbid a nearby greenhouse system or industrial process from 
subscribing to the heating system. In fact, such situations would improve the overall 
economic performance of that individual system. Provision for the residential and 
commercial space heating demands has been chosen as the most likely end use and as the 
end use with the highest fossil fuel replacement potential. 

3.2 STORAGE SYSTEM SELECTION 

3.2.1 District Heating Storage Requirements 

Energy storage plays an important role in efficient utilization of the recovered process 
energy for district heating applications. As aluminum production is essentially a continuous 
process, the energy which could be recovered from the process and utilized is produced at a 
constant rate 24 hours per day, 365 days per year. The energy requirements, however, of 
district heating systems vary widely on both a daily and seasonal basis. An energy recovery 
system sized to handle the daily peak demand without energy . storage would be 
under-utilized during all but the peaking portion of the demand cycle and would be unable 
to utilize the excess energy. Incorporation of energy storage in the district heating system 
reduces the peak energy demand from the source and allows the same energy supply to meet 
the -energy demands of a greater number aT users. 

The same type of load leveling problems that occur on a daily basis also occur on a seasonal 
basis. District heating requirements are higher during the winter months than during the 
summer. Depending upon the location, the average energy demand for the year (yearly load 
factor) is less than 35% of the peak load. 

3.2.2 Storage System Concepts 

Six basic types of thermal energy storage systems were examined in detail for use with the 
district heating system. These storage concepts were: 1) unpressurized hot water in steel 
tanks (storage temperature less than 2120 F); 2) unpressurized hot water insulated heat 
storage ponds (less than 2120 F); 3) moderately pressurized hot water tankage (212 to 
2500 F); 4) aquifer storage (less than 2500 F); 5) unpressurized hot oil, tankage; and 6) hot 
oil/rock hybrids (less th~n 275 0 F). Latent heat of fusion and rock bed thermal storage 
systems were ruled out initially due to their high cost. 

Each of the various storage systems was evaluated on the basis of the following criteria: 

a. Initial storage system capital cost -$/Btu of storage (based'upon estimates shown 
in Figure 11) 
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b. Recurring maintenance cost - $/Btu/year (based upon initial cost and industrial 
experience where applicable) 

c. State of the art (subjective evaluation of degree to which storage system 
technology will be developed by the estimated wide-scale implementation date 
(1985) for district heating system) 

d. Safety, reliability, and potential environmental hazards (subjective evaluation) 

e. Peak storage temperature capability 

f. 

g. 

h. 

Site applicability - extent to which storage system is site specific, i.e., can only 
be used at some sites and not others 

Energy utilization (evafuation of the effect of storage system on the ability of 
system to maximize the energy recovery from the aluminum plant, i.e., seasonal 
storage capability) 

Storage efficiency (evaluation of the extent to which energy placed in the store 
can be recovered from the store). 

The results of this evaluation effort are summarized in Table 4. The site applicability of 
aquifers was based upon a very preliminary study of known aquifers located in proximity to 
the various aluminum plants. The storage efficiency of aquifer storage systems was based 
upon efficiency estimates in the literature. The storage efficiencies of the other concepts 
were based upon detailed heat transfer analysis. 

Comparing the three best storage systems (unpressurized_hot water in steel tanks, aquifer 
storage, and heat storage ponds, respectively), the potentially lowest cost storage system is 
squifer storage. The limited number of proven applicable sites and the fact that aquifer 
storage technology has not been reduced to engineering practice, resulted in a decision to 
base the remainder of this study upon the available technology of unpressurized steel tanks, 
recognizing that more favorable (economically) systems may result when aquifer technology 
becomes proven. 
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Table 4 

STORAGE SYSTEM EVALUATION 

Hot H20 

Weight Hot H2O Pressurized Aquifer Hot Oil 
Hot Oil Insulated 

Criteria (Steel Tank) H2O Storage Hybrid Heat Storage 
Pond 

Initial cost/Btu 3.0 7 4 10 . 1 2 8 

Maintenance cost/Btu 2.0 8 7 7 9 7 7 

State of the art 1.0 9 8 1 9 8 2 

. Safety 1.5 8 5 10 8 8 6 

Reliability 2.0 9 9 7 9 9 9 

Peak temperature capability 0.8 6 8 10 10 10 6 

Environmental hazards 1.0 9 8 9 2 4 7 

'Storage density 0.5 5 6 3 3 4 5 

Site applicability 2.0 10 10 5 10 10 10 

Energy utilization 3.0 5 5 9 5 5 
- - 7 

---- -
---=- -- --=--;-~- ~ -.-----_-----e"- -- - - - . -. -~ - ,- --.- ~ - - . - -- -~ --- .~- - -,-- - -- - -.---.-

Storage efficiency 3.0 9 9 7 9 9 8 

Total weighted score 154 133.7 148.5 133.5 134 146.3 
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4.0 PLANT OPERATIONAL DATA COLLECTION - TASK III 

Based upon the survey results, the Intako Aluminum plant is representative of large, 
modern. aluminum plants. The goal of the Task III efforts· was to gather information on 
plant operation and waste heat release as would be applicable to the district heating waste 
recovery application. 

4.1 ELECTROLYTIC REDUCTION CELLS/PRIMARY AIR POLLUTION 
CONTROL SYSTEM WASTE HEAT SOURCE 

The Intalco plant has 720 prebake electrolytic reduction cells formed into three potiines, 
each containing 240 cells in series. Each potline (A, B, or C) is housed in two buildings (six 
total) as shown in Figure 12. The buildings are erected side by side; and each measures 
1,450 feet long, 125 feet wide, and 50 feet high. The prebake redJction cells, each 15 feet 
wide, 25 feet long, and 4 feet deep, are buried in trenches in the floor of the buildings. The 
CO, C02 pot gases and dust particles evolved during the reduction process are collected into 
the primary· air pollution control system by means of metal hoods built over each of the 
pots . .Figure 13 shows a number of reduction pots and hoods. Air t~om inside the buildings 
is withdrawn from the top of the pots through the metal hoods to prevent the pots from' 

'I 

overheating. The exhaust gases are transported through large diameter ducts to one of six 
dry scrubbers (baghouses) where the dust and fluorides are removed: and the gases vented to 
the atmosphere. A typical baghouse and ducting are shown in Figures 14 and 15.-

4.1.1 Primary Air Pollution Control Gas Temperature and Flow R~te 

After consulation with the Intalco technical staff, a group of 10 "typical" cells was selected. 
These 10 cells were then instrumented with thermocouples to monitor the duct gas 
temperatures, the potroom temperature, and the outside air temperature. 

Due to the high electrical hazard associated with the cells (each cell operates at over 
100,000 amps), special care had to be taken to electrically .isolate the thermocouples and 
protect operating personnel. These precautions included special insulated boots for the test 
personnel, use of isolation transformers, and electrically insulated equipment containers. 

The thermocouple temperatures were recorded over a period of 1 month. The temperature 
data, in conjunction with Intako-supplied monthly and annual data, are summarized below. 

The average gas flow rate from each cell into the primary air pollution control system is 
3,000 acfm, or approximately 6.87 x 1Q6'lbs/hour for all 720 cells. The flow rate is checked 
by Intalco on a monthly basis and adjusted as required . 
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Each cell hood is opened a number of times during each working day for normal 
maintenance. Each cell hood is open an average of 5 to 7% of the time. When the hood is 
open, the temperature in the duct coming off the cell drops by approximately lOooF. Since 
only 5 to 7% of the cell hoods are open at any given time, the resulting influx of cooler air 
produces only a SOF reduction in the average gas temperature in the pot fume collection 
ducts. Each time any given cell hood is opened and closed, there may be a slight change 
(±200 F) in the ensuing steady-state pot duct temperature. This is believed to be primarily 
due to random variation in the effectiveness of the hood edge seals. This effect averages out 
by the time 60 cells are manifolded into the larger ducts. 

The average temperature in the Intaleo fume collection ducts is effected by the outside 
ambient air temperature (ambient air is used to cool.the cells) and the nominal aluminum 
production rate. The effect of the outside ambient air temperature on the average fume 
collection duct temperature is shown in Figure 16. The data presented in Figure 16 is for 
two particular blocks of 60 cells (identified as 4N and 4S) which are representative of 
Intaleo as a whole. 

Based upon discussions with plant personnel, a minimum average duct gas temperature, of 
2600 F can be achieved without undesirable effect upon plant operations. 

During periods of low power availability, the production rate is reduced to conserve power. 
The lower production rate may reduce the average duct temperature by as much as 20oF, 
depending upon the extent of the production cut-back. 

In addition to the thermocouple measurements, additional temperature measurements w~re 
m,ade of the 10 "typical" cells, using an infrared pyrometer. These measurements suggest 
that by insulating the hoods, that over 25% more energy could be recovered. Recovering this 
energy might require, however, changing the cell duct gas flow rate to maintain the proper 
cell heat balance. As the increased gas flow rate might require expensive changes to the 
plant's primary air pollution control system in the form of larger fans and bigger ductwork, 
the existing duct gas flow rates and temperature were used for the Tasks V and VI energy 
availability analyses. 

4.1.2 Test Heat Exchanger 

To evaluate potential heat exchanger corrosion and surface contamination effects, the 
instrumented heat exchanger, shown in Figure 17, was installed in one oLthe larger ducts in 
the primary air pollution control system neat': the location envisioned for full-scale heat 
exchangers. The device incorporated both steel and aluminum tubes, arranged so that each 
material was exposed to stagnation flow, cross-flow, and counter-flow in the fume duct. The 
heat exchanger was removed from duct at intervals and examined for corrosive attach and 
surface fouling. 
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The heat exchanger was tested with surface temperatures ranging!{rom 80 tp 205 0 F. These ' 
\ I 

are believed to be representative of the range of heat exchanger ~urface temperatures that 
would be expected in a full-scale heat exchanger. Over the 4-m0nth period that the heat 
exchanger remained in the duct. no significant corrosion or erosi6n of either the aluminum 

, I 

or steel was found; and the performance of the heat exchanger was consistent throughout 
the test. 
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5.0 EST ABLISHMENT OF INTERF ACE riEFINITIO~ - TASK IV 
, I: 

" 
, ' 

The interface requirements for the primary aluminutp plant w~ste heat/district heating 
system can be divided into three distinct areas: governf11ental restrjctions and requirements, 
plant/system interface requirements. and user/system interface r~quirements. These inter­
face requirements will vary to a limited extent, ,ldependin'g]: upon the, plant type, 
configuration, and its location. The interface reqUirements fo~ the Inta1co/Bellingham 
district heating system described in the following paragraphs are believed to be typical of 

Ii !l 
the nation as a whole. 

i , 

Ii J: 

GOVERNMENT AL RESTRICTIONS AND REQUIREMENTS 
, "! 

5.1 

The governmental restrictions and requirements described below axie based upon discussions 
with the Washington State Public Utilities Commi~sion, the i;BelIingham' Engineering :: 
Department. and the Whatcom County Planning Commission. 

5.1.1 Establishment of District Heating Utility in Bellingham 

,There are two possible forms that a district heating Y,tility migh,t take; either' a privately 
, " II 

owned utility. or a public utility wholly owned by the City of Belli~gham. 

If a privately owned district heating utility were to be established,i.the private utility would 
have to get a franchise from both the City of Bellingham and \Whatcom County (both 
Bellingham and Intalco are located in Whatcom County, and anY:i pipeline connecting the 
two would have to cross a minimum of 10 miles of land under County authority). These 

" I' 
franchises would be granted by the Bellingham City Co.uncil and the County Governme~t, 
respectively. after separate hearings on the desirability (from the' standpoint of the local 
citizens) of granting the franchises. 

