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FOREWORD

Argonne National Laboratory (ANL) is engaged in a program to assist
the DOE Office of Industrial Programs in technology evaluation and policy
analysis related to industrial conservation. Among the objectives of the DOE
program are to (a) assist private sector research, development, and demonstra-
tion (RD&D) initiatives in industrial energy comservation, (b) help accelerate
the market penetration of industrial energy conservation technologies, (c)
ensure the environmental and institutional acceptability of DOE-sponsored
RD&D, and (d) evaluate and disseminate RD&D project results. At the present
time, DOE is sponsoring a large number of projects intended to improve process
energy efficiency in specific industries and to develop waste energy utiliza-
tion technologies that are applicable across a range of industries. In
addition to these RD&D projects, a number of supporting activities, including
the ANL program, have been initiated to aid in the definition of programs to
identify, develop, evaluate, and help commercialize individual RD&D projects.

The work reported here was completed by Resource Management Associates
(RMA) under the direction of ANL staff as part of a larger ANL industrial
energy conservation program. This larger program is designed to emphasize
market-oriented technology identification and development in the formulation
of DOE RD&D policies. The ANL program consists of an analysis of existing but
underutilized technologies, part of which is described in this report. Also
included in the ANL industrial emergy conservation program is the development
of industrial marketing techniques and methods for application to new energy
conservation technologies, the application of marketing research methodologies
to the analysis of generic technologies, the application of marketing research
methodologies to chemical industry technology and an analysis of the implemen-
tation of industrial energy conservation technology at the state level.
Questions or comments on the work reported here or on the ANL program in
general can be directed to: Paul J. Grogan, Energy and Environmental Systems
Division, Building 12, Argonne National Laboratory, Argonne, Illinois 60439.
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EXECUTIVE SUMMARY

OBJECTIVE
The primary objecﬁive of this study is to shed light on the potential

of low temperature waste-heat recovery technology in industryé-fto provide o

a picture of the barriers which impede it, and to identif# Reseafch and Develop-
ment éctivities. In late 1979, Argonne National Laboratory commissioned
Resource Management Associates (RMA) to conduct a study examining industrial
decision procedures and barriers in implementation of low temperature waste-
heat recovery. The University of Wisconsin-Madison received a grént from

RMA to collaborate onwspecifécAggpe;ts vaphe project.
INDUSTRIAL SETTING -

. .
The food industry and the paper and pulp industry in Wisconsin were chosen

as the industrial setting for this study because of their large energy consump-

tion and the potential that both may offer for increased utilization of low:

temperature waste heat.

METHODOLOGY

A case study approach was used. Planning workshops were held . with several
firms in each of the respective industries. Three firms in each industry agreed
to participate in the study. These fifms served as primary sources of economic,
technical, and institutional information for the study. These data were supple-
‘mented during the course of the study by extensive information from the litera-
ture and by previous energy analysis of these industries. The project team de-
veloped a picture of the recovery potential and the decision procedures in
these industries. Additional interviews and workshops with the firms were used

to elicit industry reactions and to modify the project's analyses.
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MAJOR FINDINGS

Barriers to Use of Heat Recovery Systems for
Low Temperature Waste-—Heat Recovery

A sighificant potential exists for recovery of low temperature waste-
heat in the food and paper industries. However, our case studies indicate
that firms in these inaustries face significant barriers. either real or per
éeived, to the impleméntation of this recovery. These prominent barriers,
identified by these firms, include technical, economic, and informational/
institutional factprs. Prominent among theseAbarriers are lack of accessibil-
ity of acceptor streams for heat recovery, lack of information about specific
energy flows within a firm's plants, inSufficientjinformation about future
energy prices,.inadeQuate economic justification for a proposed recovery pro-
ject, and lack of capital funds.

Substantial parts of these barriers could be reﬁoved &hrongh the imﬁrove-
ment of industry's information and its understanding ol the potentiallheat
tecovery. However, economic justification and competitiveness for available
capital with non-energy projects are pre-eminent factors in influencing imple-

mentation of recovery projects,

Waste—Heat’Recovéry'in the Food Industry

The food industry is the second largest industrial cnergy cunoumer in
Wisconsin. Most of this energy is used for process heat at moderate tempera-
tures (below 270°F).

Significunt potential exists to recover and.reuse energy from waste streams

through the installation of heat exchangers and heat pumps or the direct reuse

xii



of waste streams. Important limiting factors are fouling of heat exchéngers,
product quality control, sanitary regulations, coincidence of waste and accep-
tor streams, and economic viability.'

‘Calculations were made ﬁo assess energy recovery in canning, meat pro-
cessing, fluid milk, and cheese processing plants under a variety of conditions
and'assumptions. It is technically feasible to reduce boiler fuel requirements

by 8 to 10 percent through installation of liquid-to-liquid heat exchangers and

direct use of suitable waste streams as boiler feed water.

Waste Heat Recovery in the Pulp. and Paber Industry

Thé pulp and paper industry is the largest industrial energy consumer in
Wisconsin. Most of this energy is used for process heat and drying. Much
waste heat available is alreadyreqbvered especially on arying éqﬁipment, ‘The’
-potential for heat recovery depends on such factors as degree of integration,.

product mix, processes used and physical plant parameters.

Our calculations indicate that heat recovery may reduce totél energy con- *
sumétion by 3 to 8 percent. This takes into account the decreased potential
for cogeneration of electric power associated with reduced steam requiremeqts.
The énalysis considered énly one wastest%emn(evaporator,condensate) and two

acceptor streams (boiler feed water, water for bleaching). There should be

additional opportunities for waste heat recovery using other streams.

Economic Decision Criteria and Models for Waste Heat Recovery

Economic justification is a major barrier to implementation of waste heat
recovery projects. Cost savings from conservation ﬁrojects depend on energy
prices and fuel mix. Economic acceptability depends on the method used to

evaluate the cost savings. We demonstrated how the payback method, commonly

used among firms in our study, favors projects with short lives and large immediate
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sévings over those with longer lives and increasing savings. Energy conservation

,préjécts tend.to be of the second kind. We therefore concludé that the economic

value of conservation projects is more aécurately estimated based on life cycle

than payback analysié. A general life cycle costing methodology is presented.
Development Qf a convenient and standardized life cycle evaluation guide

for energy conservation projects is desirable. Life cycle analyses also create

a preater need for credible encrgy price_énd avallabilicy forecasts. State

and federai government should bccome more invoulved in preparing and disseminating

such forecasts.

Eﬁgineering/Econbmic'Pfoceéures for Selection of Heat Exchangers:and Heat Pumps
" Even when it is technically feasible to recover heat using a heat exchanger
or heat pump, it may not always be cost effective to do so, Life cycle cost
analysis is needed to accurately estimate costs and benefits of a specific
application.
The maximum economic benefits depend on the choice of recovery equipment,

~We have develbped generalized methods to calculate break-even fuel costs

A(;he fuel price below which no heat exchanger is cost effective) and to
determine the optimum size heat exchanger. A simplified version of this wethod
was also developed faor heat axchangers.' A third procedure was developed to
vevaluate energy éavings and cost effectiveness of heat pumps. Plant and equip-
ment sﬁecific data are required as input. In general, heat exchangers yield more
savings with larger temperatﬁre differentials between waste and acceptor streams.

Heat pumps become more cost effective with smaller .temperature differences.
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Institutional Aspects

Organizational stfucture Stromgly influences the adoption of emergy .
conservation projects. We found that larger firms generally employ energy
staff éersonnel'at the cofporate level. Smaller firms often have no specific.
energy official or program but handle energy like any other production factor.

At the plant‘level, energy coordinators and/or committees have been commonly
appointed. If responsibility fof.energy conservation rests with the engineer-
ing staff, plant impfovementsséemto be commonly used to reduee energy consump-
tion. If this responsibility fesided with the operations' staff, operational ;
"imprdvementé tend to be favored.

Many companies have energy reporting systems tolfecilitate repbrting to
government and as a management tool. Energy conservation incentives are being
»provided through the setting of conservation objectiveé. The lack of detailed
energy flow metering hampers evaluation of how well obJectlves are met and makes
it dlfflcult to assess potential progect ideas.

' Dissemination of information should be encouraged with vehicles such as

regional workshops, and newsletters.

Implications of Study Findings for Research and Developmeng'
in Low Temperature Waste-Heat Recovery Systems

Because heat exchangers and heat pumps are relatively expeneiye,"many heat
recovery applications are not cost effective; Initial capital costs play a
major role in determining the attractiveness of heat recovery projects.
Research and development strategies for advanced heat-recovery technologies
must point towarduequipment first-costs that are competitive ﬁith convention-
al recovery technologles. High prlorlty should be giyen to demonstratlons and
case studies whlch focus on experiences with 1ndustr1a1 1mplementat10n of

advanced and conventional recovery technologies.
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Decision Models for Waste-Heat Recovery Pfojects

.Because of the large number of technical, ecdnomic,.and institufional
factors affecting.implementation of waste-heat recovery projects, no single
quel is apﬁlicable for evaluating all aspects of a project's feasibility or
for forecasting their implementation in any particular industry. However, we
strongly encourage the use of the engineering and economic decision framework
ﬁpresented in this study, including the use uf 1ife cycle analysis as a guide for

a. firm's allocativu uf 1ts capital reasources.



CHAPTER I

INTRODUCTION®

PROBLEM BACKGROUND

Of all the sectors qf the U.S. economy, energy policy makers have
givén the least attention to industry. One reason for this is that in--
dustry has been able to increase the efficiency of its energy use over
the past several years; energy usé per unit of industrial ou;put has
decreased significantly. A second reason is the generél percéption that,-
éf all the sectors, industry is best able to make its own plans and ad-
'justments_for‘changes in the energy situation.

There is, however, also a reéognition that the recent slowing of
industrial energy growth is due largely to'an'initial‘Housecleaning of
-ﬁhe system motivated by the sudden realization of the increasing price
and scarcity of energy. Nevertheless, much potential for additional con-
servation remains. Some of this potential exists today, unrealized’bej
cause of a variety of barriefs. Other opportunities will evolve as
industries consider plant retrofi;s, plant modifications, and new tech-
nologies in their expansion activities. |

in recognition of this potential, Argonne National Laboratory (ANL)
is engaged in a project to assist the U.S. Department of Energy (DOE) in
evalqating and implementing industrial ehergy conservation technologieé.
bée égmpoﬁent'of £ﬂ§£ éfoﬁéég‘fé”inténdédwéa>aésiS£'DbE-iﬁ”accelefag:.
ing the adoption of waste-heat recovery technologies. Under contract
to Argonne, Resource Management Associates (RMA) has contributed to
that study by examiniﬁg industrial decision procedures for implement-

ing low temperature waste-heat recovery technology. The University



of Wisconsin also collaborated in this work.within the framework qf

a research grant from RMA to the Madison campus.

RESEARCH SETTING
Among the areas of potential industrial energy conservation, re-

covery of low~-temperature waste heat appears to be one of the most siéni-
ficant. During the past year, RMA has conducted a study to understand
better the industrial decision-making process through which these conser-
vation measures are implemented. This study-was also - intended to ﬁro?ide
a picture of the barriers impeding industry's use of waste-heat recovery
and to shed additional light on waste—he;t recovery's potential in speci-
fic industrieé.

| The food industry énd the paper and pulp industry were chosen as.
the industrial setting for this studj because of their large energy con-
‘sumption and the opportunities botﬁAoffer for increased utilization of
low temperature waste heat. A variety of firm-specific and piantuspecific
facturs atfect the iﬁplementation of waste-heat recovery technologies
within tﬁese industries. By focusing on selected case studies, this
study provides some of the detailed information required to examine the"
decision making processes through which the technologies aie

implemented.

PROJECT -APPROACH

Because of their size and importance in ;he state, the Wisconsin
food industry and paper and pulp industry provide excellent sites for
the study. These two sectors rank one and two in energy consumption in
Wisconsin industry, consumiﬁg 40 percent and 16 percent respectively of

total industrial eﬁefgy use in 1976. In previous work (Foell et al.,1980),



the University of Wisconsin Eﬁergy Systems and foiicy Research‘Program
(ESPRP) has analyzed these sectors on a highly:aggregated basis in aﬁ
investigation of future industrial energy demands$ in Wisconsin. While
that study did not treat energy use at the process 1¢vel, the study
described in this report examines specific processes for‘§he recovery of
low—gréde heat in these sectors. Heat éxchangers and'industrial heat
pumps were used iﬁ-the analysis as candidate devices for heatlrecovery;
however, the study's analytic methods are applicable in general to other
heaﬁ recovery devices or sources. |

To develop background characterization of the industries, the
project began with separate workshops held‘wifh partiéipation by.sevéral
firms and trade organizations. Six of the firms'agreed to provide‘
plant—sﬁecific energy data for the studies. From these workshops came
a specific plan and schedule for the project. The major components were:
(1) waste-heat recovery in the food industry,(é) waste«heaﬁ recovery in
the paper and puip industry; (3) economic analysis and criteria for edergy
conservation projects; (4) engineering/economic p?ocedures for examining
the potgptial of heat ekchangers and heat pumps for heat recovery, and

€5) institutional factors in industrial energy conservation.

Waste—-Heat Recovery iﬁ the Food Industry

The éssessment of potential héat’recovery requires a technical
characterization of the industry and a generic description of energy use.
The study focused on the three main food industries in Wisconsin:
canning, meat brqcessing; and dairy processing. Energy consumption

patterns were described for these sectors. Representative- plant and 'process




descriptions were developed, based upon literature and upon information
supplied from the industry case study participants. From these des-
criptions, potential waste~heat source and acceptor streams were identi-

fied and analyzed for the technical feasiblity of waste heat recovery.

Waste-Heat Recovery in the Paper and Pulp Industry
A similar approach was taken for this industry as in the food

~ industry.

Economic Analysis and Criteria for Energy Conservation Projects

An important factot in implementing conservation is the econbmic
criterioﬁ used by the firm to assess the merit of a particular project.
. The six firms were interviewed extensively to determine the methods used
in their analyses. The study investigated the return and payback
period objectives, and the conventionsused for determining future costs,
including fuel expenditures. .Because either rate of return or payback
analysis was used in the six firms interviewed, the study compared their
ﬁroject selection properties under variéus conditions of cost increases
and for different projéct lives. Since conservation investments will
alter prospective cost patterns over a number of years, life cycle
costing should be used for projeét'evaluation. Therefore, the study
-_developed a framework for life cycle cost analysis.

Eugineering/Ceconomic Procedures for Examining the Potential of Heat
Exchangers and;Heat Pumps for Heat Recovery ’

The study's examination of a firm's approach to energy conservation
décioions focused in part on the eangineering approaches used. 1t also
sought to generalize some of these approaches into a set of aids useful
to plant or .corporate engineers in evaluating specific conservation_ ‘

investment situations. Life cycle costing was selected to be the appropriate

~



basis for these evaluations and therefore was incorporated into the
approach. The procedure was developed for both heat exchangers and heat
pumps. Using economic and engineering parameters, the procedure4allows
the engineér to determine whether to instéll the heat recovery device,

and, if so, to determine what size to install.

Institutional Factors in Industrial Energy Conservation

The initiation and ultimate implementation of corporate energy
conservation projects depends upon the nature of the ins;itutional |
ihfrastructure. Such factors include, among others, whether a sepéréte
energy and conservation divisién exists in the firm, the relatiohship of
energy managers to plant and production and producﬁion managers, the
form of energy data collectibn, and the manner in which ﬁroduction units
are evaluated on energy éonservation performance. Through the case‘
studies, the RMA project sought to identify and ékplain how these factors
and barriers affect both the range of potential coﬁéervation projects

and the manner and speed with which they are evaluated and adopted.

ORGANIZATION OF REPORT

The reﬁort is organized in chapters corresponding to the above study
components. .Cahpters IV and VI, on the.economic and insﬁitu;iénal aspects
.of heat recovery projects, respectively, provide complementary integrative
.Eiéﬁéwdrkg for the results of the étudy. Chapter VII gives a final summary

and major concluding observations.
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CHAPTER II
WASTE-HEAT RECOVERY IN THE WISCONSIN FOOD INDUSTRY

This chapter presents a description of energy use and pbtential

waste heat recovery in three important food industries in Wiscon-

sin, namely, canning, meat processing, and dairy processing. The

approach used here develops representative plant and process

descriptions based on literature and information supplied o

by industrial participants in thé project. From these descriptions,.

potential waste heat source and acceptor streams were identified and

analyzed for the technical feasibility of waste-heat recovery. '
QVERVIEWV

Several generalities apply to energy utilization within the food in-
dustry. First, boilers generally operate in the 80-150 psig range, since
most of the process heating is carried out at temperaturé less than 270°F.
This is necessary because of the product duality's sensitivity to higher
temperatures. Second,_most of the process heat is applied to the product
indirectly. That is, generally the product is packaged before heating (as
- in thermal prdceésing of canned products) or is heated in heat exchangers or
vats (as in pasteurization of fluid milk or partial cooking of meat products).
The resultant waste stream is therefore usually condensate or hot water not
‘highly contaminated by product, and as such offers some potential fo; recovery
of its waste heat. Finally, because of the heating medium's relatively low
teﬁperature, the waste-heat streams are generally high-volume, lower-tempera-
ture sources. Waste-heat streams are often comingled to reduce the mass-
average temperature to a value acceptable for disposal. Successful applica-

tion of waste-heat recovery systems would therefore require segregation of

waste-heat sources in some operations.



Before'describing ﬁqbd process operation;_in greatef detail, oﬁe essen;
tial'criterion.must be established: Tﬁe food industry's brima;y objective is to
pfoducg safe, nutritious,.wholesome fpods for trusting consumers. Thus, any
consideration of waste-heat recovéry projects should'include a hazard analysis.
In this, the bofential benefits are weighed against the potentiallrisk of |
product céntamination or impact on consumer safety. For example, if an
ammonia_ieak in alrefrigeration system developed as a result of a waste-
rhéat rgcovefy project, it could result in a freezer full of tainted ice cream.
The main poiﬁf is fhat energy is only one factor used to eQéluate food process-
~ ing systems. Prodﬁct quality and consﬁﬁer safety are more important, par-
ticularly in on-going systems, and must remain foremost in designs of new

systenms.



Process Descriptions

Although each food processing facility is unique in layout, the unit
operétions applied to transform raw agricultural commodities into consumer-
acceptable products are fairly standard. Figures 2-1 through 2-11 and Table
2-1 present generalized energy and qéigziéi‘flow charts for several éf the
four-digit SIC 20 (Standard Industrial Classification) industries, (Casper,
1980). From these diagrams and from the industrial cooperatofs on the project,
it is possible to idenﬁify the waste heat sources that may be used in
heat recovery schemes,

In meat processing (meat packing SIC 2011, poultry processingnSIC 2016
and processed meaté SIC 2013), waste-heat streaﬁs are generated from: (1) hog
dehairing;‘(Z) edible and inedible rendering, (3) clean-up, (4) boiler blow-
down, (5) condensate from indirect‘heating, (6) refrigeration condensers and
compressors inciuding water from water-cooled condensers, (7) poultry scalding

and defeathering, (8) thawing and tempering, and (9) retofting (thermal pro-

cessing) . (Figures 2-5, 2-6, 2-7a, 2-7b, 2-7¢). For caﬁning fruits and
vegetables (Figu#e 2-8), the major sources of wasfe heat are: (1) blanch-
ing water, (2) topping.water (water added to the can after the produce has
been added); (3) retort condensate, (4) can-cooling water, (5) clean-up.
water, (6) boiler blowdown, and (7) venting of still retorts. Finally in
dairy processing, the major waste-heat sources are: (1) pasteurizer con-’
densate or overflow, (2) refrigeration condensers and compreésofs, (3) whey,
(4) clean-up water, (5) vapor from evaporators (referred to as cow water)f
(6) exhaust from spray driers, and (7) wastewater from membrane processing

systems (Figure 2~9 through 2-11).
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Figure 2-1

Energy Flow Sheet - Frozen Fruits and Vegetables (SIC 2037)%

Tuel : . Energy End Use : Total Fuel - 31.44x10%Btu
Supplied . far 1974
Petroleun Direct Use 6% Reéeiving and
25.7% '
Miscellaneous
" Receiving and
Preparation 7Y
)
Boiler 74% Processing
Natural Gas 71.8%
53.8% :
> Warehouse 4§ Mis¢. 1.5%
Orher Fuel 2.4% > ~>  Receiving 1.8%
Purchased > Preparation 2.2%
Electricity Electricity 20%
18.6% . Processing 7.4%
. \ Warehouse | 7%
N\, Naste Disp. &
7 Misc, 1.6%
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Figure 2-2
Energy Flow Sheet - Canned Fruits and Vegetables SIC: 2033
Total Fuel - 52.64 x 10'2 Beu
for 1972
Fuel Encrgy End Use
Supplied o '
Petroleun
18.9% Direct Use 8% Space Heating
. of Warehouse 8%
j) Receiving § Preparation 1.7%
Processing
Boiler 82% 78.7%
Natural Gas .
68.3%
Coal 3.2% \ | -
Z | > Space Heating 1.9%
Other Fuels 1.2% = ] Electricity > Receiving 2.3%
4
. ‘ Purchased 10% j Prevaration 1.9%
Electricity ' > Processing 2.5%
8.4% S Waste Disposal 1.5%
. > Lighting Misc. 6%
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Petroleum
13%

Natural
Gas
68%

Coal 3%
Other 3%

Electricity 8%

Figure 2-3

Energy Flow Sheet - Dairy Products - Cheese

(sIc
Fuel Energy End Use
Supplied
' j ] :;> Orying and Fluid Milk Fillers 1.2%
Direct Use N

30% Whey Drying 28.8%
“Boiler 63% j:> Boiler Losses - Stack 15.8%
> ‘Other Losses 11.3%
S; Pastorization aﬁd Flavor 1.3%

"\ CIP, COP and Other
Cleaning 9.5%

Condensing and
Heating 22.1%
> Area hcating and Other 3%
Elcctricity 7% °

Process Equip. and Cleaning 3.8%
::> Refrigeration 1.4%
>_ Other . 2.1%

2022)

Total Fuel - 21.8x10
For 1972

1

2Btu



Figure 2-4a

Energy Flow Sheet - Sausages and Prepared Meats

Energy End Use

Direct
Use 11%

>

o°

Space Heating (n.6.) .5

Pros. Ovens and Single

4

House S

Cooking Tanks, 0.P.R.F. 22%

NV

After Burners 3.3%

Fuel
Supplied
Petroleum’
16%
Coal 1%
Natural
Gas 64%

Other Fuels 2%

Electricity 17%

Boiler 70%

Boiler Losses

18.