Once granted a franchise, the utility would then be liable for an 8,% utility tax on its gross 
sales. The proceeds from the tax would be split between the ,County and City in proportion 

II I' 

to the sales in their respective areas. ' 
I: 

If a city-owned utility approach were selected and approved 
Council, the City would sell revenue bonds to finance the utility. 

" 

I" 

9Y the Bellingham City 

Ii 
" I 
" 

The Washington State Public Utilities Commission does not regulat~: district heating utilities. 
It does, however, regulate municipally owned utiliti~s furnish+g other services. It is 
possible, however, that if large-scale implementation 0C::the distric~ heating concept occurs, 
the State Government could extend the utility regulations to !include district heating 
systems. 
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5.1.2 Easements for Pipeline Right-of-Way and Installation of Pipe 

The hot water transmission line would run from 10 to 14 miles through Whatcom County 
from the Intako plant to Bellingham, depending upon the transmission pipeline route 
selected. Where the transmission pipeline was installed within the confines of the county 
road easements, a construction permit would be granted after county approval of the 
district heating franchise. A condition of the construction permit would include repairing 
any damage done to highways, etc., during construction. If the pipeline were to be run cross 
country rather than within road easements, right-of-way would have to be negotiated with 
the individual property owners involved. 

Within Bellingham, the distribution system would be installed within the road easement. For 
a franchised utility, construction approval for work within the. road easemen t would be 
granted after a permit application was made to the City. The district heating utility would 
be responsible for coordinating with the other utilities to determine the location of existing 
pipes and underground wires prior to construction. After installation of the -pipelines, the 
trench would be refmed and repaved to meet City standards. 

Easements across private property to connect to individual users would be arranged at the 
time service to the user was contracted. 

5.2 PLANT/SYSTEM INTERFACE 

During the course of the program, several discussions were held with the Inta1co technical 
and management personnel concerning potential interface and operational problems 
between the Intako Aluminum Corporation plant and the district heating system. The 
primary requirements from the plant standpoint are that the installation and operation of 
the plant heat exchangers and associated piping not significantly interfere with plant 
operations or create a potential hazard for plant personnel. 

The major interface between the plant and the district heating system is between the plant 
heat exchangers and the primary air pollution control system. The major areas of concern 
with the heat exchanger installed in ducts are: 

I. Location of the heat exchangers 
2. Pressure drop through heat exchanger 
3. Installa tion logistics 

After reviewing the plant and potline building drawings, the best location for the heat 
exchangers appears to be on the potline building roofs. An aerial view of a baghouse 
showing the outside fume collection ducts and the proposed heat exchanger locations is 
shown in Figure 18. Four heat exchangers would be used per baghouse for a total of 24 heat 
exchangers for the plant. In this location, the heat exchangers are out of the normal working 
areas of. the plant, but are still accessible via the potline building gallery and roof for 
maintenance, if required. 
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Since the existing plant primary air pollution control system fans were sized for the existing 
pressure drops through the ductwork and baghouse, only a minimal increase in the total 
pressure drop due to the installation of the heat exchanger can be tolerated. To handle the 
increased pressure drop larger fans 'and/or fan motors will be required. The exact increase in 
fan power requirements will vary, depending upon the heat exchanger size requirements as 
determined in Tasks V and VI. 

Installing the heat exchangers will require opening the ductwork and shutting down the 
primary air pollution control system in that section of the plant. The cooling air that is ' 
normally drawn across the cells of the air pollution control system will be interrupted when 
the corresponding ducts are opened. In order to maIntain the proper cell heat balance, the 
hoods on the cells must be opened to allow cooling ambient air to reach the cells. The open 
hoods will allow the fluorides and particulate matter evolved by the cell to escape from the 
plant. It is estimated that a period of 24 hours, with cells open and the primary'air pollution 
control system shut down, is maximum before any air pollution levels will be exceeded. The 
installation of each heat exchanger must therefore be accomplished in less than 24 hours. 

Molten aluminum handling operations will require continuous use of the major service roads 
during the installation of the heat exchangers and associated lines. Lines having to cross 
these roads may either be excavated in sections, tunneled under, or designed to pass 
overhead above the traffic. 

5.3 USER/SYSTEM INTERFACE 

The specific interface requirements between the district heating system and the user will 
vary greatly, depending upon the type of user served and what type of heating equipment is 
currently installed (assuming retrofitting existing buildings). Any interface installation will 
have to _ meet local building and plumbing codes including design, materials, and operating 
temperatures. A detailed study of specific user equipment in the Bellingham area is beyond 
the scope of this study, and is proposed for future work. Some' general observations, 
however, may be made at this time. 

For a typical installation, the user interface will consist of thr~e separate devices. One device 
would utilize the district heating system supplied energy to provide space heating to the 
user. The second would take energy from the district heating system to provide hot potable 
water. The third is the meter by which the user energy charges are recorded. 

The space heating systems currently used in the Bellingham area can be classified into four 
basic types: 

1. Steam supplied 
2. Direct electrical 
3. Circulated hot water (hydronic) 
4. Forced air 
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The spacing heating systems currently using steam (these wo~ld primarily be the larger: 
office and apartment buildings) could be converted 0ver to thej hot water district heating:, 
system by replacing the existing steam radiators with hot water convectors. While some:, ' 
additional control valves and pumps might be required, the! existing steam lines and: 
ductwork would not have to be changed. 

The space heating applications wh~ch would be converted over: to the district heating at;, 
minimum cost are buildings which currently use circulating hof water as the heat transfer:: 
medium within the building. For these buildings, the only modification required would be i' 
those associated with connecting up to the district h~ating syste'm lines, and bypassing the: 
existing heating boilers. Based upon an estimate by i:the Bellingpam Building Department; i ' 
approximately 25% of the Bellingham commercial bU,ildings are furrently using this type of: ' 

il ' system. II 

:i -I 
The majority of the residential users as well as some of: the commercial buildings have forced i ' 

air heating systems, i.e., heated air circulated through ductwork ihto the various parts of the:' 
building. The primary modifications required for thes l¢ heating s~stems consists of installing::: ' 

" , 

an appropriately sized heat transfer coil in the existing,: ductwork. i ' 

Direct, electrically heated (nonforced air) buildings ~ould requfre significant building and(: 
heating system modifications, including the inst~l1ation of heat exchangers (rooml, 
convectors), fluid lines and control valves. ;" 

, ,,, 
Potable hot water -heating would be provided by the district. heating system for both: i 

I 

commercial and residential customers by means of Iil:Iuid-to-liqtiid heat exchangers. In the! 
• • II I, • 

simplest form, these heat exchangers would consist O'f a set of heat exchange coils,inside an:" 
~ I: ; 

insulated tank, and would replace the users' existin~ electric o~ fossil fuel fired hot water, 
tanks. This type of hot water heater, shown schem~tical1y in Figure 19, is commercially: 

• ,,1 ~ • 

available in a wide variety of sizes. The on-site storage capaCity of this type of unit was noti 
II I, - ;': 

included in the computer analysis: hence, results are s<;?mewhat c~nservative. : 
:1 .:; 

,il: I 

The metering system cost is based upon existing water flow met~rs. As the control system is!' 
designed for a 75 0 F temperature drop over each ii user sYste;in, complicated combined:, 
temperature-flow meters are not required. I .' 

I, " 
For any use, the cost of the users' interface device~ will be al strong function of district;: 
heating systems distribution temperature (temperatur~ to user fr9m district heating system),: , 
and the temperature drop of the district heating syst~ms heat tr~nsfer fluid (hot water) as it~:· 
flows through the users' interface device. This last ~arameter i~ called the user ~ T. If the: 
user is paying for the interface devices, higher distribu:tion tempebtures and lower user ~ T's: 
are desirable, since they tend to minimize the cost of the user interface devices. From the',: 

I' <' 

district heating utilities standpoint, however, the higher distribution temperature increases 
the cost of the aluminum plant heat recovery heat exchangers and reduces the amount ofi, 
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recoverable energy available from the plant, and the lower user ~ 1]'s require a higher flow 
rate from the district heating utility with larger and correspondingly more expensive pipes , 
to supply the same amount of energy. The optimum distribution t~mperature and user ~ T 
are those which would result in minimizing the actual cost of energy delivered to user, i.e., 
those which would minimize the total capital costs of the systems,! including both the cost 

1 

of the user retrofit and the user interface devices, and maximize the recovered energy. 

The costs of the user retrofit and interface devices can be handled ~ither of two basic ways. 
These costs could be incurred by the user, or the utility could incur the costs. This latter 
approach would tend to encourage potential users to connect to :the systems, since they 
could connect up to a lower cost energy source (lower than their current fossil fuel source) 
without having to pay a large connection/retrofit initial cost. The utility could then spread 
the retrofit costs out and pay them off using receipts from district! heating system in much 
the same fashion that many utilities currently rent hot water tanks and furnaces to their 
customers. 

User retrofit and hookup charges are calculated directly from the :energy demand density, 
which in turn may be related to the equivalent number of residential users. The figure works 
out to $687 per equivalent residential user. In practice, a user mix of residential, small 
commercial and large commercial users will be served as discussed inl paragraph 7.1.1. 
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6.0 SIZING AND PERFORMANCE ANALYSIS - TASK V 
I, 

The goal of the Task V analyses is to establish the optimum tr~,deoff between the overall . 
district heating system performance and the size, operation and cost of the various system 
components. While the majority of the Task V analyses are site' specific to a Bellingham/ ' 
Inta1co district heating system, the basic system layout design and operation, and Task VI" 

I ' 

economic analyses (user energy costs, ROI, etc.) are believed to be representative of the 
majority of aluminum plants and their corresponding cities. ' 

6.1 ALUMINUM PLANT WASTE HEAT RECOVERY/DISTRICT HEATING SYSTEM-
DESCRIPTION AND OPERATION 

6.1.1 Description 

A schematic of the baseline district heating system is shown in Figure 20. The waste heat 
source is the hot gases in the primary air pollution control (fume collection) system ducts.· 
The total mass flow rate of gas in the Intako fume collection ducts is 6.874106 Ibs/hour at 
2600 F (this represents an energy source equivalent to 3.13 ~ 108 Btu/hour above an' 
ambient of 700 F). Energy is recovered from the hot gases IPY means of counterflow, i 
air-to-water heat exchangers installed in the ducts. Based upon the results of the Task IV ' 
plant/system interface studies, the waste heat recovery heat exchanger function would be i: 

most easily ,accommodated in the large fume collection ducts between the pottine buildings 'I., 
and the .baghouses. There would be 24 total heat exchangers, 'one per duct and four per: 
baghouse. Bypasses are installed in the heat exchangers to limit the maximum water" 
temperature leaving the heat exchanger to a predetermined value, nominally just above the: 
boiling point. Thermal losses in the transmission lines will result in water vapor partiai.'1 
pressure in the tanks less than atmosphere. 

Additional fan power will be required in the baghollses to ov~rcome the additional fume, i 

collection system pressure drop caused by the presence of the heat exchangers in the ducts. ' 

Ii 

The transmission pipeline consists of two underground,. insulatfd, polymer-lined, concrete Ii 

pipes, one carrying hot water to the thermal energy storage facility, and the other pipe being'!i 
a return line. The circulating water flow rate through the trans~ission pipeline is constan1!l, 
and independent of the demand. . 'I 

.'Ii 
Since aluminum production is essentially a constant pro~ess, the available energy 
recoverable from the fume collection ducts is produced at a! constant rate. The energy Ii 
requirements of the district heating system will vary widely on both a daily and seasonal 
basis. The thermal energy storage (hot water) tank in the syst~m acts as a buffer to store,l~ 
energy recovered from the plant during periods of low district heating demand, and supply;: 
it to the' district heating system during periods when the demand on the district heating, 
system is in excess of the amount of energy being recovered from the aluminum plant. I! 
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The warm water storage tank acts as an accumulator for water drawn from the hot water:" 
storage tank,until it can be reheated and returned. 