N
o

. Heat Boiler Feed

> water 8.4%
_P:ocess Steanm,
: Hot Water
’ 25.8%
" Hot Water Cleaning
: > ' 6.3%
‘Smoke House and
:>> Cook Ovens 8.4%
J::> " Other Steam Use . 2.8%
::> Lights - i c1.7%
Electricity 17%
Purchased ::> HVAC 3%
Preparation 3.2%
% Cookiné 4.3%
jf; Comp. Air, Hnt.Watef 1.4%
j:) Refrigeration ' 5.1%
> 0%

LPurchased Steam 2%

Misc. - 1.

13

SIC: 2013

12

Total Fuel - 21.2x10""Btu

For 1972
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" Figure 2-4b

Energy Flow Sheet - Meat Packing Industry

Tarchased Steam

2%

1

SIC: 2011
Total Fuel - 87.3 x 102 Btu
for 1972
Fuel
Supplied Energy End Use
:;{Space Heating' 1.2% other 1.2%
Petroleum Direct Use - for Food Processing 6.8% :;? gas/hog singers 1.6%
10% 8%
::) Burners 1.6%
2 Cook Ovens, Smoke
. House 2.4%
Béiler Losses 19.8%
Natural ) 4
Gas 61% Boiler 76%
Steam used iﬁ
Process and
. Space Hcating 0.1%
Hut Water for
Production 7.6%
Hot Water for Cleaning
11.4%
\> Heat for Bniler
7
Fand Water 9.1%
Y.
Rendering
19%
Coal 13%
> Air Conditioning .6%
Electricity
14% Dir. Heating for Preparation §
Other 3% Food Pr. 3.1% Packaging 2.5%
Dir. Cooling of ::>'Steam.& water use .h%
Electricity Puoa 5.1% ‘
14% ::> Mech. Process 3.2%
‘:> Lighting XD
, .
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Figure 2-5

Material and Energy Flow for Meat Packing Plantf

Puréhased
' : Power - - -
O-ﬂ Boiler Liveatock Pens ;l
Input | '
Fuel Slaughter
. i :
[ Blood Processing «— -l
1
e Dried —-
' Blood
H Hide Removal ) -
' — :
)
i Hog Hide Processin :
:‘ ' Hides
L)
1 : . .
 Hog Hair : : : Edible
: ] Eviscerating Ofial . |
; Hair
Recovering Vi i
: iscera Handling v‘OTripe l
I
|
I . .
1 Recovery System t
1 .
: Process I
| Trimming Effluent f
!
: Coolin . '
{ Cuttin, == B
- [Inedible Rendering] ~ !
1 .
I Deboning | «-—
h >
'
1 Drier
ll---o Lard — By-Products
- dible Rendering
| Edible : '
: Tallow ’ I
. Processi , .
len ﬁ' . IotEosoR.s =O Meat Products &—=-

O Pumps
==
OfReigeration]

O Conveyers & Material Transport

L——'-—_—' - me—

[n

TFrom Casper,‘ M.E. 1977. FEnergy Saving Techniques for the Food Iadustry.
~ Noyes Data Corp., Park Ridge, N.J., p. 99.

‘ ’ | ) [ = Potential Waste Heat Recovery Stream



16 Figure 2-6

Material and Energy Flow -- Poultry Dressing Plants (SIC 2016)%

Purchased Material and Energy Flow-- Purchased
fu Boiler Poultry Dressing Plants (SIC 2016) Electricity

“Live Poultry

!
|

. | '
: — .pBofler Ldsses :
|
{ Killing & Bleeding I
|
| e
fr——— lSca]dingl
] ]
} ==
| l Defeatheringi - - —
! ‘ I
|
: Hashing
|
|- |
: Eviscerating
| |
] Washing
|
l : |
| Chilling PO
|
|
: Weighing, Grading *—— — —
|
I .
} —— Packaging
1
t—

: -0 lot Mater] ' ' |

’ . leanup | , c .
———L—-O()Space Heating Poultry Conveyers

- Carcasses LithingL)Q—— —_—

[ §

—____“0 Letses A/CC)"‘_ -

TFfom Casper,' M.E. 1977, Energy Saving Techniques for the Food Industry.
Noyes Data Corp., Park Ridge, N.J., p. 320.
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ij = Potential waste heat recovery stream



Figure 2-7a

Material and Energy Flow for Major Processes in SIC‘2013T

for Proce§sing Ham, Bacon and Pilenics

Fossil - . Purchased

Fuel . Fuel
-

Hams & Pork Bellies |

]
N

A
P

Thawing &/or tempering|

Steam,
‘hot water,
and
direct heat

r-—-%
!

1

v

Skinning, trimming, boning e -
. ) "

? Pickle

Spices,

chemicals !

=—— Cooking/smoking

Cooling; chilling and 4=
tempering ’

do—0

Storage {aging) | e o

A

Forming, slicing ——

-
—O—0

o
:

Packa ging

<

Bacon and Ham

Noyes Data Corp., Park Ridge, N.J, p. 344, :

———
===
s

l l = Potential waste heat recovery stream



Figufe 2-7b

Material and Energy Flow for Major Processes in SIC 20137

for Sausage and Comminuted Meat Products

’ Purchased
Fossil Fuel : .- . Power
Carcass & Mear Parts O
r-- I
| - . .
I Boiler -
I V . H
L ; Breaking S —
—
: Fr?zef\ Meat _
| Chipping )
| Cutting & o
I Trimming ¢
|
: 4Seasoning Spices !
Grinding N N . J
-
I'- & Mixing b : - - QWater or Ices——
{ Emulsification
! Extrusion
: & Stuffin *~—q
| Linking
L_..., - o Cooking/ ) 1
| Smoking
t
l |
l N
Cooling Coolat . g
b ﬂprepara!ion
Peeling |
Storage v ’ ~— -l /

Packaging

Finished Product

TFrom Casper, M.E. 1977. Energy Saviang Techniques for ;he Food Industry.
Moyes Data Corp., Park Ridge, N.J., p. 345.
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Figure 2-7c

" for Canned Meat Products:

Input Meat

Meat preparation

Cooking

. Sauce
preparation

Batching
Can

sterilization ’

(i)Canqung

( Ysanitation] Labeling & boxing

\Y%

Canned Meats

and Energy Flow for Major Processes in SIC 2013}
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TFfom Caspter,; M.E. 1977. Energy Saving Techniques for the Food Industry.
Noyes Data Corp., Park Ridge, N.J., p. 346.
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l [ = Potential waste heat recovery stream



Figure 2-8

Canned Vegetables and Tomato Products Segment of
Canned Fruits and Vegetables (SIC 2033)

Sorter-Grader :: j
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|
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J!'From Casper, M.E. 1977. Energy Saving Techniques for the Food Industry.
Noyes Data Corp., Park Ridge, N.J., p. 131.
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Figure 2-9

Materia

1 and Energy Flow--Fluid Milk (SIC 2026) T
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TFrom Casper, M.E. 1977. Enérgy Saving ‘Techniques for the Food Industry.

Noyes Data Corp., Park Ridge, N.J., p. 147.
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Material and Energy Flow--Condensed and Evaporated Milk (s1cC 2023)T

Purchased
Fuel

Figure 2-10

TFrom Casper, M.E. 1977.
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Figure 2-11

Material and Energy Flow - Cheese. (SIC 2022)T
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Table 2-1

Characteristics of Waste Heat Sources and Accepter Streams in the Canning,
! ) Meat Processing and Dairy Industry

‘Source B . Characteristics Hvdraulic Load Temp. Reference

68 )

CANNING PROCESS
Water Blanching

Snap Beans BOD = 1.38 (1b/ton)  29.8-80.2 gal/ton 190  (Bomben, 1977
' : : SS = .26 "o . Weckel et al.
S o 1968)
Lima Beans .~ BoD=1.30 197 - 150 "
Peas - ' ' BOD = 2.8-6.0 " 57.6-92.2 " 190 "

Steam Blanching

Snap Beans BOD = 1.1 " 30.0-35.0 " 190 "
§S = .04 "

Lima Beans ) )

Llua Beuus BOD = 7.0 .. " 27.1-57.1 " 190 "

Peas _ BOD = 8,6 "  45.R-75.1 "’ 190 "

Vibratory Spiral Blancher' :
‘Snap Beans . BOD = 1.06 " - 6.48 " 190 "

ss = ,17 "

Lima Beans , BOD = 1.80 " 6.07 " 90 "

- Ss = 1.08 " '

Brussel Sprouts BOD = .86 " 3.60 " 19C "
: ss = .13 - "

Brocecoli BOD = .50 " 2.62 " 190 "
85 = .18 "

Cauliflower ' .72 " 190 "

Steam-Blanching including
Water Cooling

. (Steam Blanching) BOD = 1.84 " 36.0 (O 190 "
Snap Beans (Water Cooling) BOD = 3.2 " 1183.2 "
Lima Beans BOD = 2.2 " . 27.1 " 190 "
BOD = 6.8 " 1190.4 ' "
Poao ' BOD = 3.4 “ 45.8 " 190 "
’ BOD = 5.8 "o 1190.4 "
. Cooker Codensate | - ’ 28-50 " 250 Estimate
this study
Cooling Water ——— ) 60-100 : " 130 "
Can Topping Water Overflow dlute salt solution 40-50 " 200 "

Boiler Feed Water — 380-450 " 60 "



Source

MEAT PROCESSING
Hog Production Process

Clean-~up

Primary Chicken Processing
Scalding Water Overflow
Defeathering

Primary Chill

Slaughter

Condensate from
Heating water

Boiler Feed Water

Manufacture

Condensate from-
Heating Water

Boiler Feed Water
Milk Processing
Cooling Stages

Cottage Cheese Clean-up
Ice Cream Room Clean=-up

Pasteurizer overflow
or condensate

Clean-~up
_Boiler Feed Water

Cheese Processing

Whey
Clean-up Water
Pasteurizer Overflow Water

Condensate Curd/Whey
Heating

Boiler Feed Water

.Characteristic

Water & Feathers

Wafer & Feathers

Sweet. water-water

cooled by ice
Glycol
Water

Water

Whey

Water

Hydraulic
_Load Temp.  Reference
‘ (°F)
9.6 gal/hog 140 Davis &
Connor 1976
147-103 gal/ton 140 Dwyer et al.
" 1976‘"
136 68
226 " 70 "
. P
16 gal/cwt 210 Estimate
) . " this study
6 gal/cwt 60 "
40-50 _ 210 "
15-25 gal/cwt . 60
1100 gal/cone 42  Knopf, et al.
1978
660 " 32 "
195 " 140 "
an " " 140 Estimate
: this study
3-4 v 160 "
50-60 " 150 "
" 8-10 w ) 50 "
238 gal/ton® ) 100 Lund et al.
: 1977
60=-130 " 140 "
3.2 " 160  Estimate
- this study
7 (1} 200 .on
36 1" 60 "

35

a BOD =

SS =
c gal/ton =
d gal/ton =

e gal/ton

Biochemical Oxygen Demand (=) 1lb/ton
Suspended Solids (=) 1b/ton

gallons of water per ton raw commodity
gallons of water per 100 pounds live weight
gallons of water or whey per ton of raw milk
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To assess the potential for heat recovery from these streams, it is
necessary to characterize each stream's composition, temperature, and flow rate. -
These data for most of'thesé waste streams are summarized in Table 2-1.

Some convenient conversion factors are given in Appendix A .. The data were
obféined from several sources, including the five industrial contacts on

this project. Obviously, these data generally apply to specific plants and
therefore only indicate order of magnitude estimates for some streams. Like
the energy use profile, the waste-heat sources are unique to each plant.
Thus, these data are presented only as examples. The data are presented on a
per unit-of-production basis because most plants are using that basis in re-
porting data directly or indirectly‘to DOE and because that basis facili-
tates scaling the data to different plant capacities.v

Potential for heat exchanger fouling by stream components is an impor-
tant consideration in heat recovery from waste streams in the food industry.
Constituents of these waste streams such as proteins, sugars and other soluble
organic compounds, and inverse solubility salts (e.g., calcium and magnesium

phosphates and sulfates) readily interact with negatively charged heat

“exchanger surfaces; this may result in deposition and reduction in heat ex-

changer efficiency. These deposits are generally tenaéious, and theitr removal
require use of chemicai cleaning agénts. Unfortunately, the fouling characteris-
tics of these streams are not known and there is an insufficient data base to pre-
dict their fouling behavior. In some streams, such as clean-up water in meat
processing, heat is potentially recoverable But fouling characteristics neces-

sitate using more energy in cleaning the heat recovery system than is recovered

by that system. In such cases, a settling tank and skimmer could be used as

"a pretreatment to reduce the fouling potential.



Despite a risk of bvefSimplification, some generalities can be made
about the fouling potential for waste streamé from food processing. First,
because waste streams are being cooled, inverse'solubility salts should not
présent fouling problems, and generally the solubility of other mineral salté
will not be exceeded through the limited temperature drop waste streams nor-
mally experience. Second, wasté streams containing sizable quantities of

animal fat should probably go through a settling tank with skimmer before in-

direct recovery to avoid potential problems of crystallizing on the exchanger’

surface. Third, water from vegetable processing operations, even though
relatively high in organic material, should present no difficdlty iﬁ'waéte—
heat recovery beéause the stream's temperature is being réduced. Fourth,
waste-heat streams resulting from indirect heat exchange with food products
should require only the normal precautions neceséary for use as boiler feed
water (i.e., settling tank, skimmer, deaerétor, etc.).

One important characteristic of aqueous streams from food processing
is that the temperature of these streams is 100-200°F. A coﬁmon aéceptorv

stream for indirect heating is boiler feed water which is usually 50-70°F.

' Other acceptor streams, however, can be identified. In meat processing clean—

up, water used in dehairing, and water used for thawing or tempering can serve

as acceptor streams. In each case only the make-up water can be preheated,
because the unit operation is conducted at temperatures greater than that of
the waste=heat sourcé stream. In canning, acceptor streams are boiler feed-
water,'can topping water, and clean-up water. Blancher feedwater is not con-

sidered an acceptor stream because blanching operations can be carried out
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using direct steam condensate as the sole source of overflow. It is desirable
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to have some blancher overflow to contrél the build-up of igolids in blanching
watef. Using direct steam heating appears to generate a desired rate of
blancher overflow. In the dairy industry, acceptor streams are boiler feed-
water aqd clean-up water, |

-Maximum waste-heat recovery occurs when.waste stréam availability
exactly coincides with acceptor stream demands. It is essential, therefore,
to determine the time frame for both waste and acceprot streams. TFigures
2-12, 2—13 and 2-14 show representative processing schedules for canning
plants, a cheese plaﬁt with dryer, and a fluid milk plant with cottage cheese
production. . In canning plants, clean-up water is geﬁerally required out-of-
phase with waste-heat sources, but boiler feedwater demand is in-phase, making
it the primary acceptor stream for waste heat. For peas,\green beans, potatoes,
and carrots, topping water is-also a potential acceptor stream. One striking
characteristic of both acceptor and soﬁfce streams 1is that they are basically
on/off btreaméi This is a characteristic of most food industry procees
streams. Raw product is usually accumulated, insofar as possible, so the plant

runs at maximum capacity. (Figure 2-12 presents the 24-hour cycle for canning

plant operétidn.) Production is dependent on availability of raw material, which

is highl? yariabie. “in generai,.ﬁiscg;éiﬁnplénts'rﬁn on an average of”6 dayg-NA'
per weck. Peds are processed frbm mid-June through July, green beans from
mid-July through September, corn from mid-August through September, and ront
crops (potatoes, carrots and beets) from October through‘late November.

‘In dairy and meat processing, operations are not as strikingly seasonal.

. Production schedules are shifted frow une product te another, but energy demands

are fairly constant, Figure 2-13 and 2-14 present the processing energy demands

on a 24-hour period in a cheesée plant with whey concentration and drying capa-
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Figure 2-12

Relative Flow Rates in a 24-Hour Period in Various Canning

OperationsT
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Cheese Plant Load Profile*- '
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Figure 2-14

Daily Steam Demand at a Milk PlantT
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bility,Aand a fluid milk plant, respectively. The demands are basically on/
off, similar to canning plant demands. Meat processing plants opefate on a
paftern similar_td dairy plants. Production is relatively constant through-
out the year and waste-heat streams are generally compatable with acceptor
streams, with the exception of plant clean-up. .In canning,'dairy and meat
processing, most plant clean-up hot water is uéed during non-production

hours.
POTENTIAL WASTE-HEAT RECOVERY

Canning Industry

Several waste-heat streams, as previously explained, present some poten-
tial for waste-heat récovery in the canning industry. In the thermal process,
steam is condensed on the outside of cans to heat the product to temperatures

;be;ween/240°and 265°F, and after the scheduled process time the heat is ex-

tracted from the container and its contents by using cold water as a heat

sink. This process generates two large waste-heat streams: (1) condepsate

from the heating process, which is under pressure and at the corresponding

condensing temperature, and (2) éooling water, which is at 100 - 130°F, 1In

both cases, the waste-heat source is relatively clean.

Befére investigating the potential for waste-heat recoverf from these
and other streaﬁs, however, several observations made by the industrial.
cooperatorsshouldvbe noted. First, energy Eonservation measures may be the

primary prerequisite to using waste heat. By reducing the flow rates of the

waste—~heat streams,more heat could be extracted from them using the same flow

rates as the acceptor streams. Conservation measures could also include in-

sulation of retorts, thereby reducing the rate of condensation. Second, blancher

¢
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overflow may be one of the largest waste-heat streams in a canning plant.  As
previously mentioned, there is evidence that direct steam heating of blanehef
water provides sufficient overflow to control solids buildup in the blapcher
water. Thus there is not need for additional'make—up water to the blancher.
-Third, can topping is currently one of the more inefficient water transfer
operations, with as much as one third of the 200°F water lost as waste. 'Un—
doubtedly mechanical handling designs exist which would essentially eliminate
topping water waste. Finally, venting of still_retorts is established by the
Food and Drug Administration. Two opportunities for epergy conservation exist
here. The first involves designing retort steam dietributor.systems which
feed steam to the top of the retort and vent from the bottom (since air is
: ‘ .

heavier than steam). The second involves designing of vent systems using

vented steam as a heat source.

Several waste-heat recovery systems are already being used in the canning
industry. Examples include:
1. using cooker (retort) condensate to provide boiler feed water, to pre-
heat topping water, and to defrost freezing tunnels where freezing

operations are run parallel to canning operations;

2. using waste heat from refrigeration compressors/to preheat water used
to defrost freezing tunnels;

3. using boiler ;blpﬁdéwn to preheat feedwater to the boiler; and

4, using can cooling water to provide boiler feed water and to preheat can

- _topping water. Currently it is not p0551b1e to est1mate the extent to

which these systems are used in the canning industry.

To estimate the potential for waste-heat recovery, the project team de-
veloped three scenarios. Several assumptions were made in setting up the cal--
culations. First, only»liquid/liquid heat exchangers were considered for waste-

heat recovery. In the canning industry, nearly all waste~heat streams are
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liquid. For meat prOEessiﬁg and dairy_operations, this is not necessarily

the case.: Waste heét from héir singeing in‘hog processing and in smoke.

house 6perations couldlbe recéveréd; in dairy plants, waste heat from spray
dfying offgrs potential for recovery. These were not included, however,
because the firsf line of heat recovery would be from liquid streams, and
because gene;ally the economiﬁs of heat recovery from gas streams is not.favor—
able. Second, the liquid/liquid heal exchangers operatc at 75 percent effec-
tiveﬁéés. Effectiveness 1s defined as: |

[ Cp (Tin- Tout)]hot or cold

e = . 2
(i Cp)min (Thot in ~ Tcold in)

With a stream capacitance ratio qf about 1.0 and countercurrent flow, this
effectiveness value is in'the practical range. Third, all of the recovered
heat is used to preheat boiler feedwater. Generally.the wagtc stream is
mﬁch‘émallgr than the~boiler feed stream, with the'excepﬁion of can cooling
water in canning ﬁlants. Thus increasing the flow rate of.the acceﬁfbfié%ream
will not result in large increases iu recovered heat. Fourth, in unit npefa-
tions using indirectvheating with steam, potentially 75 percent of the condensage
could be recovered and feturned to the boiler as feedwater. ‘'this figure was
ascgrtained in consultatiop_with the industrial cooperétors and seems represen-
tative of experience'for thg fooa industry. The losses Are due to vents,
ste;m traps, and flashing Iu wn-pressurized return lines, etc. It was
assumed the clean-up water was the only waste-heat stream which could be

used és a waste-heat source. .Generally for canning, meat processing, and
dairy procgssing, ciean—up with hot water sufficient for saﬁtizing is used
during non;production hours. Because the boiler demand at that time is small,

the potential for waste-heat recovery’isAminimal.
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The‘caiculations in these'threescenaribs iliusﬁrate several impor;
tant points on waste-heat repovefy in canning pléntsﬂ Generally there.are
sufficient quantities of partially heétéd water wﬁich can serve as boiler
feedwater. .The twé most épparent sources are can’coolipg water andkéooker
condensate. By using heat recovery schemes and condensate recycle it would

be possible to reduce bdiler energy requirements by 5 to 10 percent.
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Situation I.

The assumptions are:

1 condensaté to the boiler ié:not rgcyéled?