In the event of an extended period of cold weather and, hence, high energy demand 
requirements, the hot water thermal energy storage tank may be depleted. User energy'. 
demands will be satisfied in that case through a fossil fuel burning alternate heat source. i 

This device will be sized to deliver the entire system demand, if necessary, and thus will also 
act as an emergency backup system in the unlikely event that energy from the aluminum 
plant was unavailable., Tradeoff studies indicate that 100% backup capability has minimal 
cost impact upon the overall system. This feature has been included as potential users' 
invariably asked about failure modes in preliminary discussions. 

The user space and hot water heaters are described in detail in paragraph 5.3., The user heat 
exchangers are sized, assuming a predetermined distribution system inlet temperature (a 
fixed temperature loss is assumed in the distribution system). The bypass line is used to 
balance the water flow rate through the system. 

6.1.2 Operation 

The circulating water flow rate in the transmission pipeline and aluminum plant heat 
exchangers is constant. Variable energy demand by the .distribution system is provided by a " 
variable water flow rate at constant temperature drop. Several features and operating modes 
are explained in the following considerations of system response to increasing demand. 

During periods of low energy demand, hot water from the aluminum plant is pumped into 
the hot water storage tank. If the tank is partially empty, the tank will be filled at a rate 
equal to the difference between the transmission pipeline flow rate and the water demands 
of the distribution system. Under these conditions, the flow rate through the bypass line 
will be equal to zero, and the warm water tank will be emptying at the same rate that the 
hot water tankis filling. When the hot water storage tank is filled (and the warm water tank 
emptied), hot water still flows into the hot water tank, but water is removed from the 
bottom of the tank at the same rate. This circulation of water through the hot water storage 
tank is done to maintain the store at the highest possible tem.perature, and make up for any 
thermal losses to the tank surroundings. Some of the water leaving the tank will flow 
through the bypass to the return side of the system at a rate equal to the difference between 
the pipeline circulating flow rate and the water demand flow rate of the distribution 
network. 

Under conditions where the hot tank is full and demand is less than the supply, existing heat 
dissipation means will prevail. There is no need to remove the heat from the potline gases 
from an operational standpoint. This effect can be mechanized by closing off some heat 
exchanges and allowing them to rise to the gas temperature. Heat exchangers will be 
designed to withstand the resultant water pressure. The optimized design system, resulting 
from tradeoff studies, does not enter this mode of operation. 
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Continuing increase in demand will be met through decreased bypass flow. When demand 
flow exceeds the transmission pipeline flow, flow in the bypass line reverses. Thus~ cooler 
water is brought from the return side of the sy.stem., mixed with inlet side water and 
delivered to the inlet of the user device at a slightly reduced temperature (the design 
minimum inlet temperature is 1800 F), allowing the inlet temperature to fall to its specified 
minimum before drawing from storage, and extending the utility of the storage system. The 
temperature drop through the user device is assumed constant at 75 0 F, irrespective of the 
inlet temperature. Thus, the design condition for the user device is 1800 F inlet, 1050 F 
outlet. The slightly larger heat exchanger surfaces (and costs) are compensated by the 

I 

reduction in required storage volume. 

If the demand increases above the point. where bypass flow has decreased the inlet 
temperature to l800 F, additional water will be drawn from th,e hot water store and store 
will start to be emptied. The water through the bypass line will also increase. The relative 
flow rates from the hot water tank and through the bypass line are adjusted_such that the 
inlet temperature to the district heating system is maintained at the minimum allowable 
distribution inlet temperature. 

When the store empties, the flow rate across the bypass line must rise to equal the difference 
between the distribution system demand flow and the pipeline flow. With the store empty, 
the large bypass flow would reduce the temperature of water entering the distribution 
system below the minimum allowable distribution inlet temperature. To maintain the 
proper distribution inlet temperature, the backup system is designed to operate in a topping 
mode, adding just sufficient energy to the distribution water to maintain the minimum inlet 
temperature. 

The advent of decreased demand in any of the above operating modes tends to reverse the 
above described system response. 

6.2 DISTRICT HEATING SYSTEM OPERATING AND SIZING COMPUTER 
CODE - DHOPS 

A computer code to simulate the operation of the alumin!Jm plant waste heat recovery 
district heating system described in the previous section requires over 40 separate 
parameters (not including such essentially fixed parameters as the cost equation variables) to 
completely size and define the district heating system's operation and economics. The major 
district heating system variables are listed in Table 5. The DHOPS computer code, shown in 
block diagram form in Figure 2-l, was written to allow evaluation of the effects of the 
various parameters on the district heating based upon real hour-by-hour weather data. The 
basic DHOPScomputer code assumptions are listed in Table 6. 

The DHOPS computer program consists of four major subroutines sizing, costing, 
operations, and economics. The sizing subroutine calculates the sizes and/or determines the 
operational parameters of the following system components based upon the various input 
parameters: 
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Table S 

MAJOR SYSTEM TRADEOFF VARIABLES 

., TRANSMISSION PIPE SIZE AND FLOW RATE 

• PLANT HEAT EXCHANGER EFFICIENCY AND PRESSURE DROP 

• USER HEAT EXCHANGER TEMPERATURE DROP 

,., STORE SIZE 

., CENTRAl/LOCAL FOSSIL FUEL TOPPING v. 
\0 

CD ENERGY COST ESCALATION 

0 DEMAND DENSITY 

0 NUMBER OF USERS 

CD TYPE OF USER 
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~ .. 
COMPONENT 

COST 
FUNCTIONS 

29013-32 

DHOPS 
DISTRICT HEATING, OPERATION AND SIZING CO~1PUTER CODE 

3LOCK FLOW DIAGRAM 

INPUT 

PARAMETERS 

1 
HEAT 

EXCHANGER, 
FAN, PUMP AND -,. 
PIPING SIZING 

l 
INTALCO 
ENERGY .. 

RECOVERY 

t 
PIPELINE , V 

PUMP POWER 
AND HEAT 

USER LOSSES 
DEMAND .I, 

I STORAGE 
CONDITION '"I" 

AND HEAT A 

HOURLY LOSSES ...-
ITERATION 

! 
TOPPING 
ENERGY 

REQUIREMENTS , 
DISTRIBUTION 
PUMP POWER 
HEAT LOSSES 

RETURN WATER 
TEMP 

, 
SUMMATION OF 

STORE 
UTILIZATION 

ENERGY 

Rl~&k'61~~~I; 

~ 
OPERATION 

AND 
MAINTENANCE 

COSTS 

l 
ECONOMIC .. ANALYSES 

I 
PRINT 

SUMMARIES 
AND ECONOMIC 

ANALYSES 
RESULTS 
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Table 6 

MAJOR PROGRAM ASSUMPTIONS 

o CONSTANT SOURCE TEMPERATURE OF 260°F BASED UPON MEASURED TEMPERATURES 

AT INTALCO PLANT 

• WEATHER TAPE INPUT FOR BELLINGHAM AREA 

., ENERGY DEMAND PROFILES FOR BELLINGHAM BASED UPON WEATHER AND NATURAL 

GAS HISTORICAL DATA 

o FOSSIL FUEL TOPPING FOR PEAK DEMANDS 

19 CENTRAL BACKUP SUBSYSTEM . 

19 INDIVIDUAL USER SUBSYSTEM· 

ED DISTRICT HEAT TRANSMISSION AND DISTRIBUTION SUBSYSTEM COST 

(BROOKHAVEN REPORT BNL·50516) 

o STORAGE SUBSYSTEMS, HEAT EXCHANGER, AND OTHER COMPONENT COSTS BASED UPON 

MANUFACTURER CONTACTS AND STANDAHD COST ESTIMATION DOCUMENTS AND PROCEDURES 

" CURRENT FOSSIL FUEL COSTS BASED UPON LOCAL RATES 

e GENERAL INFLATION RATE 5% PER YEAR 

ED LABOR COST INFLATION RATE SO,{, PER YEAR 

o FUEL PRICE ESCALATION EXAMINED PARAMETRICALLY 

., ERDA/EPRI REQUIRED REVENUE METHODOLOGY - ERDA/EPRI/JPL - JPL 5040·29 

. .. -
-.-,=.""'---~-=-"._~== _~" c:'":=-- "'-~---' • -- ----
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1. Distribution system 
2. Backup/topping system 
3. Fossil fuel storage tanks 
4. Waste heat recovery heat exchanger 
5. User hot water and space heater heat exchangers 
6. Transmission pipeline (pressure drop only) 

The costing subroutine determines the cost of each of the system hardware components. 
Figure 22 shows a typical output from this subroutine. The costing equations were based 

, upon the cost information· reference shown in Table 7 and calculates various components in 
1977 dollars. 

The economics subroutine takes the total capital cost data calculated by the costing 
subroutine and the operational cost data (topping fuel requirements, electrical power 
requirements, system operation and maintenance costs), and the district heating system 
economic input parameters (these include fuel and energy costs, energy and price escalation 
rates, start of system operation, plant life and capital costs), and escalates them according to 
their appropriate escalation rate to the start of plant operation. The subroutine then 
calculates a year-by-year cash flow analysis over the economic life of the system. The cash 
flow analysis includes the effect of inflation and differing escalation rates on each of the 

/ 
cash flow component terms. On the basis of the cash flow analysis, the subroutine calculates 
the following economic parameters: 

I. Net present value 
") Internal rate of return 
3. Average return on investment in inflating dollars 
4. Average return on investment in constant dollars 
5. Average fossil fuel energy costs in inflating dollars 
6. Average fossil fuel energy costs in constant dollars 
7. Average supplied energy costs in inflating dollars 
8. Average supplied energy cost in constant dollars 
9. Levelized energy cost 

Some of the more useful of these various economic parameters are discussed in more detail 
in paragraph 7.2. 

Depending upon the requested print format, the economic subroutine will print the 
year-by-year cash flow and/or the above standard economic parameters. Figure 23 shows a 
typical output of this subroutine. 

The year of the DHOPS program is the district heating operations subroutine. The 
operations subroutine models the system operation in an incremental time mode. That is, 
for a given point in time, the subroutine determines the overall system operation (user 
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ITEM 

TRANSMISSION PIPELINE 

PIPE AND PIPE INSTALLATION, 

PUMPS 

ALUMINUM PLANT HEAT EXCHANGERS 

HEAT EXCHANGERS 

FANS 

PLANT FACTOR 

STORAGE 

TANKS 

INSULATION 

COST FACTOR 

Table 7 
COST INFORMATION REFERENCE LIST 

PR IMARY SOURCES 

SOURCES 

a. BROOKHAVEN NATIONAL LABORATORY - BNL 50516 

b. PERSONAL COMMUNICATIONS WITH WHATCOM PLANNING 
COMMISSION STAFF AND THE BELLINGHAM ENGINEERING 
DEPARTMENT 

BATTELLE, PACIFIC NORTHWEST LABORATORIES - BNWL·2208 

GUTHERIE, K. M., PROCESS PLANT ESTIMATING EVALUATION AND 
CONTROL, CRAFTSMAN BOOK COMPANY*, 1974 

Ibid ABOVE 

RRC ENGINEERING ESTIMATE BASED UPON C. H. CHILTON, "CHEM. 
ENG." 56, No.6, 9, 1949 

a. G~THERIE, K. M., PROCESS PLANT ESTIMATING EVALUATION 
CONTROL*, 

b. PERSONAL COMMUNICATIONS WITH LOCAL LARGE TANK 
FABRICATORS 

PERSONAL COMMUNICATIONS WITH LOCAL INSULATION 
APPLICATION fiRMS \ 

RRC ENGINEERING ESTIMATE BASED UPON C. H. CHILTON, "CHEM. 
ENG." 56, No.6, 9, 1949 

*COST DATA UPDATED BASED l,JPON PRICE INDEX DATA. 

V03060-1 



ROCKET RESEARCH COMPANY ___________________________________ ADIVISIONDf~-------

Table 7 
COST INFORMATION REFERENCE LIST 

PRIMARY SOURCES (Concluded) 

ITEM 

BACKUP AND TOPPING SYSTEM 

BOILERS 

FUEL TANK 

FUEL 

COST FACTOR 

DISTRIBUTION SYSTEM 

INSTALLED PIPING AND VALVES 

ENGINEERING AND ADMINISTRATION 
(DURING CONSTRUCTION) 

USER 

CONNECTION 

RETROFIT 

OPERATIONAL 

ADMINISTRATION 

MAINTENANCE 

FUEL AND POWER 

.~:~INSUR~NCE'~". o~ 

V03060-2 

SOURCES 

GUTHERIE, K. M., PROCESS PLANT ESTIMATING EVALUATION AND 
CONTROl* 

Ibid ABOVE' 

CURRENT LOCAL PRICES 
I i 

RRC ENGINEERING ESTIMATE BASED UPON C. H. CHILTON, "CHEM. 
ENG." 56, No; 6,9, 1949 

a. BROOKHANEN NATIONAL LABORATORY - BNL50516 

b. BELLINGHAM POPULATION CENSES DATA - VARIOUS SOURCES 

BATTELLE PACIFIC NORTHWEST LABORATORIES - BNWL-2208 

BROOKHANEN NATIONAL LABORATORIES - BNL50516 

a. THE TRANE COMPANY 

b. RRC ENGINEERING COST ESTIMATE 

a. BATIELLE PACIFIC NORTHWEST LABORATORIES - BNWL-2208 
\ 

b. A. B. ATOM ENGRG fOR OAK RIDGE NATIONAL LABORATORY -
ORNl/SUBI11/13502/2 

CURRENT LOC~L PRICES 

~ ~ ~- _0 =­
~~----",.- _~_ 7 ~ 
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demands, store volumes, temperatures, etc., based upon the results of the previous time,; 
increment). The program then increments time (by one hour) an~ goes through the:: 
calculation procedure again. This cycle is repeated continuously until 'the program covers!, 
the desired time period (generally 1 year). 

:i' 
'il 

ii' 
" 

During each calculation cycle, the operations subroutine does the following: j i ~ 

1. 

2. 

3. 

4. 

5. 

7. 

8. 

Based upon the hourly weather data and the user energy demand function~~;i 
described in paragraph 6.3, calculates the total distribution network energyir ii 

,I" 
demand. ii;:1 

ii' 
Calculates the distribution network water flow rate and the return line} 
temperature, including distribution network heat losses. 

Calculates the bypass line flow and both the inlet and outlet flow rates for the:i: ' 
water storage tanks as well as the volume in each tank, the tank heat losses, andi! 

<, 

the tank water temperatures. 

Determines if fossil fuel topping is required and calculates the fossil fuel demand,r: 
if any. 

. :~ 

Calculates the transmission pipeline heat losses, water .. temperatures, and!li 
determines the pipeline phase lag (Le., the amount of time it takes water in the;! 
pipeline to get from Intalco to Bellingham and vice versa; typically, this is on thei:r;, 

I" 

order of several hours). :,'i 
. ',_" . - . . :l'li 

Calculates the amount of energy removed from the Intalco gas stream based uponi;r 
the heat exchanger area and efficiency, and the return line water temperature. i! 

1: 

Calculates the temperature of the water leaving Intalco. 

Determines the fan and pump power and pump power, demands. 

1r, :~ 
:li:": 

I, 

If desired, the program will print out, by hour, by day or by week, the parameters shown inl,'! 
Figure 24 for an hourly printout. ii, I: 

At the end of the period of interest (usually I year), the program summarizes the operationil.,' 
of the district heating system and calculates the system operating costs. A typical summaryl! if 

printout is shown in Figure 25. . !i-
ii 
,'I 

6.3 WEATHER AND DEMAND DATA 

The weather and demand data functions are an integral part of the DHOPS computer code':I~ 
and allow the computer code to evaluate the operation of the district heating system andi 
the interaction of the component parts on an hour-by-hour basis with real (historical)ii! 
weather data. 'i 

6.3.1 Weather Data 

A set of magnetic data tapes containing hour-by-hour observations of the Bellingham: 
weather (the observation station, was located at the Bellingham Airport, approximately t 
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t-HOURLY OPERATIONS"SUMMAPT 
DATE HOUR (6S._TAMBI Df. ... II"U 

DEG.F BTU/~OUR 
HOT H20 HfATING STORE 
HTU/HOUR BTU/HOUR GALLONS 

STOHl 
DEG.f. 

PLA"'T 
HTlJ/HOUR 

FUEL TGjlSOUT 
IlTlJ/HOUR DEG.F ---- -,,---,,----

1/30/<;0 0 47 1."?F,05.0 1.621::,05.0 2091.17E'OA.0 1119 
1/30/50 1 41\ 1.1>6F,05.0 1.6M'05.0 ?OC; 1.0'1['011.0 194 

--T/l0150 -"--"2- --- 4R-- -"-r.ME, 05----~b -"--- --1. b6E' 05------; 0 "-------"-- 21 01.13E '07 -" " -;ll"-"----- 253"--
1/30/50 3 49 1.70E,05.0 1.70E'05.n 2161.113E+07.0 249 
1130/50 4 50 1.74E.05.0 1.74E.OS.O 2167.24E-06.0 256 

--"-1/30/'50---"5-----50------ "I. 74E.()S--".n-"--"----1~ 74E.OS· ·-·-.0 ·216·· -. 71E+06----;0 .----- 263---------
1130/<;0 6 51 1.7AE.05.0 1.78E.05 ,0 216 *.6'51::-06.0 263 
1/30/50 7 <;? 1.117E,05.0 1.82E'05 .0 216 *.67E.+Ob.0 263 

-1130/50--·-8---0;1---2 .37E eO!! --·!j-.83E·.0"'-1.78E+ 05 -·--.0 ·216 --* .661::+0&---".0·---·263-·-------
1/30/50 9 '50 <'.32E+05 5.83E.04 1.74E-OS.0 21b -.65['01->.0 263 
1/30/50 10 49 2.28E.05 5.83E_04 1.70E.+05.0 2ib *.60E+06.0 263 

--1130/50---·-1 r·---·411-------,. .24E.05--5.-R3E.04--T.66E.05---~ O· -216--·-; 61E+06· --- .0---- 263 
1/30/50 12 4R 2.<'4E_05 5.83E_04 I.HE'05.0 <'16 0.61E'06.0 263 
1130/50 13 4'" 2.16E,05 5.R3E_04 1.58E-05.0 216 -.!>!l-06.0 263 

---1130/'50--- -U----4.;·-----<'.1 bE_ 05· .!5. 83£".0·"--1 ;58E_05·----;-.,------·216 .• ; 62E-06--- .0·---263-----
1/30/50 15 4t- 2.16F,05 5.83E+04 1.5t1E+OS.0 216 •• 621::+06.0 263 
1/30/50 16 46 2.16E+05 5.B3E+04 1.58E+05.0 216 *.6;>1::+06.0 263 

--1-130/'50 ---n ----lir----2".<'OE.05--!j.8JE"~t·.62E+05---.0------cI6 ·· •• 62[+06-·-.0----263 
1/30/50 18 4A 1.66E_05.0 1.66E-05.0 216 •• 6210+06.0 263 
1/30/'50 19 4A 1.66E+05.0 1;66E-OS.0 216 *.63[+06.0 263 

--lnO/50--·-20-----4Q----l;70E+05--;0-----1.10E+OS----;0------2J6·- 0.67[+06 -··~0------263------
1/30/50 21 52 1.82f.05.0 1.82E-05.0 216 •• 67E.-06.0 ('63 
1/30/50 22 53 1.8t-E.05 .0 1.86E+05.0 216 ·.67E+fl6.0 263 

--tr.l0150-?J 55 T;94E+0!5- .0 r.94nOS----.u· 216--·0./;61::-0/;---·;U·----263-------,-
1/31/50 0 55 1.941:,05.0 1.94E+05.0 216 0.65E-06.0 263 
1/31/50 1 <;h 1.99E.05.0 1.99E-oS .0 216 *.65E+06.0 263 

--~I""",J1I50 2 ·,-,0----2-.1'5E.OS·--.11 2.15£005---.0 ·('16·-- •• 65[+06 "---.0---·-263-------
1/31/50 3 h3 2.27E+05.0 ('.27E+05.0 216 •• 64E.+06.0 263 
1/31/0;0 4 tl3 2.27E_05.n 2.27£+05.0 216 *.62E-06.0 263 

--tnt/50 ---S---<;,.---1.99".05--.-0--·-·---T.99E+OS---.-0 2}6---*.61E+06----.0-----263-------
l1l1150 6 5" 2.07E.05.0 2.0noOS.0 21" *.62f'06 .0 . 263 
1/31/50 7 56 1.99r.05.0 1.99E+05.0 216 -.641:.+06.0 263 

-----t731150----8 '5(>---·-2 .57E .05 --·S.El3E.0"-1. 99E+05--.o 216··- •• 63£ +06 ·-·;0---·-263--------
1/31/50 9 0:;5 2.53E.05 5.83Eo04 1.94E-OS.0 216 •• 63E-06.0 263 
1/31/50 10 52 2.41E.05 5.83Eo04 I.B2Eo05.0 216 *.5Bl::006.0 263 

--}731 150 -,'1------4,--- i!~20E+0S--5·.B1nO·4"-, ; 62E+05---.0- 216-·-".;59E+06·-~0----263 -------
1/31/50 12 46· 2.1H+05 5.83E+04 1.5BE.05.0 216 *.60E+06.0 263 
1131/1\0 13 45 2.ln.05 5.A3E+04 1.5410-05.0 2 If' *.62E'06 ,.0 263 

--. 1/11/"10 .. U"---- 4" 2.1H_05 . !!.1l3E+04-·1.'5AE_05 -- --·~O" .---- 216· - •• 62E+06 ·-·-·-.0 ------2"3·-------
1/31/0;0:5 47 2.20E-05 5.83f+04 1.62f_-05.0 216 *.63tt06.0 263 
1/31/50 16 4«; 2.1?E.05 5.83E_04 1.54£+05.0 216 *.621::+06.0 263 

--1·131/50-·--}-,-----""----2. lt1f +OS·-5."3£"~...-I.5Iif+05---.o_ ·216- -0.621::+06 ---.0·-----263- ------
l1l110;0 18 46 1.58E .05.0 1.58E+05.0 ('16 *.63E-06.0 263 
1/31/'50 19 «;0 1.74F.+05.0 1.74Eo05.0 ('16 *~63E-06.0 263 