(2) blowdowq is 10 percent of the boiler feed rate,

(3) all waste streams are compatablé with acceptor streams, and

(4) no_direct use is made of a waste stream as boiler feed water.
These assumptions result in the waste-heaé recovery.scenario illustrated in
Figure 2-15. (An example of the detailed calculation for a cheese plant is
given in Appendix ‘A .) The data are for a canning plant processing 13 tons
of raw peas per hour. The boiler feed water is preheated by indirect heat
exchanger with successively warmer waste—heat streams. The waste-heat streams
are: (1) can cooling water at 130°F, (2) blancher overflow at 190°F, (3) can |
topping water at 200°F, (4) cooker condensate at 250°F, and (5) boilér blow- .
down at 335°F. Based on a 75 percent heat exchanger effectiveness, the ex—
trécted heat from each waste stream is given by the numerator in the ratio
expressed in the‘respective box. The denominator is the heat energy that
could be extracted if the waste-heat stream could be cooled to 60°F. Thus

the ratio represents the fraction of heat which can be removed from the waste-

heat stream. The temperature of each waste-heat stream after heat extraction

is calculated, as is the temperature of the boiler feed stream after each
operation.

In this situation the net result is preheating the boiler feedwater

" from 60°F to 144°F by indirect exchange with the waste-heat streams. Approxi-

mately 27.5 x 104 BTU of waste-heat per ton of raw peas is recovered in;his‘

scheme, accounting for about 45% percent recovery based on a reference



temperature of 60°F. Assuming the boiler operates at 125 psig (335°F), the

enthalpy contributed by the waste-heat sources represents 7.3 percent of the

total enthalpy required in the boiler.

Figure 2-15

System Diagr‘am for Situation It Canning Plant

CAN COOLING WATER BLAMCHER OVERFLOW CAN TOPPING WATER COOKER CONDENSATE BLOWDOWN
S700 Tbs 4,0 240 Tbs H,0 345 1bs 1,0 225 105 1,0 320 bs H,0
. .
T @ 130°F ToN—— @ 190°F T 0 200°F T @ 250°F TR @ 335°F
BOILER
FEEDUATER 1.7 x 10° 8m 1.4 x 104 eru 2.1 x 10* 81U 2.1 x 0% 81y 4.9 x 10* BrU
X . - Y X
: - (8T | yizer 81Uy 1 y17e (8T [ y3pep (21 x 10 (BTU) ] 300 4. (B[ qaecr
3200 1bs H,0 4.0 x 10° 1OV ——>1g g x 1o¢ TON a.8 x 10% TON 4.3 x 107 TON »g.8x 100 TN
o @ 60°F
100°F 13208 138°F 155°F 182°F



Situation II.

The assumptions are:

(1) condensate returned to the boiler is 75 percent,

(2) blowdown is 10 percent of the boiler feed rate,

(3) all waste streams are compatable with acceptor streams, and

(4) direct use is made of sovme acceplable waste streams as boiler

feedwater.

The resulting scenario for waste heat recovery is presented in Figure 2-16.
In this case, can cooling and cooker condensate were assumed to ‘be acceptable
boiler feedwater streams. Since the can cooling water flow rate was lar-
ger than the boiler feed rate, nearly 47 percentlof the can cooling water
would be discharged from the plant. For this situation then, the boiler
feedwater is available at 130°F. After indirect exchange with blancher over-
flow; can topping water and boiler blowdown streams, the boiler feedwafer is
preheated from 130°F to 146°F. Cooker condensate water is then mixed with
tﬁe boiler feedwater resulting in an average boiler feedwater temperature of
161°F. This is 17°F higher than that achieved in Situation I. The heat
recovered by indirect heat exchange represents 72 percent of the recoverable
heat based on a reference temperature of 130°F. This recovery scheme would

reduce the enthalpy requirement in the boiler by 8.8 percent.

Figure 2-14
System Diagram for Situztion II: Canning Plant
BLANCHER OVERFLOW CAN TOPPING WATER BLOWDOMWN

240 Tbs HZO 346 1bs HZO
o L
» m——@ 180°F Ton @ 200°F

, BOILER FEEOMATER
BOILER FEEOWATER 3200 1bs 1,0
3030 1bs H,0 T @ 161°F
- L] o a a
COOLING WATER T @ 10°F | 4yt omy, ECL N aru, A PRI 156°F
5700 163 H0 1 oor COOLING WATER | 1.4 x 10° TON 2.4 x 107 108 6.2 x 10° TOA
TON : COOKER CONDENSATE
170 1bs #,0

@ 250°F
T0 ORAIN o
2670 1bs H,0 185°F 150°F 189°F
o @ 130°F _



Situation III.

The assumptions are:

(1) é&ndensate return to the boiler is 75 percent,

(2) there is no blowdown for heat recovery,

(3) clean-up wastewater is not cbmpatible with acceptor streams, and

(4) direct use is made of soﬁe acceptable waste streams as boiler

feedwater.

Figure 2-17 presents the analysis of this situation. ' As in Situation II,
can cooling water and cooker condensate are used as boilér feedwater, while
blancher overflow and can topping watérlare used for indirect heat e#change.
In this case, the boiler feed is heated from 130°F to 146°F with a resulting
74 percenf energy recovery from the blanching overflow and can topping water
(rélative to a reference temperature of 130°F). Boiler energy requirements

could be reduced 7.5 percent in this scenario.

Figure 2-17

System Diagram for Situation IIL Cahﬁihg"?lant

BLANCHER OVERFLOW CAN TOPPING WATER
240 1bs H,0 R 345 1bs H,0 i
BOILER FEEDMATER o @ 190%F o 8 200°F
3030 1bs Hy0 . 4
] o @ 130°F _ : 200165 40
COOLING WATER N RETE a1y, 138°F [ 4 7, 10t 2Ty, 140°F f\ ToN
5700 105 Hy0 COOLING WATER ' [; 4 5 107 TOW 2.4 x 100 TOV
@ 130°F ' COOKER CONDENSATE
7o T0 ORAIN - .
170 1bs H,0
2670 1bs uéo @ 250°F

TON

Yo 9 130°F .
. 145°F 150°F
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Meat Processing

Because the meat industry is one of the most energy intensive in the
food and kindred products sector, many opportunities exist for energy
recovery. The major acceptor streams are boiler feedwater and clean-up

water, although in some processed meat product plants there is a need for warm

" water for thawing and tempering. Furthermore, since the end product is

usually stored under refrigeration, waste heal {rom the compressors can be

used. One potentially méjor source of waste heat not considered in this study

is the animal body heat extracted post-slaughter. Currently technology does
not exist to use this waste heat. | |

| The industrial cooperators pointed out several current applications of
waste-heat recovery in meat‘processing'planﬁs. In one situation, approximately
75 percent of the water used in the boiler is condensate returned to the
boiler at a temperature of about 210°F. The 25 percent boiler makefup water

is preheated using boiler blow-down to about 150°F. Tﬁe resultant mixed

stream temperature is aboﬁt 195%F; this is preheéted to about 225°F hy steanm
in a deaerating feedwater heatér. This is then either used directly as boiler
feedwater or is heatéd'to 2504270°F in a boiler economizer.

Another heat recovery'system uses the vapors from inedible rendering
cookers to preheat water. Water is heated in a direct contact condenser to
gbout 175°F. This is then used to heat water from 55° to 130°F in a plate
heat exchanger. The cooled water is then recirculated through a closed loop
to the direct contact condenser. It was estimated that this waste heat
reco§ery project represented an annual savings of $24,500 based on present fuel

costs and 80 percent boiler efficiency. At other plants; heat recovery from

- rendering operations includes using indirect condensers with a glycol

recovery loop and subsequent.. recovery of the heat from the glycol solu-

tion with a plate heat exchanger.

B



Energy utilization and potential for efficiency improvements in the
meat processing industry are currenﬁly being investigated under a DOE contract
at Purdue University. An example of the potential for energy efficiency |
improvements is preéented in Table 2-2'(Wilson etlal., 1979). The investi-

gatofs considered the following sourcés for heat reéovery: (1) heat from the
refrigeration condensers used to chill the carcass, (2) heat from the hair
singer exit gas recovered to preheat water used in the dehairing operation,
(3) heat from the steam vent stack ffom the fendering process recovered to
-p;eheat feedwéter and (4) hot air from the ring drier recycléd to dry the
blood. This resulfed in a nearly 80 perdent decrease in steam requirements
_and a 50 percent decrease in total energy requirements. Anothef alternative
considered waé direct skinning rather than dehairing. Although this resulted
in a considerable reduction in energy used in.processing the meat’ more energy
input would be reqqired to use the skin. (Perhaps in this case, therefore,
there is no net reduction in energy use in considering‘the by-product use.)
According to Wilson et al. (1979) the heat recovery schemes, are all cost

effective with net ratio of saving to captial cost of from 3/1 to 5/1.

41

To estimate the potential waste~heat recovery in selected meat processing

operations, :calculations were made for three scenarios. The assumptions on

performaﬁce of heat exchangers, identification of acceptof streams, the return '

of condensate, and compatability of acceptor and waste streams were the same

as those for the canning industry.
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© Table 2-2 T

Dehairing and Evisceration Energy and Water Consumption

BASIS: 1.0 POUND CHILLED CARCASS.

Dehairing and Evisceration

Without = - With

Heat . . . Heat

Recovery . Recovery Skinning
Steam (BTU) | . 203.7 447 342
Gas (BTU) = o L 78.2 78.2 0
Electrical om : I 1.92 2.2 ¢ 1.42
Refrigeration (BTU) ‘ 4 | . 60.6 6.06 56.4'
toraL (sTU)TT 318.8 160.4 67.2
Water (LB) _ ’» - 1.60 1.91 2.03

Refrigeration COP = 3

TFrom Wilson et al. 1979.

TTWH = 3.414 BTU



Situation I.

Based on conversation§ with industrial cooperators, approximately 50
pounds ofvsteém are required in sléugﬁtering operations for every one hundred
pounds livé animal weight. The assumptions made for the first situation are:

(1) no condensate is recycled to the boiler,

(2) blowdown is 10 percent of boiler feed rate,

(3) all waste streams aré compatible with acceptor streams, and

4(4) no direct use is made of a waste stream as boiler feedwater.

The reéulting calculations are shown in Figure 2-18. In meat processing, it
was assumed that waste hot wa#ef'was not available for heat recovery because
‘of'the water composition (bloqd; fat, etc.). ‘Therefore only condensate from
heating the water and boiler blowdown stream were included in the waste heat
recovery. Under these conditions, the boiler feedwater is heated from 60°F

to 110°F using 72 percent of the extractable heat (referenced to 60°C) from

the waste heat streams, The 2120 BfU/CWT extracted from the waste heat streams

represents 4.4 percent of the boiler energy requirements.

.. Figure 2-18

System Diagram for Situation I:Meat Processing

HOT WATER BLOWDOWN

CONDENSATE

14 Tbs H,0 5 Tbs H,0

o (-]
T @ 210°F T @ 395°F
BOILER FEEDWATER 1582 810, 92°F | 410 ey, 110°F
»{. 2100 ° ‘CWT » 7375 ‘Git!  p——o>
50 1bs H,0
9
T @ 60°F
97°F - 153°F

CWT = hundred weight
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Situation II.

The assumptions are:

(1) ZS percent 6f'condensate is returned to the boiler,

(2) blqwdown is 10 pefcent oflthe boiler feed raté,

(3) all wastevsgreams are compatible'in the accepter streéms, and

(4) direct use is made of some acceptable waste streams as boiler

feedwater. |

The éituéfion is diagrammed in Figure 2=19. Boiler blowdown is the only wéste
heat Source'aﬁd the condensate from ﬁeating hot water is ﬁsed directly as |
boiler feedwater. 1In this case 75 percent of the Qaste heat is recovered from
the boiler blowdown (refe;ence temperature 60°F) and contrxibution ta hailer
energy demand is'aboﬁt 4.3 percent of the total. This is about the same con-
tribution aé‘that obtained iﬁ Siﬁuapion I. The similarity results from the
aésﬁmption that~9n1y 75 peréent of the condensate is returgéd'to“tﬁe boiler.
In actual practice, the bloWden may be allowed to flash‘down té de=aerator

pressure (5 psig, 225°F) and the flash steam used directly. Then the 225°F

2o o smains | —————

water is routed through the-heat exchanger.

Figure 2-19 S

System Diagram for Situation II: Meat Processing

BLOWDOWN
3.9 lbs,Hzo
. -]
T @ 335°F
BOILER FEED %0 15 H,0
. ED - 803 BT \10°F W
39 1bs 11,0 1065 " CHT g
T @ 60°F
HOT WATER CONDENSATE
129°F

11 1bs HZO
) A @ 210°F

CWT . = hundred weight



Situation III.

The'assumptionS:diégrammed in Figure 2-20 are:

(1) 75 pefcent condensate;is returned to the boiler,

(2) there is no blowdown for heat recovery,

(3) clean-up waste water is not compatable with accepter streams, and

(4) direct use is made of some acceptable waste streams as boiler

feedwater.v

For méat processing fhis scenario results in returning condensate as boiler
feédwater éince all other hot wafer sources are considered too highly pol-
luted for'either heat recovery or direct use in the boiler. In this case,

. A
returning the condensate would reduce boiler energy input by 2.9 percent.

Figure 2-20

System Diagram for Situation III: Meat Processing

BOILER FEED gzep 90 1bs H,0
. T
o — >
39 1bs H.0
. °
a2 @ 60°F

HOT WATER CONDENSATE
11 Tbs H,0

o @ 210°F

CWT = hundred weight

e
5=
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Dairy Processing

In many respects the dairy industry offers the most desirable oppor-
tunities for waste—heat recovery. The industry traditionally has used in-
direct heat exchanger for heating fluid products, thus allowing the processor
to capitalize on condensate recovery systems. Vacuum evaporators produce high

quality water which can be used for boiler feedwater. Refrigeration is essen-

tial for product manufacture and storage. These all present excellent

opportunities for waste-heat recovery, and all are being used to some degree
in the industry. Although it was not.possible in this project to estimate
the extent of energy recovery technology currently practiced by the industry,
the potential for its use is certainly present. - !

Energy use in a dairy plant is even more plant specific than in

canning and meat processing. This is a result of the tremendous latitude

.in product mix. For that reason, estimates on energy use for various

products are diffiﬁult to generate. Recently Knopf et al. (1978) completed

a study for DOE on energy use in a dairy plant. The résﬁiéiﬁgiehefgy_f.-.m“m—

requirements, based on actual measurements of unit operations, are

shown in Table 2-3. Theée data are from a plant producing per month 1.27 x
106 gallons of fluidmilk, 62,000 gallons of ice éream, 50,000 gallons of
ice cream mix and 500,000 pounds of cottage cheese. A comparison of the
measured energy to the energy estimated from fuel bills using an assumed
efficiency of the boiler is given in Table 2-4. Only 56.8 percent of the
steam was accounted for by difect measurement. (In this‘study the assumed
boiler efficiency was much too large and alerted company personnel to check
the boiler.) A companion study by Marks et al. (1980) studied energy use in

cottage cheese production. The results are shown in Table 2-5. Both process



Table 2-3

Breakdown of Fluid Product Energy Requirements

47

Recirculating
Sweet Required Scparators Average
Steum Water Glycol Refrigeration Electricity Packaging TOTAL
BTU 1b of H20 1b of Glycol BTU of Ref. BTU BTU BTU
1b Product 1b Product 1h" Product 1b Product Ib  Product 1b Product 1b Product

. . \
Fluid Milk - 14.1 4.1 2.5 41 3.25 9.9 71.25
Chocolate :
Milk 28.2 8.3 5 41 2.4 9.9 84.5
Ice Cream Mix 25.6 7.6 4.5 35.2 9.85 79.5
Skim Milk for '
Cottage Cheese 14.1 3.25 17.35

‘Knopf, et al. (1978)
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Table 2-4

Overall Plant Energy Correlationsf

WATER

' USE STEAM ELECTRICITY
Refrigeration-Compressors 48.8% 59.5%
.HTST-Pasfeurizgr 13.0% recirculating
iSeparator—Homogenizer 4;72_

- Packaging 2.27%
Cotﬁage Cheese 20.9%2 12;92‘
Ice Créamt
Clean Up (140°F) 16.9% 9.9%
% Accounted For 50.8% 55.7% 82.3%

T
~ Knopf et al. 1978.



‘Utility Usage for .Cottage .Chéese Production

Table 255

b

it ovensrion EEEERS\SUIATION RS- | 455 | AT
‘ BTUS | BTU : :
~ RECEIVING 426 - | 326 .| 48 | 050
" SEPARATOR o : zf
HOMOGENIZER 3.9
_ PASTEURIZER . | 103 | . 46.8 055
HEATING 244 zs " 0.73
COOKING' 349. a2’ 0.73 |
Ist .WASH 041 | 207 3.44
2nd WASH o4 |27.4 | re2
: ﬁasssms.f 2.4 18 | 3
CREAMING 0.85
CLEANING 418 0.49
PACKING 0.72
| STORAGE 126 |ioa.t
€98 132 | 62.7. |1703 | 8.26

aBTﬁ/lb prndndt

b

Marks et. al., 1980,
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Table 2—6

Energ& Conservation Opportunitieé for a Specific Wisconsin Dairy Planti

The foilowing list of energy conservation opportunities were-identified
from site visits and energy balance studies:

Conservation Projects:

1.

2.

4 preheat wash water.

Insulate steam piping.

Install necaspary pipluy and pumps to rcturn cundensate from the
pasturizer and vats. ‘ ' '

Install piping, storage tank and heat exchanger to recover whey heat to

Install a heat recovery system on the exhaust from the main cheése room.

Isolate steam unit heaters during summer months.

-Use hose nozzles and thermostatic mixing valves for washdown water control.

TDonohue and Associates, Inc. (1980)



and sanitation steam requirements can be redﬁced through heat recovery from
the waste streams that are generated.

The potential for waste~-heat recovery in some specific Wisconsin plants
wés illustrated in a étudy b& Donohue and Associates, Inc. (1980) for the
Wisconsin Departﬁent of State Planning and Energy. Théy identified several

energy conservation opportunities in each of four ﬁlahts. In only one_. .

plant did they evaluate waste-heat recovery systems. Thejbﬁﬁ§;tuﬂi£iéétiﬁé§_idengir”j.
fied are given in Table 2-6. An evaluation of items 2 and 3, thch are heat
recovery opporuntities; is given in Tables 2-7 and 2-8. Th; conclu§i6ﬁ ﬁ5§ﬁT:n j
that neither project Qas economically justified in today's ec;nomy.

For plants having evaporator capacity, the wvapor from the milk (refer-
red to as cow water) is an excéllent‘boiler feedwater source. Currently'the
industry is increasing the number of effects so evaporator economy results
in 2-5 pounds of water evaporated per pound of steam input. When these
multiple effect evaporators are éoupled with mechanical or thermal recompres-
sion, more vapor is generated than can be used as boiler feed. Consequently,
the real problem lies in identifying acceptor streams for the waste heat.

To‘assess the potential for waste-heat recovery in selected dairy
processing situations, calculations were performed for the same three scena-
rios as for canning and meat processing. The same assumptions were also

applied to these situations.
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Install Necessary Piping and Pumps t¢o Return Condensate from the
Pasturizer and Vats.

Condensate is a valuable resource which should not be wasted. When condensate
is returned to the boiler, savings are realized in two ways. The primary
savings result from che heat content of the water. Makeup water to the boiler
generally runs about 59°F, whereas condensate may be 120°F or higher. Replac-
ing cold makeup water with hot condensate can regult in considerable savings
by reducing the energy required to heat the boiler water.

Secondary savings are realized by the reduction in net water required to run
the boiler and improved water quality. Improved water quality will result in
reduced water treatment and blowdown requirements. Because less makeup is
required, the well pump will tun less reducing electric bills.

The majority of the cond ate at ch e plants is formed at the pasturizer
and cooking vats. Measurements showed the following quantities of condensate
wera being formed at the Hamm's plant.

At the Pasturizer: 5,850 ft3/yr @ 161°F
At the Cheese Vat: 1,433 £c3/yr @ 175°F

The following calculations show the cost, savings and payback for returning
that amount of condensate.

Btu Savings:
Bea = QD T Cp
Where Q = Condensate Formed (ft3/yr)
D = Density of Water (Lb/f:3)
AT = Temp. Dif. Between Condensate & Makeup Water (°F)
Cp = Specific heat of water (Btu/Lb °F)

@ Pasturizer

Btu = (5,850 Et3/yr)(62.4 Lb/Er3)(161° ~ 59°F) (1 Btu/Lb F)

= 37 x 10 Beu/yr
-8 Cheese Vacs ‘

Beu = (1,453)(62.4) (175 - 59)(1) " = 10.5 x 108 Beu/vyr
TOTAL 47.5 x 108 Brusyr
Assume a 107 loss in return piping

TOTAL 43 x 108 Beufyr
Dollar Savings:

(43 x 106 Btu/yr)(50.32/Therm)

= 5164
(100,000 Beu/Thern) (0.84 EEE). S164/yr

Cost: o o

Based on proposed layout, the estimated costs would be:. -

Flonr Nemnlicion 573

Concrete Work
Condensate Pit $ 750
Pipe Trench $1,000
Piping $ 432
Insulation : $§ 280
Duplex Condensate Pump $ 425
TOTAL $3,087

Payback: 33087 _ 18.8 Years

$164

NOTE: The above costs include contractor's labor and profit. The cost
and payback period may be reduced significantly {f the owner dies
the work himself. Also, if chemical, blowdown, and electricity
savings are included, the savings may be incraased, vesulting In a
quicker payback.

TFrcm Donohue and Associates, Inc. 1980,
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Table'2~8f

Install Piping, Storage Tank and Heat Exchanger to Recover Heat From
Whey for Preheating Wash Water

A major area for poteﬁtial heat recovery identified from the energy balance

was the whey system. Approximately 49,000 pounds of whey is produced on the
average day. Utilizing the heat available in the whey to heat wash water will
result in savings. Energy normally required to heat wash water will be reduced..
Using a flat plate heat exchanger, the savings is as follows:

Gas Savings:

Based on our field measurements, there is an estimated 28,000 pounds of wash
water used per day. :

From manufactuer®s data, a heat exchanger was selected that will raise water
30°F. .