---1/31/'50··---20··--·--···- "i3 --.- - .. 1. 86E +OS --·-.0------1. 86f+05 -··-·.0·---- 216-·-· *.6I1E+06 "--·.0 ----·263" 
1/31/50 21 SF! 2.07E_05.0 ('.07E+05.0 216 *.66[+06.0 263 
1/31/0:;0 22 'iA 2.07E+05 .0 2.07E-05.0 216' *.~5E.+06.0 263 

-"3170;0---23---60---2.15£+-05 .0 ~015!"'05---.~ 21fi-e '63E+06-;O 26"3'-------
21 1/0;0 0 "ill (,.07E+05.0 2.07E+OS.0 216 -.63E+06.0 263 
'il I/~O 1 r;A 2.nn_05.n 2.07E+00;.0 0'16 -.631::-0".0 263 

--PI 1/'511 ! .- ~1 ?19f+0!5.0 Z.I'1bO!\.O Z16 -.63t+01'l.0 263· .... _ .. _.-.--.-. 
ZI 1/"10 3 "1 2.27E+OS.0 2.27E.05.0 216 -.1:131:'06.0 263 I 

PI 1/0;0 4 ";' 2.23£005.0 2.23EoOS.0 ('16 *.62E-06.0 263 
!I 11!10 ! ", !'.?HoO!! -.0 ------Z.UfoO!l·.O----------·· 216- -.61t+06---.0----2U----------
21 I/s0 6 "? 2.23E+05.11 2.23Eo05.0 lilt -.62E+06.0 2lt3 
21 1/50 7 "4 2.31f!_~~_,-=!_:.,, __ 3.:..~2.~~~~ __ ., .0 216, _-.61E+06.0 263 



----.----- ._---_._---------------------------
I 

TOTPL nlHHjY SUPPLlI:1J "J.tlcJ('t:,r+ll tHUS ...• Ii 
t--- R F' 5 I t:rE' rn I It L --':;-;1\lrn'ir~""'+"l-'lr---tf~' rH"JrS-o..---------'----~r---........ ~ ..... 
, LA4b~ CU~~EHCIAL ~O rlUS 

~ '-1 ALl. C 0 1..1 M t f~ C ( 1-\ L ~ 0 H T lJ C; 

fNF ~(;y c:;OtJI-(Cf.~ 

J\lUt-'JNUM PLANT 
-------rF OSSn:--rIJE L 

C:;YC;TF:M t"flO fJ.lCTOPC; 

100 PERCENT 
.n4;jF~CEf\1 

------ - -. --- -- nf S I G~ .----; T'E------------

A!'1"-I:AL • 36 
H.A~ Llf~ANfJ 1.A?7~f+OPflTUS/I"'ClJk 

.," ~·r? 

:.-'.:; 

----·----Pf Jrf("--TUfT- m:.(.f"Arr:>--~7193E + 07t1TC5""I11Tl1)TtP::r---------:---------

ST04E "TIL (7AlION 
--. -- -------STI')RF-FTTII 7?n 1 HDllP!; 

S T (j R f. E ~ 1 P Y . i '. . H () U q ~ 
STO~I: bFING lIl1L17fP 14t'>1 

-PAX IV-UP,- -FE1nlJ£J--sTUPF-r-j;pTv 
~A;iP;'IJM PEk}lll) ~lOFF 'Flll L 
~ T f': T MtHo< S TOt~t: 'I '.JLlJ~F' ~ 0 

• 
----~-------------------------~~-.... 

" ...... ·.:'.i 
H ()U ~ S ..,.........,,....;-_'_'----''-'-----'" ___________ ....... , .... ) 

In F1tl'Pc; 
3t:107 t-1(Jl, .... S 

GAl LUN') 
------------_. - - - .-- ---------_. ----.--,-.--..,.........,.-~~~--------,..,- --------~ 

.... . ;. 
n~f:~ATT,.'r:! CII~T F/I(.;T()HS-IJ()L'-~')C;('C)77) -----------------------

. I\fHl 1 "J 1 s .... A II Mi 1 • () II L + 04 MAINTfNA~~F ?A74f+05 
fJ I' 'vi I.) r '" G .... U l-: f k 1 • d 'H + () S fliH _. 7 .41t:+I)i?ATt?t\9f"O~PfR ttT18. 

--o----~::_:~%1l?:1\rrC:i't="~~-o-~~-:Q;-o~'j.t+.O.4:::'0 '. -bIICAt;o 1 AXf<; --~~lj---
STATF- T/.XFS .0 FF CE ~ At TAO)("'5 .0 
HlJ'Il ('CJ~t-kAT·H:(l (.I)SI: . 

. - .. -.-----.- .. --.---.--~--.------------~-------,------



miles from the center of Bellingham) was procured from the NOAA National Climatic 
Center, Applied Climatology Division. The tape covered a period from January 1948 
through December 1958, and from January 1974 through December 1976. Hour-by-hour 
weather data was not available for the years from 1959 to 1973. 

A small computer program was developed and was used to determine from the weather 
tapes the total heating degree hours for the Bellingham area by month. Heating degree hours 
are defined as the summation by hour of the difference between a 65 0 F reference 
temperature and the outdoor air temperature below 650 F. If the outdoor air temperature is 
above the 65 0 F reference temperature, the heating degree hours for that period are equal to 
zero. Restated mathematically, heating degree hours are defined as: 

where: 

n = 
Tj = 

Hour = n 
Heating degree hours = L (65 0 F - Tj)* 

Hour = I 

last hour of the period of interest 

outside air temperature, OF, ith hour 

The number of heating degree hours in a given time period is approximately linearly 
proportional to the space heating requirements for the same period. 

From the heating degree hour data, a typical and two extreme weather years were 
identified. The typical and extreme weather years were based upon a heating season starting 
on July 1, and running through June 30 of the following year. Figure 26 presents a 
comparison of the heating degree hours for selected typical weather year (1974 to 1975 
heating season), and the 3D-year averaged heating degree hours for the same months. The 
total annual heating degree hours for selected typical heating season (1974 to 1975) are 
within 1/4% of the 30-year averaged heating degree requirements. 

The typical and extreme heating seasons for the Bellingham area are shown in Figure 27. 

6.3.2 User Demand 

The user energy demand from the district 'heating system consists of two separate factors: 
space heating demands, and hot water demands. The space heating demand is primarily a 
function of the weather, or more specifically, the difference between the outside air 
temperature and inside air temperature. 

The hot water heating energy demands are primarily functions of the day of the week and 
the time of the day, and vary only slightly with the time of year and the weather. 

*If the quantity (65 0 F - Ii) is negative, the quantity for purposes of summation is assumed to be equal to 
zero. 
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In order to estimate the space heating proportionally constant, K, and the hot water heating 
demands for average Bellingham potential district heating customers, information w~~ 
gathered from the Bellingham natural gas supplier (Cascade Natural Gas Company) on 
natural gas consumption in Bellingham for three classes of users, large commercial, smaV 
commercial, and residential. The inforrnation' supplied consisted of total natural gis . , 

consumption by user type per n:t0nth for approximately 3 years. Linear regression curve q~ 
analyses were perforrned using the natural gas data to develop user energy demand equatio~~ 
for each type of user. The natural gas consumption data and the calculated curve fits ar~ 
presented in Figures 28, 29, and 30. A better fit of the residential energy demand data w~s 
achieved when the reference temperature was adjusted, as a function of time as shown ip 
Figure 29. The adjusted reference temperature corresponds to night-time therrnostat setback , 

,I., 

of approximately 50 F. ' 

Since the hot water heating energy demands are assumed to be independent of the space 
i' 

heating requirements, the average hot water heating energy demand would be. shown on thi~ 
, 11 

natural gas energy demand plots as the energy demand, when the heating demand is equal t9 ;; 
zero, i.e., when the monthly average heating degrees are equal to zero (Y intercept). Thi~ II 

commercial water heating energy demands were assume<;i to be constant from 8 :00 a.m. t~ 
6:00 p.m., 7 days a week, and equal to zero at other hours. The residential water heatiI:ig I 

energy demands were assumed to be constant between 6:00 a.m. and 11 :00 p.m., 7 daysi'~ 
~I :' 

week and equal to zero at other hours. 

Additional accuracy in modeling the hot water demand-time function is not felt to ~i~ 
warranted, as the addition of the space heat demand will tend to mask the fine structuredf-

It 

the smaller hot water demand. 

The natural gas energy demand data is based upon the therms of natural gas consumed b:Y 
Ii 

the space and hot water heaters of the user. Due to the efficiency losses of the space and hqt 
water heaters, the actual energy demand of the user would be less than that shown in ule 
natural gas energy demand plots. Assuming a conservative estimate of the efficiency of t~e 
space and hot water heaters. of approximately 70% (based upon inf()rmation supplied b:~ 
Argonne National Laboratories, gas heater conversion efficiencies range from 60 to 67%~~ , 
the actual energy demand required by the various losses of users becomes:' 

Large Commercial 

Space heating demand per user, Btu/hr: 

qscc = (65 0 F - Tamb) 49,000 - 330,540 

qscc = (65 0 P- Tamb) 20,895 

Water heating demand per user, Btu/hr: 

qwcc = 1,050,000 

qwcc = 0.0 

73 

for (65 0 F - Tamb);;;' 12 

for (65 0 F - Tamb) < 12 

from 8:00 a.m. to 6:00 p.m. 

from 6:00 p.m. to 8:00 a.m. 
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Small Commercial 

Space heating demand per user, Btu/hr: 

qssc = (65°F - Tamb) 2,842 - 20.,10.9 

qssc = (65°F - Tamb) 1,0.10..8 

Water heating demand per user, Btu/hr: 

qwsc = 40.,880. 

qwsc = 0.0. 

Residentiai 

Space heating demand peruser, Btu/hr: 

qse = (Tref- Tamb) 631.4 ~ 1,987.3 

qse = 0..0. 

Water heating demand per user, Btu/hr: 

qwr = 3,379.6 

qwr = 0..0. 

for (65°F - Tamb) ~ 11 

for (65 0 F-Tamb)< 11 

from 8:0.0. a.m. to 6:0.0. p.m. 

from 6:0.0. p.m. to 8:0.0. p.m. 

for (T ref - T amb) ~. 4.4 

for (Tref-Tamb)< 4.j 

from 6:0.0. a.m. to 11 :0.0. p.m. 

from 11 :0.0. p.m. to 6:0.0. a.m. 

Daily demand curves illustrating the three types of user's combined space and water heating 
are presented. in Figures 31, 32, and 33. The example day shown in January 31, 1950.. 

6.4 USER DENSITY ESTIMATES 

The cost of the district heating distribution system is a strong function of the design energy 
demand density (Btu/hr/mile2). The design energy demand IS a function of the type of user 
being served, how close the users are spaced to one another (area per user), and the coldest 
ambient temperature that the district heating system is d~signed to meet (system design 
temperature) under normal operating conditions. 

Based upon a review of historical Bellingham weather data back to 1910., a system design 
temperature of QOF was selected for the backup and topping system. This was a centrally 
located fossil fuel fired plant. A second topping option incorporating electrical backup 
heaters in the user's facility is described in paragraph 6.5.2. For that system, the combined 
ambient temperature capability of the district heating system and the user electrical topping 
device was QOF. 

The area per user was estimated based upon census data supplied by the Bellingham 
Planning Department, and information supplied by Cascade Natural Gas. The estimated 
average area per user is: 

a, Residential - 0..0.0.0.388 miles2/user 
b. Small commercial- 0..0.0.1717 miles2/user 
c.Large commercial - 0..0.282 miles2/user 

Included in the average area per user estimates are the area of streets, parks, etc. 
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6.5 ANALYSIS RESULTS 

The results presented in this section are based on the DHOPS computer model described ~ 
paragraph 6.2. Over 500 separate cases were run to examine the effects of different system 
configurations, design requirements, and annual weather conditions. 

Overall system optimization of the primary system variables was performed using both 
bi-variant and multi-variant techniques. Multi-variant optimization was performed by means 
of a Sandia Laboratory supplied Simplex method optimiZer, cc;>mputer code which was used 
with the DHOPS program via an interface computer progr:un~ 

6.5.1 Baseline District Heating System Analysis Results ii 

The analysis results described in this section are ba~d upon the baseline district heating 
system configuration shown schematically in Figure 20 ana described in paragr~ph 6.1. 

While, the effects of the various types of users on the overall system, operation and 
optimization were examined during the course of the Task V analyses, the results presentedi 
in the following sections are presented only in terms of an equivalent number :of residential 
customers. This was done to provide a more direct reader, relatable parameter than could bet 
achieved by means of a composite param~ter, including the relative percentages of small, 
commercial, large commercial, and residential customers that would be connected to the" 
system. For the optimum system configuration, there is no significant difference in overan:, 

II, 

system configuration or economics between a given number of residential customers, and an 
e,!uivalently-sized(based uponannual energy demand requirements) composite mixture ofli 
the various user types (for the optimum district heating system configurations, the thermal 
energy store is large enough to damp out the effect of the commercial users greater diurnal!i 
cyclic demand). 

For each size (number of users) district heating system, there is a different optimum, from 
I, 

an overall system standpoint, of sizes for each of the various system components. For the 
purposes of this analysis, the overall system optimums are based upon minimizing the cost i, 

of the energy supplied to the user ($/Btu) over the life of the system. 

The heat exchanger configuration (tube spacing, tube diameter, and cross-sectional flow 
area, etc.) and the heat exchanger surface area must be optimized against their effects on the!1 
pressure drop across the heat exchanger (fan power requirements), heat exchanger costs, and 
the amount (and value) of the recovered energy. 

Likewise, the transmission line flow rate and pipe size must be optimized against the 
pumping power requirements, pipe cost, and value of the energy being transported. 

The cost of each increment of thermal energy storage added to the system must be balanced 
against the decrease in fossil topping fuel requirements (increase in the net displaced 
energy). 

81 



For example, Figure 34 shows the effect of store capacity on the relative cost of energy 
supplied to the user over the lifetime of the plant. The upward breaks in the Figure 34 
curves are the result of the store being oversized and not being cycled completely. The 
excess store capacity does not provide any significant, increase in the amount of energy 
recovered from the aluminum plant, but increases the initial capital cost, and hence the cost 
of energy supplied to the user. '" 

Figure 35 shows the cost breakdown for optimized (the location of the minimums in Figure 
34) district heating system serving various number of residential users. The net displaced 
energy for these district heating systems is presented in Figure 36. 

6.S.2 Home Topping Analysis Results 

Without any topping capabilities at the user end of the district heating system, the 
distribution network must be sized to be able to supply the maximum energy demand on 
cold days. This means the distribution network pipes are oversized except for a few hours 
every 10 years or so, when an extremely cold day occurs. If some fraction of the peak 
energy demand could be supplied by the user on those days, the distribution piping network 
could be made correspondingly smaller and cheaper. Since the distribution piping system/is 
a large fraction of the overall system cost, reducing the district heating system's peak 
demand could potentially significantly reduce the overall district heating system cost. 

Several analyses were made of this concept, shown schematically in Figure 37. These 
analyses indicated that such a scheme might result in a potential system cost decrease on the 
order of 10%, at the expense ofa significant increase in system complexity, and a slight 
reduction in the amount of energy displaced by the system. 

In addition to the system complexity problems, there are other questionable areas with the 
concept including the cost and availability of electrical power to meet those few extreme 
weather days. 

*The 12,000 user equivalent, 108 gal storage case is compared to conventional fossil fuel price in Figure 42. 
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7.0 PRELIMINARY DESIGN AND ECONOMICS - TASK VI 

The primary fullctions of Task VI are use of the results of T~sk V cost and sizing analyses to 
develop' a preliminary design of the overall district heating system, preliminary designs of . 

. I 

any nonstandard major system components, and to perform the preliminary system design 
economic analyses to determine the economic competitiveness and viability of the proposed ,,' 
system against the cost of utilizing conventional fossil fuels. 

7.1 PRELIMINARY DESIGN 

7.1.1 Overall System 
" The service area of the proposed Intalco/Bellingham district heating system'is shown in 

Figure 38. The district system, as shown, would serve the downtown central business core, 
the high density residential and small commercial areas of the city, and ail expanding 
industrial park area on the northwest corner of the city. The system would serve 

~ . , 

approximately 5,520 residential customers, approximately'.990 smaller commercial cus-
tomers, and approximately 17 large commercial customers. Apartment complexes are 
included in the commercial user categories. This area correspdnds to an estimated 1985 user 
mix of 53% of the Bellingham housing units, and 75% of the~ommercial users. The average 
yearly space heating and hot water heating energy requireme~ts that would be supplied by 
the district heating system is L 14 xJ 012 Btu/year. The design peak energy demand (OOF 
day) capability of the system is equal to 5.08 x 108 Btu/hr. 

The district heating system could be expanded outside the proposed areas, but the lower 
density (users/mile2) of the additional users would result in' a significant increase in the 
distribution network cost per added user which would result in higher energy costs to 
supply those users. 

Based upon the Task V analysis, the minimum average energy cost ($/Btu supplied) district 
heating system could be achieved by reducing the area supplied by the district heating to 
approximately 50% of the proposed system size. While reducing the supplied area would 
result in a loss of over 6.9 x lOll Btu/year in displaced energy, the cost of the energy 
supplied to each user would only be decreased by approximately 10%, as in this region the 
demand density is approximately constant. 

The overall layout of the district heating system is shown in Figure 39. The underground 
transmission line (2S-inch diameter polymer-lined concrete, 2 inches of urethane foam 
insulation, average flow rate 2.86 x 1061bs/hour or 3.73 ft/sec) from Inta1co would run in a 
straight line (10 miles from Inta1co to the thermal energy storage tanks, located on the 
outskirts of Bellingham). Twenty-four heat recovery heat exch~ngers would be installed in 
the fume collection ducts leading to the baghouses. The design of the heat exchangers is 
discussed in paragraph 7.1.2. 
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The thermal energy storage facility would consist of two insulated tanks, each 108 gallons. 
One tank will be the thermal energy storage tank, and the other tank will act as accumulator 
(buffer) for when hot water is drawn out of the hot store to meet peak demand periods. The 
backup/topping boiler and fuel tanks would be located at the same site as the thermal 
energy storag;l tanks. The backup/topping boiler capability will be equal to the sum of the 
maximum total user hourly demand plus any distribution network heat losses, or.3.6 x 108 

Btu/hr. The boiler fuel tanks will store sufficient fuel to supply the district heating system 
for 15 days at maxim urn capacity. The 15-<lay period allow~ the system time to procure 
additional fuel supplies. The cost of fuel storage tanks and the first fill is included as a first 
cost item. Replacement of fuel utilized enters as an operating expense. 

The site shown in Figure 39 for the thermal energy system is at the Bellingham Airport, 
which is under the authority of the Port Of Bellingham. Discussions with Port personnel 
have indicated that this is an acceptable location, with the single reservation that the tanks 
not interfere in any way with the operation of the airport. The convenient ownership and 
location of the airport site results in its choice over a number of other potential sites in the 
general area. 

The distribution system main would run underground from the thermal energy storage 
facility into the Bellingham service area along street right-of-ways. Underground feeder 
mains would branch off from the distribution main and run in the street easement. The 
various users would be connected off the feeder mains. The return lines would be buried in 
the same trenches as the feeder and distribution lines. The distribution, feeder and return 
lines would be polymer lined, concrete pipes with a 2-inch-thick urethane foam insulating 
layer. The user connection lines may be of either CPVC (chlorinated polyvinyl chloride) 
pipe or polymer-lined concrete. Either would be insulated with I inch of urethane foam 
insulation, depending upon the size of the connection line. The exact route of the 
distribution and feeder mains would have to be determined upon the basis of a detailed 
energy demand survey of the service area. This detailed energy demand survey is beyond the 
scope of the current program. The user interface with the district heating system will vary, 
depending upon the existing space heating and water heating equipment currently in service. 
The connection charges, and the cost of the user retrofit and interface devices, are assumed 
to be borne by the utility. . 

The total cost of the proposed district heating system is $6.33 x 107 in 1977 dollars. A 
detailed cost breakdown of the system showing the cost of the various components is 
presented in Table 8 .. 

7.1.2 Hardware Design 

The major district heating hardware items are the: 

1. Thermal energy storage tanks 
2. Insulated polymer-lined concrete pipes 
3. Pumps 
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Table 8 . 

DISTRICT HEATING SYSTEM COST BREAKDOWN 
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1.41E+05 
FACTOR 1.~ 
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FI '~'-' 
TOTAL 

7.~702E+o~ 

H!G I ~EEP ING AND AOM IN I C:Tt:?AT I O~J 
TOTAL 5.~q51f+n~ 
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4. Backup/topping boiler 
5. User interface devices 
6. Aluminum plant waste heat recovery heat exchanger 

The thermal storage tanks would be field fabricated, conical top, steel tanks. The tanks 
would be fabricated to API or equivalent standards. Each tank would be covered with a 
6-inch-thick layer of sprayed urethane foam. The foam, in tum, would be covered with a 
sprayed-on weather-proof coating. 

The overall design efforts assume the availability of insulated, polymer-lined, concrete pipe 
in appropriate sizes at the start of construction. 

The system pumps for both the transmission lines and the distribution network would be 
standard, off-the-shelf items, and hence, no specific hardware design is required. The user 
interface devices (space heating and water heating heat exchangers) woul9 have to be 
selected and sized, based upon the specifics of each installation. No specific hardware design 
is required, since the appropriate interface devices can be selected from standard 
off-the-shelf items. 

The backup/topping system would be shop fabricated package "boiler". 

The only portion of the district heating syste1l1 which would not be off-the-shelf hardware 
and has to be specifically designed for this application are the waste heat recovery heat 
exchangers. Figure 40 shows a preliminary design drawing of the aluminum plant waste heat 
recovery heat exchanger. The heat exchanger design was upon the plant/district heating 
system 'interface requirements '(described in paragraph 5.2) and upon the Task V 
optimization studies (pressure drop, tube spacing, cross-section flow area, and heat 
exchanger surface area). The design of the heat exchanger includes a gas side bypass so that 
maintenance may be performed on the heat exchanger without releasing fumes to the 
environment. The heat exchanger is shown installed on the potline building roof in Figure 
41. 