(28,000 Lb/day) (30°F) (1 Btu/Lb °F)(260 days/yr)

#

# Btu

218 x 106 Btu/yr

Dollar Savings:

(218 x 10% Btu/yr)(30.32/Therm)

(100,000 Btu/Thetm) (0.85 EFL). — - +820
Costs:
500 Gallon underground storage tank $ 1,480
Tank installation 350 4
Excavatlou h4
Insulation (material) 96
Insulation (installation) 61
Heat Exchanger 7,000
Pumps 615
Misc. Piping & Controls ;,282
TOTAL $10,348
Payback:
$10,348
— = 12.6 Y .
$820 ears

-TFrom'Donohue and Associates, Inc.,1980.
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Situation I.

The assumptions made are:

(1) there is no recycle of condensate to boiler,

(2) blowdown is 10 percent ofithe boiler feed rate,

(3) all waste streams are compatéble with acceptor streams, and

(4) no direct use is made of a waste stream as boiler feedwater.
This scenario was applied to two plants: a fluid milk plant, (illustrated
in Figure 2-21), and a cheese plant, Figure 2-22). For the fluid milk plant,

the boiler feedwater could be heated from 60°F to 151°F by waste heat recovery

" schemes. Approximately 59 percent of the waste heat (reference temperature

60°F) was recovered from the sources, accounting for about 7.9 percent of the

total boiler energy requirements. For a typical cheese plant with no evapora-

tor or drying capacity, about 23 percent of the potentially recoverable energy

¢ould be used reducing boiler energy requirements by 9.7 percent.
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Figure 2-21

System Diagram for Situation I: Fluid Milk Plant

- BOILER FEEOMATER

15 Tbs HZO

s O

‘Figure 2-22

System Diagram for Situation I

" cLean

-Up

: Cheese Plant

PASTEURIZER OVERFLOW

' cmu‘e-u:;' PASTEURIZER OVERFLOM  BLOWDOWN
3.2 Tbs H,0 1.3 Tbs H0 0.35 1bs H,0
2 m’__z_ @ 150°F l ‘c'u"’r_z' @ 160°F ﬁr—z— @ 335°F
3.5 1bs H,0
. 2
BOILER FEED 232 .1y, perer l 33 ety 13s°F s2 BT 151°F )
(&55) (&)
W o ™ v 5.7 e
3.5 1bs Hy0 o buet ) . T .
o
140°F 135°F 186°F

BOTLER BLOWOOWN

WHEY
90 1bs #,0 25 1bs W0 1.3 1bs H0- © 1.5 1bs 0 o
2 2 2 2 335°F
T & 100°F l ST @ 1a0°F ST @ 160°F l ¢
. 15 1bs uzo

aso g1y, | 90°F | sso gTyy freeer | 31 8TUy [130°F | 231 8Tl | leser ST ailk
3600 (1 2000  ‘CWT o 33 T, BE) (' L S

95°F 136°F 181°F

CWT = hundredweight

117°F
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Situation II.

The assumptions are:

(1) 75 percent condensate is returned to the boiler,

(2) blowdown is 10 percent of the boiler feed rate,

(3) all waste streams are compatable with acceptor streams, and

(4) dircect use'ls made of some acceptable waste streams as boilerv

feedwater.

The calculations for the fluid milk plant and the cheese plant are shown in
Figures 2-23 and 2-24, respectively. For fluid milk only the pasteurizer over-
flow stream was consiéered an acceptable boiler feedwater source, whereas,
for cheese plants, both pasteurizer overflow and curd cooking condensate
were considered acceptable. In fluid milk processing, 69 percent of the waste
heat energy could be recovered for the boiler feedwater, reducing the total
boiler demand by 7.7 percent. In cheese plants, 16 perceunl uf the waste heat

15 available, technically accounting for 8.8 percent of the boiler demand.
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Figure 2-23

‘System Diagram for Situation II': Fluid Milk Plant

4 éLEAN-UP BLOWOOWN

23.2 Tbs H,0 0.25 1bs H,0
l T @ 150°F T @ 35°F
3.5 1bs H,0
BOILER FEEDWATER 160 BTy [q1pg0¢ | 38 BT 1440F Eﬁ;——g-
—yl T flwn G N\ >
2.5 1bs HO
T © 60°F
PASTEURIZER OVERFLON
1.0 Tbs H,0
& 8 160°F
143°F 180°F
Figure 2-24
System Diagram for Situation II: Cheese Plant
WHET fLEAN-UP ’ " BLOWDONN . . -
90 1bs WHEY 25 tos H,0 1.5 1bs H,0
105 WHEY g 10005 2 o 2 o
T W @ 10°F T @ 35°F
CONDENSATE FROM
- CURD/WHEY HEATING
. 3 165 #y0 15 1bs K0
BOILER FEEDMWATER @ 200°F a €T
360 8y, | socr| 400 mTy |i2se| 200, 8Ty 150°F ' . .
| 3600 X34 > 2000 T 0 Tl j
11 1bs H,0
T aiTK® 80°F ‘
PASTEURIZER OVERFLOW
S 1.3 1bs H,0
l . L 0 160°F
96°F & 124°F 180°F ’

CWT = hundredweight
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Situation III.

The assumptions are:
(1) 75 percent~condeﬁsa£e is returned to the boiler,
:(2) no blowdown is used for heat reéovery,
(3) clean-up waste water is not compatable with acceptor streams, and
(4) direct use is wade of some acceptable waste streams as boiler
feedwater.
The results for fluid milkvand‘cheese planta are presented iq Figures
2-25 and'2—26, respectively, In fluid milk processing 69 percent of the waste
heat could be recovered reducing boiler energy requirements by 2.6 pefcent.
ip the cheese plant 10 perceﬁt of the energy céuld be.recovered contributing

5.1 percent to the_boiler'ehergy aemand.



Figure 2-25

System Diagram for Situation III: Fluid Milk Plant
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System Diagram for Situation III: Cheese Plant
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Table 2-9

Summary of Waste Heat Recovery Potential Under Various Scenarios

Food Industry Subsector ) Situation?

I ‘ I1 I1I

PRE(Z) P BFE(%)C PRE(Z)  BFE(Z)  PRE(Z)  BFE(X)

Canning 45 7.3 72 8.8 74 7.5
Meat Processing 72 ' 4.4 75 4.3 - 2.9
Fluid Milk 59 7.9 69 7.7 69 2.6
Cheese 23 ' 9.7 16 8.8 10 5.1
2 Situation I (1) no recycle of condensate to boiler
(2) blowdown is 107 of boiler feed rate
(3) all waste streams are compatable with accepter stream
(4) no direct use of waste stream as boiler feedwater
Situation II (1) 75% condensate return of indirect heating to boiler
(2) blowdown is 10% of boiler feed rate
(3) all waste streams are compatable with acceptor streams
(4) direct use of some acceptable waste stream as boiler feedwater
Situation III (1) 75% condensate return of indirect heatzng to boiler
' (2) no blowdown for heat recovery
(3) clean-up waste water not compatable with accepter stream
(4) direct use of some acceptable waste stream as boiler feedwater

b PREZ% means Potentially Recoverable Energy expressed as a percent of the energy
content of the waste streams relative to the temperature of the boiler feedwater

as a reference.

€ BFEZ means Boiler Feedwater Energy contributed by indirect waste heat recovery
iexpressed as a percent of the total energy for the boiler.



CONCLUSION

The potential exists for waste heat recovery in the food processing
induétry. In canning, meat processing and ménufacturing, and dairy pro-
cessing, waste heat streams can be identified which can be used directly as
boiler feedwater. There are aiso several opportuﬁities for indirect heat ex-
;change usiﬁg waste étreams generated simultaneously with the demand for
boilerAfeedwéfér andAhof water forvﬁrocessing} A summary of waste heéﬁ re-
covery potential under various scenarios is given in Table 2-9. Based on
our analysis, it is poss%ble to reduce boiler energy requirements from 15 to
50 percent if all waste heét could be extracted from the heat sources, that
is, by reducing the temperature to boiler feedwatef temperature. In most
cases this would require identifyiﬁg écceptor streams outside the plant or
using other means of recouping and storing the heat from the waste stream.
In practice, it is more likely that‘for’the food processing industry it is
technically feasible to recover heat energy from waste streams either direct-
ly or indirectly, and by doing so reduce boiler energy requirements from 3

to 10 percent.
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CHAPTER' II1

WASTE HEAT RECOVERY IN THE WISCONSIN
PULP AND PAPER INDUSTRY

This chapter presents a technical characterization of paper and

pulp manufacturing in Wisconsin and assesses the potential for

waste heat recovery. The procedure is similar to that followed

in Chapter II. Energy flow descriptions are developed for typi-

cal plants based upon the information developed from technical

literature and the participating firms. Major waste-heat streams

and potential acceptor streams are then identified and quantified,

arid potential waste-heat recovery is calculated for these streams.
OVERVIEW

Paper and board production takes place in two major steps: the manu-
facture'of pulp from pulpwood, waste paper, or other fibers, and the forma-
tion of paper and paperboard (see Figure 3-1). The pulp may be bleached
before paper formation. Most pulpmills in Wisconsin are integrated pulp and
paper mills that perform both steps. Wisconsin pulpmills supply around 65 ﬁercent
of the woodpulp consumed in Wisconsin papermills. The remainder is imported
as dried woodpulp from other states and Cénada. Woodpulp production capacity
has not changed much over the last 15 vears (Foell et. al., 1980). The mix
of pulping processes used in Wisconsin differs from the national process dis-
tribution, as can be seen in Table 3-1. The most striking difference is
Wisconsin's heavy reliance on the sulfite process, while the sulfate process is

dominant nation-wide. A description of these processes is given in a later

section.
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Figure 3-1

General Diagram of Pulp and Péper Manufacturing
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Woodpulp Production Capacity, Distribution by Process,
Wisconsin and U.S. :

Sulfite " Sulfate Mechanical Semi-Chemical Other
Wisconsin  28% 29% T 267 17% —
U.s. 52 68% 16% 8% 3%

ENERGY CONSUMPTION PATTERNS

Trends in ehergy consumption are shown in Téble.3—2. The paper indus-
try consumes 90 percent of all thé coal‘used in all industry_(exclu&ing
electric utilities) in the state. While coal use has remained relatively
Fonstantldver the years, there has been a marked increase‘in the use of oil
and, to a lesser degree, electricity. The industry increasingly relies on
non-fossil fuels such as wood, bark, énd spent liquors, and the 250 to 300 million
‘kilowatt hours (kWh)‘it generates annually through hydropoﬁer. In 1977, the
Wisconsin paper industry derived 80 percent of its energy requirements from
fossil fuels, downAfrom 86 percent in 1972 (Foell et al., 1980). More
recent data indicate that, in 1979, reliance on fossil fuels was further re-

duced to 75.6 percent of total energy use (Wisconsin Paper News, 1980). This

compares to a national average of 53.4 percent for 1978. Most of the difference
lies in the uée of spent liquors. Because Wisconsin papermills use much iﬁ—
ported pulp and a considerable amount of waste paper (especially for tissue
paper), less spent pulping,iiqggﬁmis available for energy production.

The different pulping process mix (Table 3-1) is also an important factor.

Energy recovery from sulfate liquors always has been a standard procedure,
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Table 3-2

Energy Consumption in the Wisconsin Pulp and Paper Industry.

1972 1977
billiog billion
Btu Btu
purchased electricity (million kWh) 1750 A 5934. 2070 7051
purchased steam (hillion Btu) 2219 2219 3120 J120
coal (million ton) i.38 36079 1.24 32594
residual fuel oil (million gallon) 26.1° 3918 56.6 8483
éistillace fuel oil (million galloh) 6.08 869 11.7 1677
1.p.g. ' (million gallon) 1.95 179 1.30 120
natural gas (billion cubic foot) 27.7 28528 18.7 119211
. other fuels (billion Btu) _—— —— 3.0 3
hogges fuels (wood) (thousand ton) ©30.4 234 131 .1012-
bark (thousand ton) 173 1559 270 2428
spent liquor (thousana ton) 647 . R671 9A1 12879
self-generated hydro (million kWh) 295 1006 255 870
other self—gencratedbenergy (hbillion Btu) 255 ‘~-255 274 274
energy sold (bi1lion Beu) 3056 3056 3159 3159
Total, less sold 86396 86561
Source: American Paper Institute
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because burning the liquoré is part of the chemical recovery process.1
This is not the cése, however, with sulfite pulpmills. Mechanical pulpmills
do not generate spent liquors. Thus Wisconsin's comparatively large sulfite
and mechanical pulping capapity limits the use of;spent liquor as‘an energy
source. Despite this, hoﬁever, energy recoVeryAffom spent liquors has in-
creased by almost 10 pefcent a year since 1972,

Tﬁe paper industry>also has the largest electric cogenerating capacity in
the state. It produces an estimated 2 billion kWh of electric power through '
pogenéfatiqn.éﬁﬂua;ly;‘..“w
Table 3-3 shows that virtually all the coal is consumed by the larger

mills (over 500 billion Btu annual fuel consumption).z'

1

DESCRIPTION OF PROCESSES

The pulping processes -important in Wisconsin are the sulfite, sulfate
(kraft), groundwood, and semi—chemical proceéses. Sulfite and sulfafe pulping
aré chemical processes in which woodchips are reduced by chemical action under
steam pressure. Gfoundwood pulping is a.méchanical method. Semi-cﬁemical

pulping is a combination of chemical and mechanical reduction of wood.

The Sulfite Process

Figure 3-2 shows the main process steps in sulfite pulp production.
Pulpwood is debarked and chipped before entering the digester.. In the digester
the chips are cooked with an acid pulping liquor at temperatures of approximate-

ly 280°F, under pressure of 75 to 90 psi. Temperatures and cooking time vary

1The section, Description of Processes, describes this in greater‘detail.

2 .

A more extensive discussion of factors influencing fuel use patterns may
be found in "Industrdal Energy Use in Wisconsin: Consumption Patterns and Con-
servation Measures," Foell et al., 1980. :
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.

Table 3-3. " Fuel Consumption in Fulp and Paper Mills as a Function of Total Fuel Energy Consumed, 1976.

Annual Fuel Consumed (10° Btu)

. . < 150 150 - 500
Number of firms .

reporting o 13 12 .

9

Coal (10" Btu) . © .5 1,364.5
0il o (109 Btu) 138.2 337.2
Gas ' (109 Btu) 451.6 2,139.7
LG (10° Bew) - 5.2
Wood (109 Btu) —— 146.2
Liquoer (109 Btu) — ————
Total " 20? Bewy  590.3 . 3,992.9

500-2000

17

3,614.5
2,141.6
10,026.8
33.5
749.4
61.2

16,629.0

>

2000

© 16

33,002.8
6,349.0
12,772.7
23.5

5,984.8

5.010.3

63,143.1

Total

58

37,982.3
8,966.0
253,390.8
64.1
6,880.5
5,071.5.

84,355.2

Source: Wisconsin Boller Survey, Department of Natural Resources, Madison, Wisconsin.
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Figure 3-2

Diagram of Major Processes in Sulfite Pulping

pulpwood WOOD pulpchips DIGESTER pulp & iiquo WASHERS, ‘ pulp
PREPARATION SCREENS (15% solids)
cooking red
liquor liquor
- . (14% solids)
\
ABSORBER
EVAPORATOR
sulfur
dioxide
spent
sulfite
. liquor
ide 50% solids
sulfur sl BURNER sulfer dioxide COOLER ( )
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with the type of pulpwood and the desired grade of pulp. Steam and acid are

released during the cooking operation- ‘to avoid exceésivg pressures. After thg

‘cooking is completed the pulp and liquor are released into the blow tank.

Then the pulp is washed and screened and the red liquor is usually concen-
trated in an evaporator before disposal. There are, however, many uses for
épent sulfite liquor, such as use in adhesives or alcohol and yeast produc-
tion, The liquor contains sulfite vanillin which may be used to flavor
vanillin (Calkin and Witham, 1957).I

‘The\cooking liquor is a solution of sulfurous acid and calcium, magnesium,
sodium, or ammonia bisulfite. This aecid solution is prepared by absorption

of sulfur dioxide:

S0, + Hy0 <3 HyS03 : &)
limestone

or: C€a0 + Hy0 + 2H,S03 —> Ca(HS04), + 2Hy0 (2b)
lime

ar: Mg0 + 2HpS03 —>Mg(HS04) 4 + 2Hp0 ‘ (2e)

or: NapCOj + 2HS03 — 2NaHSO3 + COp + Hy0 ()
soda '

Sulfur dioxide is produced by burning sulfur. The sulfur dioxide requires
rapid cooling to below 400°F to prevent formation of sulfur trioxide and to

facilitate better absorption in water.



Opportunities for recovery of chemicals and energy from spent 1iqﬁors

- depends on the type of acid liquor used. Possibilities for recovery of soda
or magnesium oxide (involving evaporatioﬁ and burning of the liquors) exist,r
but recovery of ammonia or lime is not féasible (Jones, 1973). Ammonia-base
liquor may be burned for energy recovery, resulting in the loss of the ammonia.
Burning of caicium base liquorAcauses scaling on the equipment (CaSO4)(Jones,
1973). The average heating value of the spent sulfite liquor is around.

8,000 Btu per pound of dry solids.

The Sulfate (kraft) Process

The major differences between sulfite and sulfate pulping is the use of

- an' alkaline cooking liquor and the kraft chemical recovery process (Figure 3-3).
"Pulpwood is chipped and cooked witﬁ_the cooking liquor under pressures of
100-110 psi at maximum temperatures around 350°F. After cooking the pulp and
liquor are released into the blow tank, then washed and screened.

The active agents in thé cooﬁing liquor, or white liduor, are sodium hy-
droxyde (NaOH) and sodium sulfide (NaZS). Because the liquor is recovered from
black (or spent) liquor, the white liquof also}contaiﬁs limited amounts of
sodium carbonateA(NaCO3), sodium sulfate (Na2804), and éodium thiosulfate
(Na,$,0,) - | '

The first step in the recovery of chemicals from the black liquor is con-
centration of the liquor to around 50 percent solids in the evaporator. The
liquor then ie burned in the recovery furnace, yielding around 3,100 Btu per
pound of concentrated liquor. This energy is recovered in the form of steam.

In the furnace most of the sodium sulfate is reduced to sodium sulfide. Any

make-up salt (Nazsoa) is added to the black liquor before it enters the recovery
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furnace. The residue (smelt, mostly NajCO3 and NajS) is dissolved in return
water from the lime and dreg washers. This solution (green liquor) is clarified,

and lime is added in the slaker, resulting in the partial precipitation of

" calcium carbonate and formation of sodium hydroxide:

Na,CO

oCO5 + CaO + Hy0 —>CaC03 ||, + 2NaOH

This reaction is completed in the causticizer. The caleium carbonats
(lime mud) is then separated from the liquor in the white liquor clarifier,
The liquor is returned to the digester. The lime mud (CaCO3) is washed

and reduced to lime (Ca0) in the lime kiln. The lime is reused in the slakiﬁg

process.

The Groundwood Process

Figure 3-4 shows a simplified flow diagram for groundwood puiping. This
grade of pulp is primarily used in manufacturing newspaper and cheaper grades
of bookpaper (Calkin and Wilham, 1957). Spruce is the most desirable wood
fﬁr this process, but groundwood mills in Wisconsin use large amounts of bal-
sam fir, aspen, and other wood species.

Several types of grinders are employed, but all rely on the grinding
action of a large grinding stone.. Debarked logs are ground whole while water
is added. 1In the thermo-mechanical process, a more recent variation on ground-
wood pulping, the wood is steamed before refining.- After thickeiiing, thc

pulp is often bleached with peroxide.

The Neutral Sulfite Semi-Chemical (NSSC) Process

NSSC pulping is the oldest and most common semi-chemical pulping process.
This high-yielding method is especially well suited for hardwoods. The pulp-

wood is debarked and chipped (Figure 3-4). The chips are cooked in a digester
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Diagram of Major Processes in Kraft Pﬁlping




74

Figure 3-4

Diagram of Major Processes in Groundwood and NSSC Pulping
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Figure 3-5°

Diagram of Major Processes’ in Three-Stage and Five-Stage Bleaching
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Figure 3-6

Diagram of Major Prncresses in Papcrmaking

ol BEATING ' - furnish
pute & ’ ~» BLENDING
{15% solids) REFINING (4% solids) .5% solids
- 9
SUCTION P _ | Taste .
{10% snlids)
y
. paper or 5
- P! —» paperboar
Couch RoLL (202 solids) PRESSES (40% solids) DRYERS (6% moisture)
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for several hours with a cooking liquor at maximum temperatures of 320 -
350°F. ' The cooking liquor is a solution of sodium sulfite and sodium bicarbo-

nate. After cooking, the pulp is mechanically refined before washing.

Bleaching

Bleaching of pulp is'necessary for many uses. Residual ligniﬁ and coloring
materials-inithe fibers are removed. Many bleaching processes are available,
and different processes are often combined in a multistage process. Figure 3—5‘
'shows a typical three-stage or five-stage proﬁess. The three-stage process is
commonly used to bleach sulfite pulp; flve-stage bleaching is often employed
for kraft pulp bleaching.

The first stage is chlorination of residual lignin, which is then dissolved

and removed in the extraction stage " The actual bleaching takes place in the

hypochlorlte stage'where the pulp is oxidized w1th calc1um or sodium hypo-
chlorite. Three-stage bleaching provides sufficient brightneés for sulfite
pulp. Sulfate pulp needs more consecutive bleaching to reach a brightness
comparable to three-stage bleached sulfite pulp. Often the pulp is again
chlorinated and bleached with hypochlorite. Figure 3-5 shows an alterna-
tive, using chlorine dioxide andlhydrogen peroxide as bleaching agents.

Peroxide bleaching is commonly used to bleach groundwood pulp.

. Paper Manufactur;~g L

Pulp from the pulpmill needs more treatment and often chemical
additives to make it suitable for paper formation. The pulp is diluted,
typically to .5 percent'solids before beating and refining (Figure 3-6).
Both are mechanical processes. Beaters are used to brush and fray the fibers
which are then cut in Jordan, disc, or other refiners. Non-fibrous additives,

such as rosin, alum, and clay, may be added in the beater or head box.
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The refined fiber is fed ffdﬁ_the‘héadboi"onfo.theiFéﬁtdrinier’
wire, é fine mesh wire supported by table rolls (Figure 3-7). The rolls carry
off the water from the wire and suction boxes under the wire remove more |
water. Ihe couch roll is at the end of Fourdrinier wire and also removes
water by suction. At this point the paper is formed. Water drained from the
Fourdrinier (white water) is recycled. The paper sheet is then fed through a

series of presses and dryers to dry the paper sheet to 5 - 6 pecreent moisture.

WASTE HEAT RECOVERY
To assess the potential for waste heat recovery several steps need to be
taken. Thesé include:

1.. identification and quantification of major waste heat streams and -
potential acceptor streams in a typical plant, ‘

2. selection of example cases, and

3. calculation of recovery potential.

The first problem in this p:oceés is defining é typical plant. Even
1f we distinguish several pulping processes, actual eneféy requirements vary
with the species of pulpwood,-grade of pulp or paper, time of year, and many
other factors. Size and nature of waste heat and acceptor streams also depend
on the type of equipment used. For instance, heating may take place by‘direCt
steam injection or indirect heating with steam, gas or oil. Im Table 3-4

more specific examples are given.

Waste Heat and Acceptor Streams

Figures 3-8 through 3-12 identify and quantify major'égsté o
heat and potential acceptor streams. All values are expressed per ovenidry ton

of pulp or paper produced. Quantities and temperatures are based on data from q
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Figure 3-7
Diagram of Operations on a Fourdrinier Papermaking Machine
(Calkin and Witham, 1957)
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Table 3-4

Technological and Physical Parameters that Significantly Affect
the Nature of Waste-Heat and Acceptor Streams

— i e g : -

By o Ceme LA

Process Options
dryers ' ‘ steam, hot air
digester direct steam injection, indirect

steam lLieatlng

bieaching . direct steam injection, indirect
steam heating

evaporator steam, gas-oil-fired

make~-up water well water, surface water

the literature (Hall et al., 1975 and Brown et al., 1979) and on data supplied
by cooperating paper companies. The temperature of make-up water is based on
the annual average water temperature in Wisconsin. In sulfite and kraft pulp=
ing, we assumed direct steam injection into the digester. We alsoAchosé steam
dryers and evaporators for our typical planf. Steam heating in the bleach

plant is assumed to be indirect.

Description of Typical Plants

To obtain an indication of waste-heat recovery potential, sample calcula-
tions were made for specific waste-heat and acceptor streams in a typical
kraft pulp and paper mill and a typical sulfite pulp and paper mill. (Thesc two
pulping processes account for almost 60 percent of Wisconsin woodpulp produc-

tion capacity.) Mechanical processes do not offer many opportunities for



waste-heat recovery.

similar calculations.

Data for semi-chemical pulping were insufficient for

)
Moreover, this process accounts for only 12 percent of

capacity (2 mills) in Wisconsin and 8 percent nation-wide.

Calculations were made for two base situations:

1.

2.

All electri

Part or all

¢ power is purchased.

of electric power requirements are cogenerated.

Typical Rraft Pulp and Paper Mill Characteristics

bleached pulp production: ' : 200 ton/day

paper production:

350 ton/day

5-stage bleaching process

boiler efficiency: 70 percent
condensate return: 80 percent
total steam requirements: . 3,956,000 lbg/day
recovery boiler steam production: 2,717,000 1bs/day
electric power consumption: 278,000 kWh/day

case a. no cogenerated power (Figure 3-13a)

9

purchagsed electricity: 278,000 kwh/day at 10,500 Btu/kWh = 2,91 x 10 Btu/day
fossil fuel coansumption = 1.89 x 107 Btu/day

total =

4.80 x 10° Bru/day

case b. cogenerated power (Figure 3-13b

9

purchased electricity: 200,562 kWh/day at 10,500 Btu/kWh = 2,11 x 10 Btu/day
fogsil fuel consumption = 2.33 x 10° Btu/day
total = 4.44 x 109 Btu/day

bleached pulp prod
paper production:

Typical Sulfite Pulp and Paper Mill Characteristics

uction: 200 tom/day
350 ton/day

3-gtage bleaching process

boiler efficiency: 70 percent

condensate return: . . 80 percent

total steam pequiréménts: 4,684,000 1bs/day

no recovery boiler

electric power consumption: 237,500 kWh/day
case a. no cogeneration (Figure 3-14a)
purchased electricity: 237,500 kWh/day at 10,500 Btu/kWh = 2.49 x 109 Btu/day
foss1l fuel cousumption = 7.21 x 109 Beu/day

total =

9.70 x 107 Betu/day

case b. cogenerated power (Figure 3-14b)
credit for eléctricity sold:55,250 kih/day at 5,736 Btu/kibl=.32 x 107 Btu/day
fossil fuel consumption = 8.89 x 10° Btu/day

net total =

8.57 x 107 Beu/day

tdeat rate for cogenerated power. Although this power replaces power generated

with an average heat rate of 10,500 Btu/kWh, we used the lawer heat rate for

reasons of consistency inm our calculationms.
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Selected Waste Heat and Acceptor Streams

Figures 3-8 through 3-12 'show a variety of potential waste-heat
streams and acceptor streams. Waste-heat streams with a high recovery poten-
tial are:

1. blow stream from digester,

2. water vapor from evaporator,

3. water vapor from papér dryer, and

4, vapor-copdensate from evaporator.

Heat récovery systems for streams 1, 2, ‘and 3 appear to be relatively
standard, but often no heat is recovered from stream 4. Therefore, the vapor
condensate was selected as heat source stream.

Potential accepfor streams are (Ellerbe, 1975, p. 44-46):

1. pulp washer,

2. boiler feedwater,

3. water for bleach plant,

4, black or red liquor,

5. tall oiﬂ'(heating facilitates pumping), and

6. evaporator condensate (preheat before steam stripping),

Many plants already are heating bulp washwater through waste-heat recovery.
Boiler feedwater and bleach water (2 and 3) appear to be less commonly used
as acceptor streams, and were therefore chosen as examples.

Calculations are made for several cases as shown in Table 3-5.

TTa%l oil is a dark odorous liquid before'refining that contains
principally resin acids and fatty acids; it is recovered from the
black liquor,



Figure 3-8

Waste-Heat and Potential Acceptor Streams in a Sulfate Pulpmill

-f(_ WOOD - '
"\PREPARATIO - basis 1 ovendry ton .

of pulp
o blow

: steam 340°F - steam 220°F’ '
.3470 1bs ' DIGESTER . "2530 1bs

\
water 120°F \
WASHERS,:
2080 gallon - SCREENS

3820 lbs - - steam 300°F

steam condensate -
200°F ’
vapor condensate

200°F .
water vapor,ll5°F

460 gallon

EVAPORATOR

1450 gallon

2990 1bs

1650 gallon ~  _M8e¥ S7°F — 113700 1bs
‘ . RECOVERY Y~ steam 300°F
air 45°F A FURNACE : :
6.9 ton - 11.5 ton

flue gasses
_ 300°F

" (GREEN LIGv)
CLARIFIER J

water 65°F

é

143 gailon

- SLAKER .

AUSTICIZER) =

" water 65°

‘

742 gallon

flue gasses, 400°F

' - ‘air 45°F ,
59 ton & T @ |
' Ca0_1200°F . .24 ton

l
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Figure 3-9

Waste-Heat and Potential Acceptor Streams in a Sulfite Pulpmill

: WOOD- .
REPARATIO basis: éfogsggry ton
= ' steam 340°F - \blowsteam :
6009 lbg - : — DIGESTER 220°F : 1500 1bs -
2500 gallon water WASHERS,
. o 120°F SCREENS

5800 1bs steam 300°F.

- Steam condensate
200°F .
vapor condencate
200°F
water vapor

115°F

700 gallon

2300 gallon

4800 1bs

BURNER

water 65°F — water 85°F

1800 gallon ~ ~—s{ cooLer 1800 gallen
1300 gallon water 65°F 3 ABSORBER
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Figure 3-10

Waste-Heat and Potential Acceptor Streams in a Groﬁndwood Pulpmill,
and a Neutral Sulfite Semichemical Pulpmill

5520 gallon' make-up water GRINDERY ‘basis: 1 ovendry ton
6S°F , o of pulp
THICKENER
22400 gallon _water -~/ peroxIDE ) Water 22400 gallon
8 . 65°F RLEACE 71°F

GROUNDWOOD PULPING
"~ WOOD . basis: 1 ovendry ton
QREPARATIO : of pulp ’
1688 1bs ) Steam " DIGESTER stean 923 1bs
o ' 340°F 220°F : A
o _water WASHERS,,
].5]_.0 gallen : . 65°F SCREEN‘

NSSC PULPING



Figure 3-11

Waste-Heat and Potential Acceptor Streams in Five-Stage .Bleaching
Plant and a Three-Stage Bleaching Plant

Ce ) basis: 1 ovendry ton
Five-stage : - ' of pulp

CHLORI-
NATIONM

water,li

pin,etC. 23400 gallon

. Y1°F .-
’ steam ol condensate:
1000 lbs ' { EXTRACTION - 120 gallon
: : ' steam HYPO condensate - . '
. - - M
400 lbs 260°F CHLORITE —-—r——>200 T 48 gallon

‘ . ) _ steam condensate a
9_30 lbs o 250.?- m 300°F 110 gallon

360 1lbs 3tean ' ' A
260Q0°F HYDROGEN condensate .
. water o B 43 gallon
22400 gallon 65°F X ‘A .
Three-stage

" CHLORI- waterv, lignin,ete.
NATION - 7 .22400 gallon
. 91°F o
, steam : condensate o
1000 1b8 : EXTRACTION - 120 gallon
 260°F TN 200°F

steam

260°F HYPG= \.._condengate
water CHLORJTE 98 gallon

22400 gallon 65°F



Figure 3-12

WéstevHeat Streams and Potential Acceptor Streams in a Pape

: water __/BEATING )
(5660 gallon if 65°F - \REFINING
market pulp is used) . :
basis: 1 ovendry ton

of paper

42000 gallon vares BLENDING
HEAD BOX

TABLE ROLL }—¥2Eer 40000 gallon

- (sucTion Box)—2t2T 5600 gallon

(coucH RoLL}—252T__ . 1200 gallen’

' 600 gallon

5600 1bs . steam 4 ' condensate 4.4 ga1ien

air XDRYERS' water vapor

100°F 2870 1lbs

:

r Mill

white water 46800 gallon
(for recycling)
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.88 Figure 3-13a

Steam, Fuel, and Boiler Feu. Water Requirements for "Typical' Kraft Pulp
Paper Mill Without Cogeneration Equipment

fossil fuel 1,239,000 lbs/day
r———
1.89 billion Btu

per day boiler

3,956,000 lbs/day
———

process steam, 340°F

recov- - B ' .
ery 2,717,000 lbs/day S
boiler
154°F =
. 200°F -

condensate return 2,609,600 lbs/day

make-up 1,346,400 lbs/day 365°F.

Figure 3-13b

Steam, Fuel, and Boiler TFeed Water Requirements for "Typical" Kraft Pulp
Paper Mill With. Cogeneration Equipment

electricity
) 77,438 k¥Wh/day
fossil fuel > | 1200 pSLItuEbine o
. 2.33 billion Btu high 900°F ‘ L
per cay pres- 1,239,900 ibs/day
) ’ sure . )
3= boiler ‘
3.956.000 lbs/day
—
process steam
340°F
reco§~
ery 2,717,000 lbs/day
boiler

200°F

. condensate return 2,609,600 l5s/day
make-up ' 1,346,400 lbs/day 2 55°F

)
~
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Figure 3-14a

Steam, Fuel, and Boiler Feed Water Requirements for Typical Sulfite
Pulp and Paper Mill Without Cogeneration Equipment

~

fossil fuel 4,684,000 lbs/day
7.21 billion ' process steam, 3J40°F
Btu per day |P°ileT

aser |

' 200°F

<
n

condensate return 2,787,000 lbs/day
65°F '
make-up 1,897,000 lbs/day

Figure 3-14b

Steam, Fuel, and Boiler Feed Water Requirements for Typical Sulfite
' Pulp and Paper Mill with Cogeneration Equipment

eléétriéity
292,750 kWh/day

fossil fuel
8.89 billion | Bigh

N Pres= procaess steam, 340°F
Btud per day ‘
sure \\\\‘\N 4,684,000 lbs/day
boiler
145°F
< 200°F .
<

condensate return 2,787,000 lbs/day

65°F
make~-up 1,897,000 lbs/day
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Situation
la
1b
2a
2b

3a

3b

Waste
vapor
vapor
vapor
vapor

vapor

vapor

A

Sample Calculations

Table 3-5

Situations Used.ﬁprvSample'Calculations

Heat Stream .

condensate
condensate
condensate
condensate

condensate

condensate

Acceptor Stream(s) Cogeneration
boiler feedwater | © no
boiler feedwater | yes
bleach water no
bleach water yes

boiler feedwater &
bleach water no
boiler feed water
and bleach water ‘ yes

Several assumptions were made to simplify the task of calculating heat

recovery. Only liquid/liquid heat exchangers were considered, with an assumed

effectiveness (eg) of .757.' No attempt was made to optimize the heat exchanger

size in any way.
was assumed that all streams
these heat recovery measures

been described earlier. ‘The

3-20.

Based upen

coincide at all times. Cost effectiveness of

sample calculations are in Figures 3-15 through

Effectiveness is defined as the ratio of the actual heat transferred and
The maximum possible Q is determined

the maximum possible:

Q =€ Qmax

ma

ct
by the temperatures of tﬁe streams and the flowrate of the smaflest stream.
(3¢ce 3ection 2, p, 34)

information from the industry workshops, it also

has not been calculated. Other assumptions have
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Figure 3-15
Sulfate Mill, Situation l-a and 1-b

2,421,500 lbs/day evaporator condensate
200°F

boiler feed make-up heat

: —f —_—
1,346,490 lbs/dav exchanger 166°F .
65°F
1‘144°F

SULFATE MILL

_Situation 1-a (Figure 3-15)

no cogeneration

waste-heat stream:  evaporator vapor condensate
2,421,500 1lbs/day @200 F

acceptor stream: boiler fced make-up water
1,346,400 1lbs/day @ 65 F

heat transferred 136 million Btu/day
fuel savings' 195 million Btu/day
or -4, 1%00f energy consumed.

Situation 1-b

Same as l-a, with cogeneration

Heat transferred 136 million Btuyday
fuel savings 195 million Btu/day
or 4.47 of energy consumed.
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Figure 3-16

Sulfate Mill, Situation 2-a and 2-b

evaporator condensate
200°F L2,421,500 lbs/day

water for bleach plant__65°F | heat : _71.5°F
’d3 >
37,408,000 lbs/day exchanger .
99°F

SULFATE MILL

:Situatién‘24é_g?igﬁfehﬁ—l65_4}n-‘ )
110 cogeneration
waste heat stream: evaporator vapor condensate

2,421,500 1be/day @200 °F

acceptor stream: water for bleach plant
37,408,000 lbs/day @ 65 °F

heat transterred - 244 million Btu/day

fuel savings 349 million Btn/day
or 7.3% of energy consumed.

Situation '2-b

Same as 2-a, with cogeneration

heat transferred 244 million Btu/day

fuel savings 349 million Btu/day
reduction in cogenerated power%* 15288 kWh/day
reduction in savings 73 million Btu/day
net savings ~ 276 million Btu/day
or 6.2% of energy consumed.

*The heat recovered results in a decrease in steam demand and consequently in a reduction
in cogenerated power. This loss is made up with purchased power, which increases energy
consumption by 4764 Btu/kWh of cogenerated power lost. (4764 Btu is the difference in
heat rates for cogenerated and purchased electricity). -




Figure 3-17

Sulfate Mil1l, Sutuat

i6n 3-a’ and 3-b

o 4 evaporator condengate .
‘ ' 200°F L_z,421,soo 1bs/cay

boiler feed make-up heat
e .
' 1,327,500 lbs/day - exchangesr 166°F

6§5°F

145°F

f

water for bleach 2lant 65°F ; aeat
. ] | -

| exchanger §9°°F

37,408,000 lbs/day

85°%
SULFATE MILL
Situation 3-a (Figure 3-17)
no cogeneration
waste heat stream: evaporator vapor condensate
2,421,500 lbs/day @ 200 °F
acceptor stream l: boiler feedwater make-up water
1,327,500 1lbs/day*: @ 65 °F
acceptor stream 2: water for bleach plant
: 37,408,000 lbs/day @ 65 °F
heat transferred to stream 1 134 million Btu/day

heat transferred to stream 2 145 million Btu/day

total 279 million Btu/day

fuel savings 399 million B:u/day
or 8.3% of energy consumed.
Situation 3-b
Same as 3-a, with cogeneration

total heat transferred 279 million Btu/day
fuel savings 399 million Btu/day
reduction in cogenerated power 9058 kWh/day
reduction in savings 43 million Bru/day
net savings 356 million Btu/day

or 8.0% of anergy consumed.

*This flow is less than in situation l-a and l-b. Preheating the water for the bleach plant
results in a reduction in steam demand, leading to. lower boiler feed water requirements.



94

Figure 3-18

Sulfite Mill,- Situation 1-a and 1-b

-~

evaporator condénsate

200°3L 3,841,000 lbs/day

' . ad Make-ur Lheal .
boiler feed make-up | ea
1,897,000 lbs/day exchanger 166°F
' hS5°F
L150°F
SULFITE MILL
Situation l-a (Figure 3-18)
;néicogeneratioﬁ
waste heat stream: evapafétor %abéricondensate

3,841,000 1bs/day @ 200 °F

acceptor stream: boiler feed make-up water
' 1,897,000 1bs/day @ 65 °F

heat transferred
fuel savings
or

‘Sttuation 2-b .

Same as l-a, with cogeneration

heat transferred
fuel savings
or

192 million Btu/day
274 million Btu/day
2.8% of fuel consumed.

192 million Btu/day
274 million Btu/day '
3.2% of fuel consumed/



Figure 3-19 . ' ”?5:"

Sulfite Mill, Situatiom 2-a and 2-b
_m“_--m*W”é€é§6£éEBr condensate
200°§L 3,841,000 lbs/day

-

: °F| - heat
water for bleach plant 63°F| >
37,408,000 lbs/day exchanger :

L

99°F
SULFITE MILL
Situation 2-a (Figure 3-19) |
no cogeneration
waste heat stream: evaporafor vapor condensate .

3,841,000 1bs/day @ 200 °F

.acceptor stream: .water for bleach plant
37,408,000 1bs/day @ 65 °F

heat transferred 374 million Btu/day

fuel savings 534 million Btu/day
or 5.5% of energy consumed/

Situation Z—b ¢

Same as 2-a, with cogeneration

heat transferred - 374 million Btu/day
fuel savings 534 million Btu/day
reduction in cogenerated power 22750 kWh/day
reduction in savings 108 million Btu/day
net savings 426 million Btu/day
.or 5.0% of energy consumed.
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Figure 3-20

Sulfite Mill, Situation 3-2 and 3-b

' evaporator condensate
200°F‘L'3,841,000 1lbs/day

' : heat
i d make-up
boiler feed m B3l . «changer 1 66oF
1,847,300 lbs/day,65°F ‘
151°F
R
water for bleéch'plant 65°F) heét' , :
37,408,000 lbs/day '| exchanger 72.5°F
88.5°F
SULFITE MILL _
Situation 3-a (Figure 3-20)
no cogeneration
.waste heat stream: evaporator vapor condensate

3,841,000 1bs/day @ 200 °F

acceptor stream 1: boiler feed make-up water
' 1,847,300 1bs/day @ 65 °F

acceptor stream 2: water for bleéch plant
® 37,408,000 1bs/day @ 65 °F

heat transferred to acceptor stream 1 -~ 186 million Btu/day
stream 2 248 million Btu/day
total 434 million Btu/day
fuel savings 620 million Btu/day
or 6.4% of energy consumed.

Situation 3-b
Same as 3=a, with cogeneration
Same as 3-a, with cogeneration

total heat transferred — 434 million Btu/day

fuel savings 620 million Btu/day
reduction in ‘cogenerated .power 15480 kWh/day
reduction in savings. 74 million Btu/day

net savings :546.Million.Btu/day or:

6.4% of energy consumed
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CONCLUSION
Substantial amounts of energy can be saved by means of waste heat
reco&ery, especially in chemical pulp and paper mills. Calculated savings
for sample applications are in the order of 4 to 8 percent of total energy
requirements, "It is not clear, however, if these applications are economically
feasible. The section on optimization of heat exchanger area may be used aé a

guide to determine feasibility in specific plant situations.
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CHAPTER IV

INDUSTRIES' ECONOMIC ANALYSIS OF ENERGY CONSERVATION PROJECTS

This chapter examines the economic criteria and decision processes

used by firms to assess the merit of a particular energy conservation
project. The goals of the economic criteria are discussed in relation
to project eelection and the value of the firm. Rate of returnm, :
payback period, and life cycle analysis are discussed and compared

as alternative approaches to conservation project selection. -

OVERVIEW

The s;x firms interviewed used variations on the payback and rate of
return analysis methods for their economic analysis of potential energy
conservation projects. Three firms used only the payback method in their
analyses, two firms relied 6n the rate of return method, and one used both
methods. |

In this chapter, eccuomic analysis techniques are defined and compared'
for their project selection characteristics when management's objective is
to maximize the firm's value. This analysis shows that the payback method
often results in the rejection of projects which could raise the firm's value.