7.2 ECONOMIC ANALYSIS 

There is a wide variety of standard economic profitability parameters. The most widely 
used include return on investment (ROI), present value, net present value (NPV), and rate of 
return (ROR). The ROI is the expected annual profit divided by the total capital invested. 
The present value of a proposed system is found by discounting the in~ome for each year of 
the system economic life to the present, and summing. The net present value (NPV) is the 
difference - present value less capital cost. The ROR is equivalent to the capital cost 
interest rate which would produce a NPV of zero for the investment. The ROR is, therefore, 
an indicator of the profitability of a particular investment or system. 
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Each of the various economic parameters above is sensitive to the various economic 
assumptions (such as equipment life, interest rates, cost escalation rates, energy escalation, 
rates, etc.) used to generate the parameters. When comparing alternative investments, 
realistic comparisons can only be made with common baseline economic assumptions. The 
economic assumptions described in this section are based upon the pertinent portions of an 
ERDA/EPRI required revenue methodology document entitled,"The Cost of Energy From' 
Utility-Owned Solar Electric system", ERDA/1PL-lOI2-76/3. The primary economic 
assumptions are summarized below: 

I. Economic system life - 30 years 
2. After tax cost of capital (effective interest rate) - 8%/year 
3. General inflation rate - 5%/year 
4. Labor escalation rate - 6%/year 
5. Publicly owned utility 
6. Start of system operation - 1985 

One of the most influential variables in the entire analysis is the energy escalation rate. Ten 
percent (inflating dollars) has been used as a baseline figure, following the recommendation 
of ERDA/1PL-lOI2-76/3. A sensitivity analysis was performed for the energy escalation 
rate. The result of this analysis is presented in Figure 42 as the average return or investment, 
net present value, and rate of return for various energy escalation rates. As shown in Figure 
42, the profitability of the overall investment is strongly dependent upon the energy 
escalation rate. This is expected, since the value of the displaced energy is'increasing with 
the energy escalation rate, while the district-heating system expenses escalate at the lower 
labor and general inflation rates. The system does show profitability for energy escalation 
rates as low as 7.5% (approximately 2.5% in constant dollars). 

When dealing with alternative energy recovery systems, a convenient and tangible evaluation 
parameter is the cost of the energy supplied to the user ($/Btu). For any given year, the cost 
of the supplied energy is equal to the annual total system cost (including operation, 
maintenance, principle payments and interest costs) divided by the number of Btu's 
supplied to the various users. The difference between the cost of fossil fuel energy and cost 
of supplied energy represent the cost saving in $/Btu. To put these two costs on the same 
basis, the energy costs must be based llPon the energy usefully consumed, i.e., corrected for 
the efficiency of the user space and water heaters. Using the 70% space and hot water 
efficiency consistent with Section 6.0, effectively increases the cost of the fossil fuel energy 
by a factor of 1.43. Energy supplied by the district heating system is utilized at 100% 
efficiency, typical of nonvented heaters. 

Since the value of energy and the costs of labor, materials, etc., are escalating, the difference 
between the cost of the user supplied energy and cost of fossil fuel energy will vary with 
time as shown in Figure 43. One method of examining the cost of energy supplied to the 
user by the district heating utility over the life of the district heating system is the levelized 
energy cost. This is a single number representing time average of the energy costs from the 
standpoint of the utility. 
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The levelized energy cost (LEC) relationship is illustrated in Figure 44. The horizontal line 
at LEC represents the effective cost of the particular energy parameter in $/Btu. The curved 
line labeled EC represents a hypothetical series of growing energy costs. The LEC is a time 
average energy cost, in that it represents a uniform distribution which, over the same time 
interval (start of plant operation to end of economic system life) has the same present value. 
For this to be true, the two shaded areas must also have equal present values. (The areas 
shaded are not equal geometrically, reflecting greater discounting of later year revenues.) 
Thus, the LEC represe~ts an overcharge in early years and an undercharge in later years. In 
present value tenns, however, the two approximations cancel one another, so that the 
distribution of constant charges has exactly the correct present value. A description of the 
LEC algoithms is presented in ERDA/1PL-1012-76/3. 

The LEC for the district heating utility supplied energy is shown in Figure 45 as a function 
of the energy escalation rate. As shown, the LEC for the district heating system is very 
insensitive to the energy escalation rate. 
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8.0 SYSTEM ASSESSMENT AND PHASE II PROGRAM PLAN 

The previous sections have presented the results of the first phase of a multi-phase program 
leading to full-scale test demonstration of a low temperature energy recovery system for the 
aluminum industry. The nation-wide impact of the technology is estimated at 6.5 million 
barrels of oil saved per year, based upon the estimates made from the preliminarY design for. 
the example site, the Intalco Aluminum plant in Ferndale, Washington. Economic analysis 
of the system yields very favorable results, making the overall system very attractive for 
additional evaluation. 

h' , 

The technical assessment of the system performed in this preliminary study has found no 
fundamental problems to impede implementation of the design approach. Ho~ever, prior to 
implementation on a national basis, full-scale demonstratiop. of the technical and economic 
feasibility of the system is required. A four-phase plan leading to such a demonstration by 
1985 is presented in the remainder of this section. Whereas' the effort so described CQuid be 
lumped into a "Phase II program plan", a more definitive plan is evolved by separating the 
proposed effort into four phases, allowing incremental fund~ng and evaluation of the system 
as it proceeds to a fonnal full-scale demonstration. It is recommended that this 
demonstration be carried out with Intalco Aluminum Corporation and the surrounding 
communities: Ferndale and Bellingham, Washington. The four program phases are as follows 
and depicted in Figure 46: - -:~: .. _-. 

Phase II 
Phase III 
Phase IV 
Phase V 

Pilot Plant Detail Design 
Fabrication, Assembly and Test of Pilot Plant 
Detail Design of Full-Scale Demqnstration System 
Fabrication, Assembly, and Test of Demonstration System 

The following paragraphs describe each phase in additional detail. 

8.1 PHASE II - PILOT PLANT DETAIL DESIGN 

The goals of this phase are two-fold: 

1. Complete a detailed design of a pilot plant system that will demonstrate the 
technical and economic aspects of the heat recovery and transmission systems. 

2. Use pilot plant detailed design to update Phase I conceptual design and evaluate 
national econC?mic impact. 

To achieve these goals and provide adequate program control, the Phase II program will be 
accomplished in five tasks. 
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8.1.1 Task I - Pilot Plant Requirements 

During Task I, a complete study to establish the pilot plant design requirements will be 
conducted. At present, it is recommended that the heat recovery system be designed to 

extract heat from 1 of the 24 existing baghouse duct works at. Intalco, and size the heat 
exchanger which will be nominally full scale. This design will cap'ture 4% of a full-scale heat 
recovery system. The heat exchanger will be sufficiently large enough to cost effectively 
duplicate all performance parameters of a full-scale system. The baseline application (district 
heat/hot water to Ferndale) will be reanalyzed to verify that 'the transmission and user 

'system will provide adequate data for full-scale system sizing: In addition, cyclic demand 
levels will be fixed and the interface requirements with' the aluminum plant will be 
established. 

An interface specification will be prepared to summarize the findings of the above study. 
Provisions for ,maintenance will be specified, based upon the aluminum plan't operational 
constraints. The specification will be analayzed to ensure that ::ill code req1::lirements are 
included. 

Also during this t~sk, the location of the transmission piping will be established. A review of 
county/city drawings will be conducted to define the shortest route allowable for the 
system. 

,I 

The storage system capacity will be specified during this task, The daily/seasonal load 
demands for the using community will be reviewe~ and an optimal storage size/fossil backup 
mix will be established. 

8.1.2 Task II - Component Design 

After establishing the interface and performance requirements of the pilot plant system in 
Task L the detailed design of the pilot plant system will be initiated. The two major 
components that comprise this system, the plant heat exchanger and the transmission 
system, will be analyzed and designed in detail. For simulation and economic modeling, a 
heat exchanger design that represents a user system will also be prepared. 

Plant Heat Exchanger Subsystem Design - Detailed design drawings of the pilot plant heat 
exchanger will be prepared. All necessary materials, manufacturing processes, and code 
requirements will be specified. A structural analysis will be conducted to ensure that the 
effects of pump-induced virn-ation and thermal stresses will not alter system life expectancy. 

Transmission Subsystem - The transmission system includes all piping, fittings, valves, 
pumps, etc., necessary to connect the plant heat exchanger to user heat exchangers. 
Utilizing the design requirements established in Task I, the transmission system layout will 
be completed. Thermal performance analysis will be conducted to determine heat loss versus 
insulation thickness for the network. Parametric studies of piping size, fluid flow rates and 
insulation will also be conducted. Detailed working drawings of the transmission system will 
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be prepared and a preliminary construction specification will be completed. This 
information will be used to prepare Phase III system costs. The development status review 
of PLPC pipe will be updated to verify projected availability dates. 

User Heat Exchanger Subsystem - Two heat exchangers representative of residential and 
commercial end-use heat exchangers will be designed. A survey of the pilot plant end user 
will be performed to determine geometric and operational constraints. Baseload and peak 
load levels for each application will be established and an optimal mix of district heat/fossil 
flred backup energy will be established. The user heat exchangers will then be designed to 
satisfy the operational requirements of minimum capital costs. Retroflt costs will also be 
determined. 

Storage System -:- The baseline storage system from Phase I is a large tank of hot water. The 
optimal size of a full-scale system will vary by locality and backup energyco'sts. To make 
the storage system universal to all possible locations, it is recommended that selection by 
made of a mid-range storage condition for pilot plant sizing. Tradeoff studies will then be 
performed on maximum recovery temperature, insulation thickness, and storage duration. 

Location of the storage subsystem will be further analyzed. During Phase I, a storage facility 
location near the user appeared optional. Further refinement of the storage subsystem will 
include matching of individual commercial and/or residential demand to availability .. During 
this subtask, the storage tank and components of the pilot plant will be designed in detail, 
and existing components will be utilized where appropriate. 

Since the decision to emphasize proven technology yielded the choice of steel tank storage, 
both the cost and the feasibility of aquifer storage have become better deflned. Estimates 
for the efficiency of aquifer storage are now in the range of 85 to 90 percent, a very 
attractive figure indeed. Dl!ring Task II, the effect of the maturation of aquifer technology 
upon the overall system will be assessed. Note that the proposed pilot plant, at 1/24 scale, 
still requires a storage of 4 million gallons, deflnitely in the size range where aquifer energy 
storage is becoming competitive. 

Controls and Instrumentation - Several sets of controls are required in the system to 
maintaiJ? system optimization, reliability, and prevent operational problems to the utility. 
During this phase of the total aluminum waste heat demonstration program, those controls 
necessary to assure proper .pilot plant operation will be incorporated and optimization of 
the controls will be conducted on the fulhscale system demonstration. 

Pilot plant instrumentation will be established based upon performance requirements. Since 
the prime purpose of a pilot plant is to determine if predicted performance is achieved, the 
design effort will specify type and location of instrumentation to assure adequate data 
recovery for system analysis. 
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8.1.3 Task III - Review of Full-Scale System Design and Economics 

During this task, the Phase I conceptual design will be reviewed and changes incorporated 
based upon the detailed plant design. Changes to operational constraints will be made where 
appropriate. Cost modification to the system will be ipcorporated based upon current 
state-of-the-art technology. It is the intent of this task t() reanalyze the economic studies' 
conducted during Phase I and determine if full-scale system economics remain favorable' 
with projected displaced energy costs. 

8.1.4 Task IV - National Economic Impact Analysis 

Upon completion of the Task III cost update, a cost study will be conducted on utilizing 
this waste heat recovery /application system for the United States aluminum smelting plants. 
Cost studies will be similar to the Phase I cost study effort. Systems will be sized by plant 
capacity and user demand loads which will be based upon historic degree-day,requirements 
and national energy use profile for the specified area. The ,information retrie~ed during the 
Phase I surveys will be used to conduct a system cost study for selected plants. Information 
to be determined during this phase includes the following for the various locations: 

1. Transmission subsystem . 
2. Geographic layout 
3. System capital cost per plant 
4. Energy displaced per plant 
5. Projected payback periods 
6. Energy demand density 
7. Presence of known aquifer 

It is anticipated that a large number of aluminum plants w~l have more attractive energy 
displacement economics than the baseline Intalco/Bellingham system due to higher 
temperatures and/or closer geographic distances from plant to population centers. Since the 
baseline concept appears to be "middle-of-the-road", the basic technical/economic results 
will be adaptable to all plants within the United States. 