The principle ofhiiféwéyéie costing is presentéd in this chapter's last

section. Our purpose in discussing life cycle costing and the other analytical

methods of economic analysis is not to provide a comprehensive description of
them, but instead to make general statements about their usefulness in analy-

ses directed toward making informed decisions on project opportunitiesg

IMore detailed information about these methods is contained in Chapter VI,

2Haley and Schall (1973), Mao (1969), Thueson, Fabiycty, and Thueson (1977),

and Weston and Brigham (1975) give more comprehensive treatments of these
topics. .
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GOAL OF ECONOMIC ANALYSIS‘

Investment policy guides management in selecting between investment al-
ternatives. The investment policy is assumed to be established to make best
economic use of the capital resources available to the firm. "Best economic
Qse" is defined as the use of capital funds in a way maximizing the value of
the incremental éash flows from those funds. The cash flows are incremental
in that they make a change'to the firm's cash flow that would have occurred
_had there been no additional investment. By makiﬁg the best economic use
of available capital funds, management is acting in the owner's best interest
because it is maximizing the firm's value resultiné in the maximization of

the value of the owner's income from the firm.

Value of the Firm and Project Selection

The firm's value equals the sum of the discounted present value of the
firm's cash flow over the period it is in business. A mathematic representa-
tion of the firm's value (V) is

T c
v X —t_ ' (1)
t=1 (1+k)*t
where T is the number of years the firm is in business, Ct is the cash flow
in year t, and k is the cost of capital, expressed as a rate per period, for
the firm. Incorporating the cost of capital term in the equation accounts
for the time-value of future cash flows.3

Cash flow (CF)in the yéar‘t is defined as the difference between cash

income (X,) and cash investments (It) in year t and can be expressed as

3Thevariable"k" is also referred to as the discount rate.
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Ct = Xt - It oo : ' (2)

Cash income is the difference between cash‘revenues and expenses.

Investment is the outlay for goods or serviceé.yielding future cash income, -
If ‘the firm's investment policy is to maximize the firm's value, then it

is necessary to choose those}projects whose présent values are greater than

zero. For exampie, consider a situaﬁion where a firm is ohly going to

operate for one more year, assuming that allﬁincome occurs only at the

" L
year's end. Before making additional investments, the firm's value (V'),

can be stated as

(3

where X, is the sum of the present cash income and Xi is the sum of the
present cash income (Xo) plus thé discounted valﬁe of the year end cash income
resulting from previous investments. In this case, cash flow equals cash
_income becagse no additional investment has yet been made.

Suppose a potential project requiring an investment (I,) will cause an

" incremental change in the year-end cash income amounting to AXl. Investing
in the project will give the firm a new valuc. (V) of
ki : .
' Xy + AXy) : (4)
V= (X, -I) +—t 1L
(1+k)
The change in value (V - V'), equals:
M= L g (5)
T (14k)  © e
In other words, the change in value from investing I, is the discounted . .

value of the incremental cash flow less thé initial investment cost.
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Expression (5) is the net pfesent-value of the invesfment (Io). Thus,
the change in the firm's value equals the ne£ present value or net present
worth of the project. The firm benefits by this investment if the change in
value is greater than zero. This will be the case if the investment's net
present value exceeds zero. Therefore, the decision rule in project selec-

tion is to select only those projects having a positive net present value.

.The net present value of a cost reduction project is also referred to as its

life cycle savings.
Of course, cash flows from investments generally last over several

periods, so that the net present value (PNV) of undertaking a multi-period

. project is’ A n

, c :
NPV = 2 —& -1 (6)
=1+t  ° '

where the cost of capital (k) is constant over the years of the project's’

' NPV is greater than zero.

Anélysis of Savings Streams From Energy Conservation Projects

There are two characteristics of a savings stream from an investment in

an energy conservation project; both shanld he considered in any ccoenomic

- analysis. First, the savings will probably continue for many years because

the project affects eﬁuipment or buildings with long service lives. One inter-
viewed industriai'cooperatof said:
In [the] paper process, [equipment life] tends to be a much

longer term. You're installing something that's going to be
used for 30 or 40 years.

life (n). As in the one period case shown ahave, a project io accepted if the



Second, the cost savings will likely grow over the life of the project. 0il,
coal and natural gas prices have been escalating at 29, 16, and 21 percent
per year over the last few years in Wisconsin.4 Although the energy savings
from the project may remain the same, the cost savings will increase with the

energy prices.

Payback Period Analysis

A project's payback is thé length of time taken for the increﬁental cash
flow created by the projecf to equal the investment cost. It is the answer
to the question, "How long will it take before the project pays for itself?"
The payback period can be-represented mathematically as:

n?
.10= 2 ac | (7

t=1 F

where n* equals the payback period. The project is acceptable if its payback
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period is less than the criterion. >' T fﬁ the firms we iﬁtef&ieﬁéd; fhéw;;§;

back criterion ranged from 1 to 4 years.

The payback period analysis has severél advantages. Firét, the analysis
is not time~consuming,Anor does it require sophisticated forecasts of future
income and costs. Second, it may be particularly'useful'in project selec-
tion when there is very rapid obsolescence in the investment. For example,
rapid fayback on computer systems should be expected because of the speed at
which innovations enter the computer market.  This particuiar advantage may
not be so épplicable-to the food and paper industries, where the basic produc-

tion technoiogy is well established. Third, payback period analysis could be

4See Chapter VI for fuller discussion of energy prices trends in Wisconsin.
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useful in selecting érojects when limited, short-term capital funds are used
for the investments. In at least one finm,small_coqsexVafion projects

were often funded out of operating budge;s. To avoid exceeding budget
~limi£s, the payback period had to be short, generally less than one year.
Therefore;>payback was an important féctdr in projeqf:selecfion.

There are several shortcomings, however, to the payback method.

It ignores savings, or positive incremental cash flows, occurring beyond.

the payback period. This shortcoming biases project selection away from p:d—
jects having increased éavings over time and toward projects haviné a large
savings in the initial years of the‘project's life. The payback

method fails to take into account the time-valqe of money. -This shortcoming
biases project selection away from those projects with long-run savings. As a
result of these shortcomings, payback analysis will not necessarily give

proper guidance in choosing projects which will add to the firm's value.

Rate of Return Method

The rate of return method for'economic analysis considers future savings
and the time-value of money, thus overcoming the conceptual flaws of the pay-
back period method. The rate of return method also can lead to project
selection that increases the firm's value, because the rate of return method.
will cause selection of the same projects as the net present value method when
therelis a savings evefy yeaf over the project's life. The rate of return-
method can produce different results, however, when used in selecting be-
tween two projects with different lives (Haley and Schall, 1973).

A project's rate of return is determined by finding the discount rate
at which the net present value of the project is zero. That is, the following

a

equation is solved for r:



105

ACt

o= El Tt Iy (8)
where r is the rate of return of the project. A project is selected if the
rate of return is greater than the ‘chosen criterion rate of return or hurdle
.rate. The firms we intefviéwed who employed rate of return analysis
used 20 énd 25 percent return criteria.

The raée of return method has advantages and disadvantages. The main
_ advantage is that it can provide a way to make investment decisions which in-
crease the firm's value. One disadvantage is that it requires long-term’
savings estimates to the end of the project's expected life. Another dis-
advantage is that there can be computational ddifficulties. For example, un~

der certain circumstances, multiple rates of return are computed “(Mao, 1969).

43

Comparison of the Payback and Rate of Return Methods

Since both methods of economic analysis are often used; we compared their
project selection characteristics. First, we investigated the relationship
of the rate of return over differing project lives for a given payback period.
Second, for a given fate of return, we combuted the payback period for projects
of different lives. The results in both cases show that the payback period
method can reject projécts which could otherwise provide moderate to high

rates of return for the firm.
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Table 4-1 gives the rates of return equivalent to various payback periods
when thglsavings is the same evéry year.S' Any table entry is the rate of re-
turn for a project of specified life and payback. For example, a project’
with a 5 year life and a 2 year payback would yield a‘41 percent rate of
return. The results show that a project lasting lopger than the payback
period can yield a high réturn, as high -as a 100 percent return for projects
with a one yéar payback.. In general, the maximum rate of return for long-
lived projects with a constant savings, approximately equals the reciprocal of
the payback period. For example, a two year payback criterion means that accep-
ted projects with long liveé:must have a one-half or a 50 percent return.

Another interpretatién of the nuwbers in the table is that they are the
minimum acceptable rates of return for a project with the specified life
and.payback. In the previous example, projects with 5 year lives must have
returns exceeding 41 percent to be acceptable under a 2 year payback period
criterion. Projects lasting longer than 10 years and with rates of return
less than'3l percent would be unacceptablé under a 3 year payback criterion.
Table 4-1 shows that a project with a constant savings and a 20 percent return
will be rejected in almost every case examined where its life exceeded its
payback.

~Tables 4-2 and 4-3 give the values of the payback for projects with rate
of returns 10 and 20 percent respectively over varying pfoject lives. . The
tables give paybaék periods for projects with cohscant annwal savings; for
savings growing at 5 or 25 percent per year, and'for savingé growing at 5 or
25 percent of the first year's savings. In the laét case, -if -the first year's

savings was-$1000, then the saviﬁgs in the second year would be $1000 plus

5Assuming constant savings over the life of the project is the same as
assuming the energy savings and the energy prices remain unchanged.



Table 4-1 -

Rate of Return EquivalentT to Given Payback Period =

Project Life ' Payback Period

*

(Years) 1 year 2 years 3 years 4 vears
1 0%
2 62 . OZ.
3 84 23 0%
4 93 \ 35 13 .QZ
5 97 ‘41 ‘ 20 8
10 | 100 - 49 | 31 21
20 . 100 50 33 25

TConstant Annual Savings

*#%*NOTE: All table entries are rounded to the nearest whole number.
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Table 4-2

Payback Period Equivalent to a 10% Rate of Return

Annual Annual
Project Constant Savings Growing Savings Growing
Life Annual at the Compounded By a Percentage
(Years) -Savings Rate of the First Years Savings
5% 25% 5% 257
2 1.7 1.7 1.8 ‘ 1.7 1.8
3 2.5 2.5 2.6 2.5 2.6
4 3.2 3.2 3.4 3.2 3.3
5 " 3.8 £ 3.9 4.1 3.9 4.0
10 6.1 6.5 7.5 6.4 : b.Y
20 8.5 9.7 13.6 ‘ 9.3 10.3
Table 4—3‘

Payback Paried Equivalent ta a 20% Rate of Return

A

Annual Annual
Project Constant Savings Growing Savings Growing
Life ' Annual at the Compounded By a Percentage
(Years) Savings Rate of the First Years Savings
5% 25% _ 5% 25%
2 1.5 1.5 1.6 1.5 1.6
3 2.1 2.1 2.2 2.1 2.2
4 2.6 2.6 2.8 2.6 ' 2.8
5 3.0 3.1 3.4 4,1 3.3
10 4.2 4.5 5.6 : 4.5 ' 5.0

20 4.9 5.5 8.9 5.4 6.2
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$250.. In the third year, the savings would be $1000 plus $500, and so
forth. Referring to Tablé 4=3, a lO'year project with a 20 percent rate of
return and a constant annual savings would have a payback of 4.2'years. If
savings were growing at a éompoun&ed fate of 25 percent per year, then the
payback would be 5.6 years. |
Table 4-3 can be uéed to determine what projects with a 20 percent rate

of return would be rejected by a.certain payback period criterion. For
example, all 20 percent return projects with lives greater than 5 years would
be rejected by a payback period criterion of 3 years. All projects with lives
"of 3 years or_greater‘are rejected by a 2 year payback criterion. In the
worst case; a 1 year payback would reject all 20 percent return projeets
" with lives greater than 1 year. Thus, concluded above; the payback period
analysis is high;y biased against long-lived projects. |

. Table 4-3 also shows that the payback method's bias increased against pro-
jects having increasing‘savings over time. A 20 percent return project with a
life of 10 years would be acceptable under a 5 year payback criterion whereas
a 20 percent return project with the same life, but with a savings growing at
25 percent per year, would not be acceptéd, even though in terms of their
rates of re;urn they are equivalent. Both would add val;e to the firm with
a cost of capital of 15 percent, but the 5 year payback criterion would cause
rejection of the project with growing savings. The results suggest that if a
firm is trying to maximize its value, then the rate of return method is
preferrable to payback analysis for project selection. Payback analysis could
be somewhat meaningful only if the criterion'payback varied with the project's
-life, the minimum required rate of return for the firm, and the p;ttern of

_ the savings' growth.
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In sumﬁary, this investigation shows that the payback period method of
investment ana;ysis has severe drawbacks when evaluating energy conservation
projects. It tends not to afford selection of projects with long lives and
increasing savings, two importantAcharacteristics of energy conservation pro-
jects. More generally, the méthod can cause rejection of projects which would

otherwise add to the firm's value and benefit the firm's owners.

Project Selec¢tion Under Capital Budgeting

So far we have discussed the case where the firm considers projects in-
dividually, without concern for alternatives. As long as the project met the
established criterion, it was acceptable. This approach ﬁust be modified when
projects must be selected to maximize the firm's valué under a capital budget-
ing constraint. In this case, the task is to select the best combination of
projects maximizing the firm'é value. The problem requires ranking potential
project combinations and selecting the one that has the maximum value without
requiring more capital than available. .

One method of finding thc optimum project combination is to use the net
present value, or the rate of return method, to analyze all possible combinations.
Under the net present value method, project combinations meeting the budget
constraint with the highest net present value wéuld be accepted. Using the
rate of return method requires comparing each possible combination on an incre-
mental basic to find the one yielding tha highest return. Other analytiral
methods are possible, including linear programming, and are described by Haley
and  Schall (1973) and Mao (1969).

Payback analysis of the possible project combiﬁations is not effective in

selecting the value-maximizing combination. As discussed above, payback period



analysis ‘does not give a true indication of a project's value. Therefore, it

cannot yield the best prioritization of investment opportunities.

Life Cycle Analysis

The purpose of using life cycle analysis as part of the evaluation of a
potential conservation project is to estimate the present value of the various
savings and costs over the project's life. Any project with positive life
cycle savings adds value to the firm and should be undertaken.

Tables 4—4,'445,gnd 4-6 present a detailed description of a life cycle
savings equation for an energy conservation project. Table 4-4 gives the

basic components of the equation. Supplemental equations and definitions of

wvariables are provided in Tables 4-5 and 4-6.

The basic equation for determining the life cycle savings has seven
terms. fhe first three terms (fuel savings, depreciation and salvage value) .
add to the life cycle savings, whereas the last four terms (investment, opera-
tions and mainteﬁanéé, miscellaneous, and property tax costs) reduce it. The
terms accounting for annual savings and.costs (terms 1, 2, 5, 6 and 7) are
tax—-adjusted by the effective marginal income tax rate (R). The initial in-
vestment co;t (term 4) is reduced by the avéilabiligy of investment and
energy tax credits, R;

in the first year.
The discount rate (k) is the rate at which the firm could receive a
return in the best alternative use of the funds it has available; that is, it

represents the opportunity cost for the firm's capital, Without capital

. budgeting restrictions, this rate would be the firm's tax-adjusted, weighted

average cost of capital defined in Table 4-6. This definition assumes that

the cost of capital is . composed of two parts, the cost of new debt and of
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and R,, respectively. We assume that the credits occur
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Table 4+4

Life Cycle Savings From Energy Conservation Projects

Term Description

LCS = Life Cycle Savings Equals
11

: C (1-R

1) : & Cr £ (7R Tax Adjusted Fuel Savings
t=1 (1+k)t ‘

(DEP) (R
2) +:z ————— Depreciation Tax Savings

sV

3) Y Salvage Value
(1K)
4) -I(1 - Ry = Re) Initial Investment Cost

Net of Tax Credits

o (oM) ¢ (1-R)

3) - % T Tax Adjusted Operation and
=1 (IFk) Maintenance Expenses
-
(MISC) . (1-R)
6) -1 - r— Tax Adjusted Miscellaneous
t=1 (1+k) Project Expenses
n
(AV)tRp(l-R)
7N -3 , A Property Tax Net of Federal

t=1 (l+k)E Tax Deduction
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equity. “Thé ;ag adjustment_(l—R)_to_the cost of new debt reflects the deduc-
tibility of‘interest on debt. With capital budgeting constraints, a higher
discount rate would be used to ;eflect the marginal investment opporﬁunities
which must be foregone because of the capital shortage. It is assumed that
the cost of capital is the same in every year of the project's life. This-
assumption can be relaxed merely by allowing k to vary each year.

Figure 4-5 gives supplemenﬁal equations providing the values of the
appropriate terms in the basic life cycle equation. The assessed value (AV;)
for computing the property tax can be estimated as the inflation adjusted,
book value of the project's assets. Alternative expressions for the assessed
value may be needed to reflect local tax codes.

" There are several methods for estimating future fuel savings and opera-
tions and maintenance costs as well as for determining annual depreciation;
Figure 4-5. gives several methods for.each. Escalating'fuel savings, and opera-
tions and maintenance costs suggest the use of either the compounded or linear
growth equations. Accelerated depreciation, using sum of the digits or double-
declining balance depreéiation methods, offers tax advantages over straight-

line depreciation and, therefore, gives higher life cycle savings than does

straight-line depreciation.

" In sumnary, 1if¢ cycle analysis cén help the firm make econdmic .
use of its capital resources in maximizing its value. Life cycle analysis
offers definite advantages over the payback method of economic analysis in that
it includes all projected savings and costs over the project's life and takes
into account the time-value of money whereas the payback method does neither.
Since the firm's value is determined by the discounted value of its fﬁture cash
flows, life cycle analysis is consistent with the bbjective of maximizing the

value of a firm.
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Table 4-5

Supplemental Equations for

Equation

£
1 @, = p
n=1

“r,1

- 'c.r.,t (1+£) ¢

CF,l [1+b(c-1)]

( (1-sv,)/x,

2(Ng-t+l)

-SVy) SodTET
(1-5Vg) Ny (Ng+D)

D oy, = -l

o f-f)

\2

(oM)
4 (o, =

CON (1+g) ©

(om)4 {1 +c(e=-1)]

* Year N4 depreciation must include an
depraciate the asset.

1 - ¢ (o) | (ew)®

Determining Life Cycle Savings

Description

Assessed Property Value

Fiéd pPricé 1R -yaay i
Fuel Price with Compounded
Growch

Fuel Price with Linear
Growth from Year 1.

<Ny Straight-line Depreciation
Ny Sum of the Digits Depreciation
Double-Declining Balance
Ny Depreciation*
* N Zera Dapreciatinon After Depra-
d ciation Period ¥y

Operations and Maintenence Cost
in Year 1

Operations and Maintenance Cost
with Compounded Growth

Operations' and Maintenance Cost
with Linear Growth

additional amount required to totally




Term

(fW)c

Crc
(DEP),

m

VE

[x¢]

t=1
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Table 4-6

Definitions of Terms Used in Life-Cycle Savings Equations

_Definition
Assessed property value in year t.
Annual linear growth rate of fuel price.
Ahnual linear growth rate of O & M costs.
Fuel price in year t ($/Million BTU).
Depreciation in year t.
Annual compounded growth rate of fuel price.
Annual compounded growth rate of O & M costs.

f
Annual inflation rate.

Initial investment costs

Weighted average cost of capital (k = (l-R)erD + rEwE)'
Miscellaneous expenses in year t.

Project life in years.

Depreciation life of project.

Operations and maintenance expense in year t.

Proportion of the project’s inflation adjusted
book value which is assessed a property tax.

Actual annual energy savings (Million BTU).

Cost of new debt. -

Cost of equity..

Effective marginal income tax rate (R = Re + RfRs)
Energy tax credit rate.

Tnvestment takx credit rata.

Property tax race.

Salvage value in year ua.
Salvage value in year Ng. .
Particular year in project’s life.

Proportion of bonded-indebtedness in firm's
capital structure.

Proportion of equity in firm's capital structure.

Mathematical symbol meaning the sum from t=1 to t=n.

.
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CHAPTER V

INDUSTRIAL WASTE HEAT RECOVERY

. Corporate or plant energy engineers appear often to avoid life

cycle analysis because it 18 less transparent and convenient

than alternatives such as payback analysis. This chapter pre-

sents a simple and convenient procedure for determining the

economic feasibility of waste-heat recovery that incorporates

the life cost evaluation methods discussed in Chapter IV. This

procedure involves (1) determining if recovery of heat from

varitous streams is cost effective, (2) determining whether a

heat exchanger or heat pump is needed, and (3) determining the

optimum stze of the exchanger or heat pump to be used. .
OVERVIEW

In industrial waste heat recovery, the thermal energy in a waste stream
is recovered by transferring heat from the waste stream to an acceptor stream.
If the temperature of the acceptor stream is lower than that of the waste
_ stream, a conventional heat exchanger may be employed. If the temperature
of the acceptor stream is higher than that of the waste stream, a heat pump
may be used to pump heat from the lower to the higher temperature. Al-
though it is always technically feasible to recover heat using either a heat
exchanger or heat pump, it is not always cost effective to do so. The value
of the energy saved must offset the cost of the equipment. In the case of
heat pumps, the value of energy saved must also offset the operating costs
of the heat pump.

Life cycle cost procedures are necessary for evaluating heat recovery
systems. Expenditures for recovery devices occur at the present, but fuel
savings occur in the future. While these savings increase due to fuel in-

Flationary rises, theif valis €643y is Gff3ef besause the Savings
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are realized in the future. A life cycle cost analysis allows an accurate

estimate of the costs and benefits of the heat recovery devices.

There are several general requirements necessary for heat recovery
techniques to be cost effective. ‘Firét, both waste and acceptor streams must
be simultaneously available for many hours throughout the year. Second, tem-
perature differenceg are importgnt. Inheat exchaﬁger applications, larger
‘temperature differences yield greater energy savings. In heat pump applica-
tions, however, smaller temperature differences allow higher heat pump coef-
ficients of performance and are more cost effec;ive. Third, the flow rates of
both acceptor and waste streams should be comparable so the temperaﬁure
changes of each are comparable. Finally, heat recovery techniques save heating
fuel which is relatively low in cost. Because heat exchangers and‘heat pumps

are relatively expensive, many heat recovery applications are not cost effective.

The fullowing sections include procedures developed for.e;alﬁatiﬁé
the various heat recovery technidues. The first two procedures concern heat
exchangers and the third applies to heat pumps. For each procednre, a work-
sheet is provided to allo& the engineer to readily evaluate the techniques

- In the.first heat éxchangef procedure (A), a generalized method of
evaluating exchangers is developed. This introduces the concept of break-
even fuel cost; this is the fuel price below whirh nn heat exchanger is cost
effective. The procedure than allows determination of the optimum heat
exchanger size. The method is more sophisticated that that needed by the
practicing engineer interested only in specific épplications. The second
heat exchanger procedure (B) is a simplified version of the fifst,.and allows
a ready determination of the‘cost effectiveness of several exchangers. The
third procedure (C) allows determination of cost effectiveness of heat

pumps.
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‘Each of these selection procedures was written to be a useful, stand-alone

tool for the economic evaluation of either heat exchangers or heat pumps. It

was anticipated that a plant engineer interested in evaluating an exchanger or

heat pump for a specific application would be mainly interested in these

sections of the report. These sections are self-contained for this purpose,

and are divided into sections as follows.

A.

Selection of Heat Recovery Heat Exchangers for Industrial Applications.
A.1 Procedure \ \
A.2 Worksheet

A.3 Example Calculations

Simplified Procedure for Selection of Heat Recovery Heat Exchangers-
for Industrial Applications,

B.1 Procedure

B.2 Worksheet

B.3 Example Calculations

Selection of Heat Pumps for Industrial Applications..
C.1 Procedure

C.‘ Worksheet

C.3 Example Calculations
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¢

A. SELECTION OF HEAT RECOVERY HEAT EXCHANGERS FOR INDUSTRIAL APPLICATIONS’
This selection procedure gives the plant engineer an analytical tool
lﬁith which to evaluate the economics of a giveﬁ heat recovery application.
From the limited contacts with industrial representatives, it appears that
“economical and operational optimization of a heat exchanger is entrusted
ﬁainly to the company hanufacturing the exchanger. Thus whether this opti-
mization is truly achieved for a particular p?oject cannot be answered direct-
ly. it is hoped that this procedure and worksheet wili allow the plant
gngineer to determine the feasibility of a heat exchanger for his application.
The procedure could élso be ﬁsed.to evaluéte heat éxchangers already 4
in operation.
The procedure and worksheet are divided up into four parts: (1) data

required, (2) evaluation of break-even fuel cost (Cf*)’(3) evaluation of op-

timum heat exchanger size, and (4)'life,é?éigIééQiﬁggwfbffﬁbézégtimuh heat:

..heat exchangers. _In Appendix B, _tfhe theo£y behindmfié‘6ptimization and the ... ...
break-even fuel céétAigwdéveiabgg::”_i.' B

A.1  Procedure

Data

The information required 1ﬁ this section concerns the application of a
waste heat recovery heat exchanger. This includes flow and temperature in-
formation for the waste and acceptor streams, economic and performance para-
meters for the ﬁeat-exchanger types under consideration, and economic para-

meters of the fuel that the exchanger would replace.
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Application Thermal Parameters

The information required is the flow rate, specific¢s heat, and inlet

temperature for each stream. The maximum heat transfer is given by

Qmax =N Cmin (Twi - Tpi) o ‘ (1)

where QmaX is the maximum heat transfer, N is the number of coincident hours

for the streams per year, Cmin is the smaller of the two values;of'the:‘“

e

" ass 16w Tate = specific heat product. (iCp) £6r the acceptor and waste

streams. T, is the temperature of the waste stream, and T is the temperature '~

;tof the édééptéf_streémQ,mTﬁe §9tual{héét?tfanéféfm(Qécty fb?wan§'hééfuéxchanggf”;

.-1is given in terms of the heat exchanger effectivemess (e)las

Q = € (2)

act Qmax

where £ is the ratio of the actual heat transferred (Q ) to the maximum

act

. possible (Qy,).

Heat Exchanger Parameéters

The information requifed here relates to the thermal performance and
the cost of the types of heat exchanger under consideration.: This facilitates
selection of a heat exchanger appropriate to the heat recovery application.
The conductaﬁce (U) represents tﬁe total transfer coefficient for heat
flow from one fluid to another. The conductance is assumed to be comstant for
a given heat exchanger geometry and to be independent of the exchanger's size.

It is either obtained from the manufacturer or determined from data available.l

. PP -
JEDT P . - .~

lSee Heat Transfer Principles, F. Kreith, for heat exchangers performance
‘theory and methods for obtaining U from data.
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‘The area on which the conductance is based may be any representative area
(e.g., shell side area, frontal area).

The heat exchanger‘cost_has been found to bqﬂgenéfaily a linea} functian
of the area:
Cost =C_+C_A (3)
o a _

where Co islthe base cost, C; is the area dependent cost, and A is the area.
The base cost (CQ) represents the costs of those items needed for all sizes

of heat exchangers. This includes the cost of heat exchanger supports, piping,
valves, and other materials that do not depend on heat exchanger size. The
area dependent cost (Cz) is baéed on the same area as the conductance. To
determine these two parameters several quotations on heat exchangers of dif-

ferent sizes may be obtained from a single manufacturer.

Application Economic Parameters

The parameters required in this section are specific to the application.
Fuel cost (Cp) is the cost of delivered heat currently used to heat the pro-
cess stream. The first parameter (P]) is the present worth factor for the
series of annual costs of fuel required'to heat the process stream. It in-

cludes fuel escalation, taxes, and rate of return on capital:
P, = F(n,£,10(1 R) (4)

where n is the number of years the heat exchanger is experted to last, f is
the annual fuel inflation rate, k is the allowable rate of return on invest-
ment, and R is the combined state and federal tax rate. Given a constant

fuel inflation rate (f), F(n,f,k) is given by:

n (5)
F(n,f,k) = —= [1 - <ﬁ> iff4K

(k-f) 1+k

_ n B -
= Tvx if £ k
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The second parameter (Pz) is the present worth of all owning costs.
P2 is close to unity. If tax credits are allowed, however, the value of P2
is

=1 - (tc) ' (6)

where tc is the tax credit fraction.3
The life cycle savings (LCS) obtained by installing a given heat

~ exchanger are given by

LCS = Py Cp€Qpay ~ P2 (Cy + CLA) . €))

The first term (I_’.1 Cp € Qpay

) represents the present worth of the cost of
fuel that would have been used in the boiler, while the second term
[Py (C, + C4A)] is the capital cost of installing a heat exchanger with a
specified area (A). A positive'salue for LCS means a_heet exchanger is cost
effective.

installatiqn of a heat exchanger may increase plant maintenance costs,
and these must be subtracted from the fuel savings. To do this, the additional
annual maintenance costs should be estimated. These annual costs should be
multiplied by a present worth factor equal to F(n,g,d)(1 - R), where g is the

expected inflation rate for maintenance. Life cycle maintenance costs can

then be subtracted from life cycle savings to more nearly reflect actual savings.

Breakaven qul Cost C;

The general relationship between life cycle savings and heat exchanger area
is jllustrated in Figure 5-1 for three different values of fuel cost (CF). For

all fuel costs, life cycle savings are negative for small areas. In general,

LCS increases w1th area, reaches a max1mum, and then decreases. Beyond the

3For an exact determmat:.on, see "Economic Evaluatlon and Optmlzatlon
of Solar Heating Systems," M.J. Brandemuehl and W.A. Bechman, Solar Energy
Journal, 1978. .
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BREAK EVEN Ntu*

LIFE CYCLE SAVINGS

Figure 5-1
Life Cycle Savings
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Figure 5=2
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maximum, the cost of added heat e#changer area does not produce propor-
tionate savings.

There is one value of fuel cost Cp* for which the‘optimum size exchanger
(A*) yields zero 1ife cycle savings.' At this fuel cost, there is no advan-
tage of either the boiler or the heat exchanger over the other. If the
actual fuel cost is less than Cp*, it is cheaper to purchase fuel. If it

is greater, a heat exéhanger would produce savings. Thus, CF* can be used

to determine whether any heat exchanger is cost effective.

The calculation of the break-even fuel cost includes several steps givcn( .

li@fawéééfiﬁn?;vqf”the'wpfkshéet (pJBQS.and_?igﬁre 5-2. Thé"numbeﬁ.of tran5f§r

units, (N&u#), and corresponding area (A*) represent the best type of heat
exchanger (counterflow). These provide a measure of whether the best type
of heat gxchanger is cost effec;ive. The effectiveness of this optimum heat
exchanger for counterflow exchangers is given in Figure 5-4.

At the end of.section.Z;O on the worksﬂeet, Cé and C§ are compared.

This allows determination of whether any heat éxchanger would be cost effec-

tive in this application.

;;.A;.Ogtimum.Heat Eichanger Area and Maximum Life Cycle Savings

If the actual fuel cost is greater than the break-even fuel cost, then
there is an area for which the life cycle costs are maximum. Calculation of
the optimum area can be found by following the steps in this section.

_The optimum n&ﬁéer éf transfer units (Nfﬁi) depends on the particular
type of heat exchanger selected. The selection is made using Figure 5-3 to

determine the value of “ﬁE;?fThe effectiveness for the actual heat exchanger is

given in Figufe 5-4.

*

¢

A
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LIFE CYCLE SAVINGS FOR NON-OPTIMUM AREAS

The optimum area may not be one that is available from the manufacturer.
The steps in this section allow determining the life cycle savings for non-

optimum areas.



OPTIMUM Ntu®

Figure 5-3

Optimum Ntu®
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Figure 5-4

Heat Exchanger PerformanceT

Counterflow Exchanger Performance Parallel-Flow Exchanger Parformence
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TFrom Heat Transfer Principles, F. Kreith.




A.2 WORKSHEET FOR HEAT EXCHANGER EVALUATION, A _

‘DATA REQUIRED

Application Thermal Parameters .

Waste Stream: flow rate (ﬁ)
specific heat (Cp)
capacitance rate (C = nCp)

Inlet temperature (Twi)

Process Stream: flow rate (th) -
specific heat (Cp)
capacitance rate (C = mCp)

Inlet temperature (Tpi)

Number of coincident hours/year (N)
Minimum capacitance rate (Cpj,)
Inlet temperature difference (AT=[Twi—Tpi])

Maximum heat transfer (Qmax = NCpin AT)

-Heat Exchanger Parameters

Conductance wm
Base Cost (Co)

Area dependent cost (C,)

Economic Parameters

Displaced fuel price (CF)
Number of years of analysis (n)
Fuel inflation rate (f)

Allowable rate of return (k)

1bm/hr
Btu/1bmF
Btu/hrF

F

1bm/hr
Btu/lbmF
Btu/hrF

F

hr
Btu/hrF
F

Btu

Btu/hr ftiF

$

$/£t2

$/Btu
yrs
decimal

decimal
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. Combined tax rate (R)

Present worth of fuel costs (Pl)
(See equation 4)

Tax credit on investment (tc)

Present worth of owning costs (PZ)
(See equation 6)

BREAK-EVEN FUEL COST C;

Co U/Ca Cnin

Number of transfer units, N* (Figure 5-2)
tu
Optimum area A* (A*=N* C , /U)
tu min
Optimum effectiveness e€* (Figure 5-4)

Break-even fuel cost C;

P_C A* + C /¢
o' "a

2 a
) (vC* Qmax

P )

cf =

ls Cp greater than Cé?

If yes, heat exchanger is cost effective.

If no, heat exchanger is not cost effective.

OPTIMUM AREA AND MAXIMUM LITE CYCLE 3AVINGS

b R L
ple max U

Optimum number of transfer units Ntu®
(Figure 5-3)

Optimum effectiveness €° (Figure 5-4)

décimal

—_

decimal

_—

$/Btu



* Optimum area A°

o _ \o
(4% = Ntu Cmin/U)

. . o

Life cycle fuel sav1ngs,P1 Cp € Qmax
. "A©

First costs P2 (Co + CA )

Life cycle savings (LCS = Fuel - First)

NON-OPT IMUM HEAT EXCHANGERS AREA '
Area A ft2 ' ft2
Ntu(Ntu =AU/Cmin)

€- (Figure 5-4)

Life cycle fuel costs $ _$
() Cp & Qpay)
Life cycle first costs $ $

P2(Co +C, A)

Life cycle savings $ $
(Fuel-First Cost)

£t

£t2

131



132
A.3 EXAMPLE CALCULATION

DATA REQUIRED

Applicatibn Parameters

Assume that there is a waste stream (water) flowing at 1000 gpm and 180°F,
and it haé been proposed that this stream could be used to preheat water enter-
ing at 500 gpw aud 70°F. It has also been estimated that the waéte stream is
available for 100 Lr per year. From this information the fo}lowing thermal

parameters can be calculated.

Waste Stream

m = 1000 gpm x 60 min/hr x .1337 ft3/gal x 62.4 ibm/£t>
= 500,600 lbm/hr
Cp = 1.00 Btu/lbm F
C = 1.00 x 500,6000 = 500,600 Btu/hr F
= °
Twi 180°F

Procegs Stream
fi = 500 gpm % 60 min/hr x .1337 ft>/gal x 62.4 lbm/ft3
= 250,300 1bm/hr
Cp = 1.00 Btu/lbm F

C = 1.00 x 250,300 Btu/hr F

Ipi = JQ°F

N = 100 hr
C = 250,300 Btu/hr F
min

AT = 180°F - 70°F = 110°F

Qe = 100 x 250,300 x 110 = 2.75 x 107 Btu/yr
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'.Héét“Ekchangermﬁéféﬁétefs -

The heat exchanger type is a counterflow shell and tube exchanger.

Data on the heat exchanger are tabulated below.

Tube Length Surface Area Cost ) Conductance

(ft) (££2) R C)) (Btu/hr £t2F)
1.5 158 5650 - 857
3.0 312 6850 853
4.5 475 8050 850
6.0 622 ' 9250 848
7.5 790 10,400 847

An average value of the conductance (U) of 850 Btu/hr £t2F will be used.

A plot of cost as a function of area yields allinééfmpéiéfzéﬁship. The

‘data may be fit by eye or by least squares to the form. |

Cost = Co + C, A
For this exchanger,

Co = $4480 and C, = $7.55/ft?2

- Economic Paraméter

. The cost of fugl currently used is assumed to be coal at a delivered heating
price of $2/106 Btu.

" The economic parameter Py is evaluated assuming the life of the exchanger
is 10 years, the acceptable rate of return or discount rate is 15.percent, the fuel

inflation rate is 12 percent, and the tax rate is 45 percent. Then
F(10, 0.12, 0.15) = 7.74

Pl = (1 - 0.45) 7.74 = 4,26
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The allowable tax credit is 20 percent. The first cost present worth

factor is then

P, = (1 - 0.20) = 0.80

" BREAK-EVEN FUEL COST CALCULATIONS . .

c, U $4480 (850 Btu/hr £t2F)
e = . } . T 2.02
CCnin . $7-55/ft (250,300 Btu/prg)

From Figure 5-2, the optimum Ntu* is found.to be 1.5,
The optimum area is calculated as

A* = N* C /U = (1.5)(250,300)7850
. tu min

442 ft2

[

The optimum effectiveness is from Figure 5-4, The capacitance ratio is 0.5 and
the effectiveness at an Ntu of 1.5 is 0.68.

The break-even fuel coost iso

(P2 Ca)(A* + C_/C) .(0.80)($7.55/ft2) (442 + 4478.0/7.55)
C* = : o & _

F Poe* Q.x T 4.26 (0.68) (2.75 x 107)

= $0.78/106 Btu

Since C?,is less than the displaced fuel cost of $2/lO6 Btu, the heat exchanger

is cost effective.
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" 'OPTIWUM AREA AND LIFE CYCLE SAVINGS

The value of the optimum area parameter is calculated first:

PyCy  Chin 0.80 ($7.55/£¢2) 250,300 Btu/hr F

P1CF  Smax U 4.26(2 x 106 $/Btu) (2.75 x 109 Btu) (850 Btu/hrft2F)

0.076

From Figure 5~3, Ntu = 2.2
From Figure 5~4, the effectiveness of the exchanger is 0.79, and the optimum

area is

Ny Cmin 2.2 (250,300 Btu/hrF) 2

yi = 648 ft
U 850 Btu/hrft“F

A° =

The life cycle fuel savings are

9

P1Cp £Quay = 4-26 (2 x 1078 $/Btu) (0.79)(2.75 x 10° Btu)

$18,509

0.80(4478% + (7.558/£t2) (648 £t2)

The first costs are P2 (Co + Ca A)

$7396

The life cycle savings are $18,509 - 7496 = $11,013
. HEAT EXCHANGERS OF NON-OPTIMUM AREA .
The table in section 1.2 shows that only certain size heat exchangers can

2

be purchased. The optimum heat exchanger area of 648 ft“ is bracketed by the 6

and 7.5 ft. long units. The life cycle savings of each of these is calculated
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as shown on the work sheet. It is seen that both of the life cycle savings
are very close to the optimum. Near the optimum size, the selection is

not critical, and many alternatives will yield close to the optimum value.
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EXAMPLE '

WORKSHEET"

DATA REQUIRED

Appiiéation Therma'irPararr_léterrs o '

Waste Stream: flow rate (m) o . 5¢0,(:-Cclbm/hr -
specific heat (Cp) ~{.C Btu/lbwF

capacitance rate (C = @Cp) 5UC,(-CCBtu/hrF

" Inlet temperature (Twi) - _|ES F
Process Stream: flow rate (m) S 'QL"O,QSCCJ_I?m/hr
specific heat (Cp) .0 Btu/1bwF

capacitance rate (C = mCp) 5O, SCCBtu/hrF

Inlet temperature (Tpi) 70_ F
Number of coincident hours/year (N) . ~JCo- hr
Minimum capacitance rate ( tﬁin) ' AS50 ATCBtu/hrF
Inlet temperature difference (AT= [Tw“i'Tpi]) 1O F.
- G
.. - - » ’ - . I
Makimum heat transfer (Q,. = NCpin AT) A.75Xi0Btu

Heat Exchanger Parduelers

Conductance (U) . _ Z5C Btu/hr £t2F
. Base Cost (Co) . o /+ %us
Area dependent coét (Ca) 7.55 $/£¢2
fﬁléﬁ;—,&li{{.méé:ﬁé?é%ﬁé . | R s
Displaced fuel price (CF) o | Q. 0Xi0$/Btu
Number of years of analysis (n) /O
Fuel inflation rate (f) . Ol

-Allowable rate of return (k) oS
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Combined tax rate (R) , C)‘LS

Present worth of fuel costs (Pl) . ' 4A<QQ;
(See equation 4)

Tax credit on investment (tc) CLAC
Present worth of owning costs (Pz) ‘ ' ' C. O
(See equation 6)
. BREAK-EVEN FUEL COST Cj
C, U/Cy Cpin .. , . A
Number‘df transfer units, N* (Figure'5~2) sy
tu -
. Optimum area A% (A*=N* C . /U) C 4 £e2
tu min’ : —_—
Optimum effectiveness e* (Figure 5-4) ' _Eﬁﬁ?g_
. : TG
Break-even fuel cost C; ‘ C 78Yi0C$/Btu
P.C.  A* + C_/C
. . 27a o "a
C%=(I')(* )
1 €” Qmax

Ia Cp greater than C??

X

If yes, heat exchanger is cost effective.

If no, heat exchanger is not' cost effective.

_ OPTIMUM AREA AND MAXIMUM LIFE CYCLE SAVINGS

PCa . Cpan | L 0.07w

P1Ifr  Qnax v A

Optimum number of transfer units N:u' <Q‘9~
(Figure 5-3)

Optimum effectiveness €° (Figure 5-4) _ G 7S
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Optimum area A° _ (48 g2
. ) . B
G Ntu Cmin/U)
. . on : o e
Life cycle fuel savings Py Cp €°Qp .. | 18559 $'.
"AQ ¥ &)
First costs P, (C, + C,A°) 7456 § h
Life cycle savings (LCS. = Fuel - First) 1,03

- NON-OPTIMUM HEAT EXCHANGERS OF.:NON~OPTIMUM AREA

Area A . AL _£:2 7902 - ftz'

Nm'.l(Nt;1 = AU/C_; ) A1 A 69 N

€. (Figure 5-4) . &7 C b -7

Life cycle fuel costs I\Z cH s 1T U3 s T8
(Pl Cr € Qmax) |

Life cycle first costs '7,4(::0 S Z3AAC § - B $

PZ(CO + Ca. A)

Life cycle savings {C‘I(qu‘ $ 10, 775 8 s
(Fuel-First Cost) - Ee—
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B; 'SIMPLIFIED PROCEDURE FOR SELECTION OF HEAT-RECOVERY HEAT EXCHANGERS

FOR INDUSTRIAL APPLICATIONS

This simplified selection pfocedure gives the plant engineer an analytical
tool' for evaluating the economics of a given heat recovery application. From
Athe limited contacts with industriél representatives, it appears that the
economic optimization of a heat exchangér is entrusted mainly to the company
manufacturing the exchanger. Whether this optimization is truly achieved for -
a particular project cannot be answered directly. This procedure and work-
sheeﬁ.allows the plant engineer to determine the feasibility of a heat exchanger
for his application. The procedure could also be used to evaluate heat ex-
changers already in operation.

The procedure and worksheet are divided up into two parts. The, first
lists the data required for application. The second is the procedufe required

for determining that heat exchanger that produces maximum life cycle savings.

B.1 Procedure

Data

The information required in this section concerns the application of
a waste-heat recovery heat exchanger. This includes flow and temperature
information for the waste and process streame, cconamic and perfurmance para-
meters for the heat exchanger types under consideration, and economic parameters

of the fuel the exchanger would replace.