8.1.5 Task V - Program Plan for Fabrication, Assembly, and Test of Pilot Plant 
" 

During this task, the program plan to construct and test the Phase II pilot plant will be 
established. Detailed cost and schedule information will be prepared and the team members 
to implement this phase will be selected. A work statement will be prepared and submitted. 

8.2 PHASE III - FABRICATION, ASSEMBLY, AND TEST OF PILOT PLANT 

During this phase, fabrication and testing of the pilot plant design in Phase II will be 
implemented. It is anticipated that this phase will be divided into four tasks representing the 
major subsystems of the pilot plant. " 

8.2.1 Task I - Fabrication, Assembly and Test of Plant Heat Exchanger 

The heat exchanger designed in Phase II will be fabricated per design specifications. 
Performance testing will be conducted in a test rig that simulates air flow from the. 
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aluminum pot lines. Use of a test rig will allow for close controls of the gas properties in 
order to assess the performance of the heat exchanger during. nominal and off-nominal 
operational conditions. 

After achieving satisfactory operation and performance of the heat exchanger in the test rig, 
the unit will be installed in the selected location In the Intalco Aluminum Corporation 
plant. 

8.2.2 Task II - Fabrication, Assembly and Test of Transmission System 

Following completion of Task I, the transmission system will be investigated. A 
representative length will be installed in a test rig to measure heat losses and fluid flow 
pressure drops under various operational conditions. Upon successful completion of 
performance test verification, the piping will be installed from the aluminum plant to the 
user. Performance testing of the in-place piping system will include tradeoff studies of pump 
power requirements and entrance level temperatures. Sufficient data will be obtained to 
quantify transmission system performance under nominal and off-nominal operational 
limits. 

S.2.3 Task III - Fabrication, Assembly and Test of Storage Plant 

In parallel to the Task II effort, the selected storage system will be fabricated and tested. 
The unit will be built at the designated location and charge/discharge testing will b~ 

conducted with controlled input water temperatures. Upon completion of the transmission 
system, the storage subsystem will be connected and tested in .. conjunction with the 
transmission system. 

8.2.4 Task IV - Fabrication, Assembly and Test of User Heat Exchanger 

In parallel to Tasks II and III, heat exchangers representing nominal conditions in residences 
and commercial buildings will be fabricated and tested. After achieving satisfactory 
performance,user heat exchangers for space heating and hot water will be fabricated and 
installed in the facilities selected in Phase II. 

8.2.5 Task V - Pilot Plant Operation 

Final assembly of the pilot plant will be completed. Controls will be installed per pilot plant 
design requirements and system performance will be monitored. Test data will be reduced to 
verify predicted performance parameters for nominal and off-nominal conditions. 

8.3 PHASE IV - FULL-SCALE SYSTEM DESIGN 

This phase will be initiated in parallel with Task V of Phase II. Pilot plant operational data 
will be utilized to optimize the design of a full-scale demonstration system from the Intalco 
Aluminum plant to Bellingham, Washington. The final product from this phase will be the 
detailed drawings and specification of the full waste heat utilization system. 
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8.4 PHASE V - FABRICATION, ASSEMBLY, AND TEST OF 
DEMONSTRATION SYSTEM 

This phase will entail construction and performance monitoring of the full-scale demonstra­
tion system. Data will be gathered to assess total system c9st, component size/performance· 
sensitivity on total system cost, and economic payback. Component design information will 

be of sufficient detail to implement system construction of other economically attractive 
locations. 
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9.0 SUMMARY Al'iD COl\\CLUSIONS 

The flrst phase of a five-phase program has shown that waste heat recovery from aluminum 
smelting operations is technically feasible and economically viable. A ready demand for this 
energy exists for comfort conditioning for human habitation. Energy stored in the fonn of 
hot water improves the utilization of the. continuously available source by the strongly time 
variant demand. 

A specific aluminum plant site has been analyzed during the study. resulting in a preliminary 
design ~rom which the system performance may be estimated. This specific site, the Intalco 
Aluminum plant coupled to the cities of Bellingham and Ferndale, shows the. prospect for 
displacing 1.37 x 1012 Btu's/year of fossil fuel energy (assumed heating efficiency of 70%). 
Thus, the fossil fuel displaced is 49.4% of the total energy contained above 700 F (2.77 x 
10 12 Btu/year) in the Intalco fume flow. The specific site analyzed is a reasonably typical 
aluminum plant, allowing an estimate of the national fossil fuel savings from the example 
savings fraction at 35.5 x 1012 Btu's/year. These are equivalent to 0.251 x 106 barrels of 
oil/year (one site) and 6.5 x 106 barrels of oil/year (national). 

The system analyzed during the program provides the space heating and hot water heating 
requirements for a mix of large commercial, small commercial, and single family residential 
users equivalent to 12,000 single family residences. A storage tank of 108 gallons results.~~.c. 
the most cost competitive storage volume fo~ above-ground, insulated, nonpressurized steel 
tanks. It is expected that the maturation of aquifer thermal storage-technology will result in 
less expense associated with storage of heated water which will result in higher energy 
savings and lower costs, resulting in even better economic parameters. 

The system, as designed, incorporates mainly existing proven technology. The only item 
which presents a potential technology gap is the use of polymer lined prestressed concrete 
pipe in the required diameter. However, such development is currently in process in Europe, 
and discussions indicate the development is proceeding rapidly. The maturation of polymer 
lined prestressed pipe technology appears to be totally feasible by 1985. It is thus estimated 
that the system could be implemented and proven by 1985. 

- The system studied shows a cost (1977 dollars) of 63.2 million. Escalating this cost to the 
assumed 1985 system start yields 93.3 million dollars (1985). At that time, the system 
"present value" (1985 dollars) is 349.3 million dollars, yielding a system net present value 
of 1985 of 256 million dollars (1985). Other economic indicators are as follows: 

a. Internal rate of return - 20.8% 
b. Return on investment - 86% 
c. System lifetime (assumed) - 30 years 
d. Averaged energy cost/averaged cost of replaced fossil fuel - 0.255 
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. While there are no technological breakthroughs required before the system can be 
implemented, the overall system will need a full-scale demonstration before a l widespread 
investment of private capital will be forthcoming. A plan leading to such a demonstration 
has been formulated. This plan proceeds in four more phases: 

Phase II Pilot Plant Detail Design 
Phase III Pilot Plant Fabrication and Testing 
Phase IV Full-Scale System Design 
Phase V Full-Scale Fabrication and Demonstration 

Rocket Research Company believes that these phases may be accomplished in time to allow 
the start of a national implementation program by 1985. 
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YORK CENTER 
REDMOND. WASHINGTON 98052 
(206) 885·5000 TWX 910-449·2861 

ROCKET RESEARCH COMPANV 
ADIVISIDNDF~ \ 

J 

The Rocket Research Company (RRc), is currently under contract to the Energy Research and 
Development Administration (ERDA) to investigate the utilization of waste heat produced during 
the smelting of aluminum. We are being assisted in this study by the Bonneville Power 
Administration (Branch of Power Resources) and the Intalco Aluminum Corporati.on. While other 
waste heat sources and applications are being considered, the primary energy source being 
investigated during this program is the gas stream from the aluminum reduction pots enroute to the 
bag houses. The primary application for this energy being studied is residential and commercial 
space and water heating, Le., a district heating system for the surrounding communities. District 

space and water heating has been widely used in Europe for many years; for example, in 1975, 
approximately 42 percent of Denmark's space heating requirements were supplied by district 

heating sources, In Reykjavik, Iceland (population 90,000), over 99 percent of the space and water 
heating is supplied from district heating sources (geothermal). In the United States, district heating 

is primarily used for large urban commercial applications. European district heating systems have 
shown that it is economically feasible to supply·district heating systems from heat sources over 25 
miles away. A preliminary analysis of this concept based upon the Intalco Aluminum Corporation's 
plan t in Ferndale, Washington. suggests that homes of over 25.000 people could be economically 
heated from this one waste heat source. 

The purpose of this letter and the attached questionnaire is to gather sufficient information to allow 
RRC and ERDA to evaluate the feasibility and economics of this concept on a national basis. If any 
of the information that you supply in filling out the questionnaire is considered proprietary, it 
should be noted as such on the questionnaire. Any information marked proprietary will be kept 
confidential by RRC In return for your assistance with this survey, RRC will send you a copy of 
the final report at the conclusion of this study . 

. If you have any other comments or questions, please feel free to contact either me or the Project 
Manager. L B. Katter. at (206) 885-5000. 

RLH/is 
Attachment 

Sincerely yours, 

ROCKET RESEARCH COMPANY 

Randel L Hoskins 
Principal Investigator 
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II. 

ALUMINUM SMELTER WASTE HEAT SURVEY 

General Plant and Location Information 

A. Plant location relative to population centers 

1. Please list any towns within a 25-mile radius of the plant and include approximate distance from plant. 

Towns Population Greater Than Distance from Plant 

a. 1,000 

b. 5.000 

c. 10.000 

d. 20,000 

e. 50,000 

Alternately, please return questionnaire with a local map showing the approximate location of the 
II 

plant relative to the surrounding communities. 

B. Rated Plant Capacity _____________ Tons/,Xear 

c. Start of Plant Operation 

D. Production 
1974 ____ Tons/year 1975 ____ Tons/Year 1976 ____ Tons/Year 

E. Announced Future Plant Expansion 

Increase in capacity tons/year by 

Process Information 

A. Type and Number of Reduction Cells 

1. Prebake* 
a. Side worked _______ _ Center worked 

" 

b. 

2. Soderberg* 

a. VSS b. HSS 

*In installation where multiple types of cells are used within pl~nt, please note approximate percentage 

of plant aluminum production produced in each type of cell. 

B. Plant Energy Consumption 

I. Electrical Consumption (pot electrical power only) 
1974, GW·hr 1975 GW·hr 

2. Fossil Fuel Consumption 

a. Cast House 

1976, Natural Gas _____ Mcf/years 

b. Anode Baking Ovens** 

1976, Natural Gas Mcf/years 

c. 

1976, 

Coke and Pitch Requirements 

.tons/year 

**Where applicable 

1976, Oil ___ " gallons/year 

1976, Oil ____ gallons/year 
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I 976 ____ GW-hr 

1976, Other ___ _ 

1976, Other ___ _ 



III. Waste Heat Sources 

A. Cast House 

1. High temperature stack gases (holding and remelt furnaces) 

a. Stack gas flow rate _____ _ acfm 

b; Approximate stack gas temperature of 

2 . Medium temperature stack gases (homogenizing furnace) 

Stack gas flow ra te _____ _ acfm . 
a. 

b. Approximate stack temperature ______ of 

B. Anode Baking Ovens 

1. Bake oven exhaust gas flow rate ____ acfm 

., 
~. 

Average bake oven exhaust gas temperature _______ oF . 

C. Reduction Cell Fume Collection System 

I. Gas temperature of·cell fumes entering collection system _______ of 

2. Gas flow rate per cell acfm 

3. Types of scrubbers used: 

4. Please supply photo or sketch of pot collection hoods. 

5. Please provide drawing or sketch of the cell fume collection system. 

6. Please provide map or sketch showing location of scrubbers in plant. 

7. Potential problems with installing heat exchangers in fume collection lines: 

8. General comments on conce'pt or application of district heating system at your plant. 
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