Application Thermal Parameters

The information required is the flow rate, specific heat, inlet tempera-
ture for each stream, and the number of coincident hours for the streams per
year. This information is needed to determine the cost and performance of the

heat exchangers that might be employed.
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Applicafion Economic Parameters

The parameters réquired in this section are specific to the application.
Fuel cost (Cp) is the cost of delivered heat currently.used to heat the process
s;ream. The first paramefér (Pl) is the present(worth factor for the series
of annual costs of fuel required tolheat the process stream. It includes™ -

fuel escalation, taxes, and rate of return on capital:
Py =F(n, £, )(1 -~ R) - o B¢D)

where n is the number of years the heat exchanger is expected to last, f is
the annual fuel inflation rate, k is the allowable rate of return on invest-
ment, and R is the combined state and federal tax rate. Given a constant fuel

inflation rate (f), F(n, f, k) is given by:

A 1 1+£, 0] if £ # K
Fn, £, 1) = E—?[l_(m ]
_n_
= 14k if £ =k

The second parameter (P3) is the present worth of all owning costs. Pjp
is close to unity. If tax credits are allowed, however, the value of Py is
. given by’ -

Pz =1 - (tc)

where tc is tax credit fraction.3

3For an exact determination, see "Economic Evaluation and Optimization
of Solar Heating Systems," M.J. Brandemuehl and W.A. Bechman, Solar Energy
Journal, 1978.
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Heat Exchanger Parameters

The information réequired here is the performance and cost information on
feasible heat exchangers. For a given application and heat exchanger type,
many heat exchangers could be inétalledL;"ii:iéAimportagﬁitQ.ﬁiék:the hegt*;

iekchanger fhatuié.mgsticost éﬁﬁgctivévfof:the giyen_situatiéQ.wWiﬁis;féquireé
selecting several heat exchangers of differing sizes and determining their
corresponding costs. Either the manufacturer's catalog information or a
suppliers quotations may be used to obtain the heat transfer rate (q, Btu/hr)

and the first cost.

Life Cycle Savings

The life cycle savings (LCS) obtained by installing a given heat ex-

changer are given by

LCS = P; Cp N.q - P, (First Cost)

The life cycle savings of the heat exchangers are then determined. The

exchanger with the maximum value of savings is the most cost effective.



B.2 WORKSHEET FOR HEAT EXCHANGER EVALUATION, B

. DATA REQUIRED

Application Thermal Parameters

143

"Waste Stream: flow rate (m) 1bm/hr
specific heat (Cp) Btu/lbmF
. Inlet temperature (Twi) - F
Process Streém: flow rate (ﬁ) ibm/hr
specific heat (Cp)  Btu/lbmF
Inlet temperatﬁre (Tpi) _ F
Number of coincident hours/yeaf‘(N) hr
.Economic Parametefs
Displaced fuel price (CF) $/Btu
Number of years ofyanalysis (n)
'Fuel inflation rate (f)
Allowable rate of return (k)
Combined tax rate (R)
Present worth of fuel costs (P;)
Tax credit on investment.(tc)
Present worth of owning costs (P2)
" "Heat Exchanger Parameters
Heat transfer raté, q (Btu/hr)
First -Cost ($)
. LIFE CYCLE SAVINGS
Fuel savings, P; NCg q $ $_ $
First costs, P, (First) $ $ $
Savings, (Fuel) - (First)‘ : $ $ - $
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B.3 EXAMPLE CALCULATIONS
DATA REQUIRED

Application Parameters

Assume that there is a waste stream (water) flowing at 1000 gpm and
180°F, and it has been proposed that this stream could be used to pre-
heat water entering at 500 gpm and 70°F. Alsc assume that the waste stream is
‘estimated to be évailable for lQO hr per year...From this informatipn, the
following thermal parameters can be calculated.

Waste Stream

1000 gpm x 60 min/hr x .1337 £t/gal x 62.4 lbm/ft>

R

= 500,600 lbm/hr

Cp ='1.00 Btu/lbm F
T = 180°F

Process Stream .

f = 500 gpu x 60 min/hr x .1337 £t3/gal x 62.4 lbm/ft3
= 250,300 lbm/hr
Cp =.l.00 Btu/lbm F
Ty = 70°F
N = 100 hr

"Economic_Parameters

The currently used fuel and its cost are assumed to be coal at a delivered
heating price of $2/lO6 Btu.

The length of the analysis will be 10 years. The fuel will be assumed
to inflate at an annual rate of 12 percent. The acceptable rate of return is

15 percent, and the combined tax rate is 45 percent. Then
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F(10, 0.12, 0.15) = 7.74

P, = (1-0.45) 7.74 = 4.26

The allowable tax credit is 20 percent. The first cost present worth factor
PZ is -

P, = (1 - 0.20) = 0.80

1.3 Heat Exchanger Parameters

The heat exchanger is a counter flow shell and tube type. Quotations
are obtained on four sizes of exchangers. These costs include installation
of the unit.
‘LIFE CYCLE SAVINGS ... . .

The life cycle fuel and first costs are calculated, and then tﬁe.life'cyéle
savings. For the examples chosen, the smallest heat exchanger is not cost
effective. Although energy is saved with this exchanger, there is an overall
cost to the company . The third exchanger is the most cost effective. There
is little difference, however, between the second, third, and fourth exchangers
in terms of life cycle savings; all are essentially equal. The larger exchangers

save more energy, but the added first costs nearly balance these savings.
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DATA REQUIRED

Waste Stream: flow rate (m) ' SC'ﬁ";EQUlbm/hr
specific‘ heat (CF;) : [:C  Btu/lbmF
Inlet temperature (Twi) [E5C F
Process Stream: flow rate (m) ‘ A5, ‘SL‘C’lbm/.hr
| gpecific heat (Cp) ' [.C  Btu/lbmF
Inlet_terﬂperature (Tpi) e F
Number of éoincident .hours/ye:ar (N) - (ﬁC 1LC nr

‘Economic Parameters

Displaced fuel price (Cp) A | A )(:"\'.b$/Btu
- Number of years of analysis (n) - A

Fuel inflation rate (_f) . Gl

Allowable rate of return (k) Cos

Combined tax rate (R)' - T | C"'“ﬁs

Present worth of fuel costs (Pl) 4'1@

Tax credit on investment (tc) C S

Present worth of -owning costs (F,) C, 30

] Heat Exchanger Parameters

. ' G .,
Heat transfer rate, q (Bru/hr) /O.7 Yio ™ i4.5 \(lu A2.c \{10( 23, L1‘—}(1

First Cost ($) (koo [boce [2,5TC AU cow

LIFE CYCLE SAVINGS

Fuel savings, P; NC¢ q $S_”‘0 $lk U‘WL $ |2 744 S’Cf, '37
First cost.s, P, (First) $2}ZC‘ $1:0 200 8 ‘IL oo $I€’,OOO

Savings, (Fuel) - (First) ’ $"/(:"+ $ 3,2i% $§C}‘;L‘;L $S£/i’>7
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C. _SELECTION OF HEAT PUMPS FOR INDUSTRIAL‘ APPLICATIONS
This selection procedure gives the plant'engineer an analytical fool for

evaluating the economics of a givén heat pump applicétion. It is hoped thaﬁ'
this proceduré and the accompanying worksheet will allow the plant engineer
to determine the economic feasibility of a heat pump in a given situationm.
The procedure canllikewise be used to evaluate‘a heat pump cur;ently in
operation. |

‘The basis of the selection process is described first. A worksheet is
then presented tﬁat allows the economigs of a heat pump application to be

determined. An example is then presented to illustrate the method.

C.1 Procedure

. Thermal Performance of. Heat Pumps

Heat pumps have the potential for reclaiming energy from a waste stream
and pumping this energy to a higher ﬁémperatufe procéés‘stream. The heat
pump extracts the energy from the waste stream, which lowers.ifs temperature.
Through the work supplied to the heat pump compressor, energyvis delivered
to the process stream. The energy balance for the heat pump relates»the
heat absorbed in the evaporator (Qabs)’ the work into the heat pump (ﬁ), and
the delivered éhergy (Qdel) by |

=W+ 1
Qdel %ms 1)

The delivered energy is also termed the heat pump capacity (Cap). - The heat
pump coefficient of performance (COP) is defined as the ratio of the delivered

energy to the work input (W):

cop = &2 (2)
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The valué-of COP depends on the temperature difference between the waste and
process streams ;- tﬁe‘value decreases aé thé difference increases. Values of
coP rangg from 2 to 6 for commercially available heat pumps.

When used in a heating appliéation, the energy delivered (Cap) equals
the product of the process stream flow rate () , specific heat (Cp),vand
thé difference between the outlet (TO) and inlet (Ti) process stream tempera-
turco. |

Cap = (m Cp)(To'— Ti) ‘ (3)

The purchased energy required té deliver this heat is the work required.
© .0n an annual basis this can be evaluated as the capacity times the number
of hours per year (N) that the waste and process streams ére coincident and .
divided by the heat pump COP. The annua; cost of this energy (Cenergy) is
the annual work times the cost of fuel (CE) (usually electricity) used to

drive the compressor.

CEncrgy = CE N C&D/COP (/I)

The heat pump replaceé heating energy equal to the capacity of the heat
pump times the number of hours it is used. The fuel that must be supplied
equals the heating energy dividea by the furnace efficiency (ng). The cost
of fuel displaced is the fuel energy times the cost of fuel (CF)’ and is
given by

CHeating = Cp Cap N/ng (5)

Life Cycle Costs and Savings

A heat pump is cost effective if the life cycle savings of its applica-

tion -are positive. The life cycle savings is the difference, calculated in
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life cycle éosts, between using cdnventional fueis and using a heat pump.
These life cycle costs‘are the present worth of fuel and owning costs.

Ihe presegt worth factor (Pl) for a series of fuel'payments that escalate at
an annual fuel inflation rate (f)-over a period-of years (n), with an
acceptable rate of return (k) and with a comﬁinéd state and property tax

rate (R), can be written as

~P; = (1-R) F(n,f,k) , (6)
h ‘ ‘ 1 [, (reEnNT
»W ere F(n,f,k) - (k-f) [1 <l + k‘) 1f f # k
. " n ‘ .
. = T4k if £ =k 7N

The present worth factor (PZ) for the owning costs is a complicated function
of economic parameters, but is usually close to unity. If tax credits are

"allowed, however, the va}ue of Py is

P2 =1 -~ (tc) (8)

where (te) is the tax credif fraction.%

The life cycle conventional fuel costs are then given'by

LCCconv. fuel Pl CF Cap N/nF . (9

4For more information on these paraméters, see "Economic Evaluation and
Optimization of Solar Energy Systems,”" M.J. Brandemuehl and W.A. Deckman,
Solar Energy Journal, 1978.
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The life cycle heat pump costs are

LCC P, Cp N Cap/COP - - (10)

Heat Pump =
+ P (First Costs)

The life cycle savings become

Cap N - =o5]- P2 (First costs) (11)

LCS = P ne = TOP

1

Installing a heat pump may increase maintanance costs. and these must
be subtracted from the fuel savings. To do tﬁis, additional annual mainte-
uauce ¢osts should he estimated; Theac annﬁal costs should be multiplied by
a pfésent worth factor [F(ﬁ,i,k)(l - t)], where i is the expected maintenance
inflation rate. This inflation rate (i) is probably close to the general in-
flation rate. The life c&cle maintenance costs can then be subtfacted from the
life cycle savings to more nearly reflect actual savings.
A preliminary estimate of a heat pump's economic feasibility ran be madae.
From equation (11), it can be seen that the life cycle savings will always
be negarive 1f the term |
| cg " Cg

< 0 - ' o (12)
n F COP

This provides a quick determination of whether to further consider a heat
pump. The heat pump COP must be greater than the term CEnF/CF. Even if the
COP is greater than this value, a heat pump may not be cost effective unless

the hours of operation and, the heat delivered are sufficiently large.

Work Sheet
The work sheéeet aids in gvaluating the heat pump's economic feasibility.
It is divided into a series of sections relating to application, plant econo-

. mics, heat pump parameters, and life cycle costs. These are described briefly.
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Application Parameters
The information required is the flow rate, specific heat, inlet tempera-
ture of waste and process streams, and number of coincident hours each is

available.

Economic Parameters

The information required here is the expected fuel inflation rate (f),
the éllowable rate of return on the energf saving investment (k), the number
of yéars of the economic analysis (n),.the income téx'rate (R) an§ the tax
credit (tc). These allow éalcuiation of the présgnt worth faétors P,
and Pj. Conventional fuel costs, (Cg), heating plant éfficienéy (ﬁé);'aﬁd

electricity cost (Cg) are also required.

Heat Pump Parameters

The information required here 1s found in the manufacturer's performance
- and price catalogs. For a given application, use of sgvefal heat pumps of
different capacity will probably be possible. The COPiéﬁdwfifsfHEééﬁ'Willu-

‘depend on the capacity.-

Preliminary Feasibility

At this point, the preliminary economic féasibility of the heat pump can
be obtained for each unit. The COP is compared to the group of parameters

to determine if further consideration is warranted.

‘Life Cycle Savings

In this section, the life cycle savings of the heat puhp are computed.
If the savings are positive, the heat pump is cost effective. The heat. pump

with the largest savings is the best investment,
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' WORKSHEET FOR HEAT PUMP EVALUATION

Application Parameters

Process Stream: Flow rate (m)
Specific heat (Cp)

Inlet temperature (Ti)

Waste Stream: Inlet temparature (Tw);

Number of coincident hours (M)

Economic Parameters

Fuel inflation rate (f)

‘Ailbwabie rate of return (k)

No. of years of analysié (n)

F (N,f,k) (See equation/7)

Combined state and federal tax rate (R)

Pl (See equation 6)

. Tax credle (te)

P, (See equation 8)

Conventional fuel cost (CF).‘
Conventional héating efficiency (np)
Elcctrieity cost'(CE)

(¢/kWh) /341300)

Heat Pump Parameters

(Found on manufacturer's data sheets)

Capacity (Cap), Btu/hr

lbm/hr
BTU/1bmF
F.

F

- hr

e décimal
decimal

years

$/Btu

, $/Btu

(See equation 3)

cop

(See equation 2)

First Cost, §
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_Preliminary Feasibility

Is heat pump fegsiblg? (Is COP greater than this value?)

" Yes :

" No

: Life Cycle Savings

Fuel Savings, $

Cp Ck
PyCap N [nF - cop] |

First Costs

LCS, $
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C.3 EXAMPLE CALCULATIONS
,This section carries out a sample calculation. A filled in worksheet is

included to demonstrate the method of evaluation.

] Appliéa;ion'Parameters
It will be assumed for this example that a process stream of water at
100 gpm is needed at 130°F. There is available a waste stream of ﬁater aL
90°F. Owver the course ol che yéar, theré are 1500 hours of plant operation

during which both the process and waste streams are flowing.

Economic Parameters

The fuel inflation rate will be taken to be 12 percent, the allowable
rate of return on energy conserving investments is 15 percent, and the analysis

will be carried out for a 10 year period. Then
F(10, 0.12, 0.15) = 7.74

.The combined'state and federal tax rate 1s 45 percent, then
P = (1 - 0.45) 7.74 = 4.26

There will be a 20 percent tax credit allowed, and the first coet Qrcscnt

worth factor'(Pz)'is

The fuel currently used will be fuel o0il in a boiler at 70¢/gallon,

or $5.10 X 10-6/Btu. The boiler efficiency is 81 percent.

Héat<§ﬁmp.§aféﬁéﬁérg

heat pumps. There are several units available in the temperature range of
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the application. These units range in heating capacity from 20 to 60 tons.
Three units will be considered; they are given in section 4.3 of the work
sheet. - The nominal COP of the units is the same. The costs include installa-

tion.

muPréiiminary Estimate

The cost of electricity (CE) is compared to the current cost of heating

the flow (Cp/ng). The parameter is

Ce MF_11.70 x 100 x 0.8 _'; g3
Cp 5.10 x 10~ :

The heat pump COP is 4.66. Since this is greater than 1.83, all of the

heat pumps are less costly in terms of fuel use than conventional boilers.

The use of a'heat pump needs to be considered further to see if the fuel

savings are greater than the first costs.

" ‘Life Cycle Savings

The life cycle fuel savings are given by the term

‘ o) C.
P; Cap N [?5,‘ N 'Eg;]
Thesg values are listed for the three heat pumpé. <The1first cosfs are then
subtracted from the fuel savings to determine the life cycle savings.

Only the two largest heat pumps are coét effective, While the smailest
heat pump does save fuel, the savings are not éufficient to balance the first
costs. Of the two larger heat pumps,'the largest capacity unit saves the
most energy and money. The largest unit, however, may not always be the most

cost effective. 1In some applications, a large capacity unit may either cool
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the waste<s£ream down or heat thé process stream up beyond the temperature
limits of the heat pumps. This will reduce COP and capacity. The manufac-

turers catalog and rating procedure will have to be consulted.



4 157
__ EXAMPLE WORKSHEET FOR HEAT PUMP EVALUATION

 Application Parameters

Process Stream: Flow rate (m)

Specific heat (Cp)

S ) CO 1bm/hr

- [,C BTU/1bmF

Inlefvtemperature (T;) légg__F
Waste Stream: Inlet temperature (T). GO F
Numﬁer of coincident hours (N) |SCTC hr
) Economic.iféfafﬁete,rs
Fuel inflation rate (f)° O
Allowable rate of retur;.(k) -jdff
No. of years of analysis (n) 1o
F v(.N,f,k) (See equation/7) 7, 7‘7L
Combined state and federal tax rate (R) =)
P, (See equ;ltion 6) 4—,9\(4.7
Tax credit  (tc) | QJnQJD
P, (See equation 8) C>IXC5'
Conventional fuel cost (CF) 5. Xlé{?/Btu
Conventional heating efficiency (ny) O. 7]
Electricity cost (CE) 417 X!c::thu
| (¢/kWh) /341300) ' '
'Heat Pump Parameters |
(Found on manufacturer's data sheets) . ~ :
‘ Capécity (Cap), Btu/hr . L]‘X\Z, ol 759\1 cOC - ‘C;7‘0) CCO
(See equation 3) i
cop : N 4, bb 4 Gl
(See equation 2) S .
First Cost, $ }S; 90@ [8) 7€C Al 5 cCO
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Preliminary Feasibility

i 2% ] , 2% o

‘CE T}F/CF {’Zb 1(. },(_\\5
Is heat pump feasible? (Is COP greater than this value?)

© 7 Yes T X X

) No

Life Cyhle ‘Savings .

Fuel Savings, $ o /-;,C;C:.SC’ 18,075 )\LiL)lCU
Cg. Cg

P.Cap N vy

1P [nF COP] _ _

First Costs 12, 72¢ Ih9ec . 17,dzo

s, § - mk7o 3 NS Lo
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CHAPTER VI
INSTITUTIONAL ASPECTS OF INDUSTRIAL ENERGY CONSERVATION

As well as the economic and technical factors discussed in
earlier chapters, a firm's organization and objectives influence
the adoption of energy conservation projects, including projects
for recovering heat from low temperature waste streams. The or-
ganization determines who searches for project ideas, who eval-
uates their applicability, and who decides which ideas will be
implemented. The firm's objectives affect the project approval
eriteria and motivate activities either aiding or deterring the
firm's general conservation effort. - Understanding these insti~
‘tuttonal aspects therefore facilitates a broad assessment of the
market potential of waste-heat recovery systems.

This chapter first reviews the effect rising energy prices
have had on a firm's motivation to seek conservation possibili-
ties. It then outlines how the six firms respond to those ideas
in organiaing their own conservation activities. It next iden-
tifies the channels, or people searching for conservation ideas,
and the sources they use. At this point particular emphasis is
placed on the energy staffs. hired to assist the firm in its con-
servation efforts. The chapter then describes the major charac-
teristics of and participants in the evaluation and final decision
processes. ' Finally, it gives the interviewees' list of barriers
to the adoption of waste-heat recovery systems and a list of their
recormendations of ways the state and federal govermment might pro-
mote the diffusion of waste-heat recovery projects.

OVERVIEW

To learn more about how these institutional features affect the adop~-
tion of energy comnservation projects, we conducted on-site interviews with
six firﬁs,‘three each from the food and paper products incustries. This
chapter summarizes ghe results of those intervie@s. |

Afirm's energy conservation etforts are multifécetéd, dealing with any
aspect of its plant or operations offering the potential for energy efficien~
cy improvements. Figure 6-1 is a matrix categorizing a firm's possible

ener conservation actions. The matrix's columns identify areas of energy use.
y y gy
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Figure 6-1

Energy conservation possibility matrix

Energy lUser

Baisling I'rocess|  New Process Noti-process

Equipment Equipment Equipment
(01d Technology) | (Current Technology) ‘ ‘
Plant
"Improvements
Action.
‘Taken
. Operation_
Improvements
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These end-uses are either equipment involved directly in prbduction processes
or equipment that provides the envirommental support for those processes

or for general operations. One person we interviewed called energy use by
non-process equipment "background use" because it was for such purposes as
lighting, heating, and ventilation, but not for production. Within the
process equipment category, an additional distinction is made between energy
conservation possibilities for existing process equipment and for new
equipment using new process technologies. The high_energy»efficiency of
.new process equipment may offef‘greater énergy savings than most conserva-
tion possibilities involving existing equipment, so investing in new process
equipment is definitely an energy comservation possibility. ‘

After identifyiné the eﬁergy'users, the firm can make improvements in
either operations or the plant itself to save energy. These categories are
given in the rows of the Figure 6-1 matrix. Projects for recovering heat
from waste streams are plant modificatidns and‘thus could affect any of the
three energy users. ~An &xample of an opératis
re-examine the process réquiggments and determine if the equipment is adjusted
to ayoid unneeded energy use. 'Although such éperatiopal'improvemeﬁts,are im_
impdrtant for saving energy, tﬁis chapter emphasizes the effects of institutions
on.the'adoption}of'plant energy conservation improvements.

The following interview summaries are 6rganized to detail what we found
to be the general flow of energy conservation ideas from inception to final
project approval: this flow is represented in Figure 6-2, The first step
in this flow is the idea search, We found that éhe interviewed firms rely
in varying degrees on the six idea sources given in Figure 6-2. The next

step in the flow is submitting the idea for evaluation. Submittal is generally
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Idea Search

Figure

6-2

Steps in

intra-firm plaﬂt improvement idea flow

Sources:

Vendors

Consulcancs

Trade Publications
Personal Experience
Other Firms and Plants
Educational Meetings

Input Idea Into
Firm

4

Channels:

Energy Staff
Engineering
Management
Plant Personnel

h 4

Final Decision

Technical and Economic »
Evaluation

Evaluators:

Energy Staff
Engineering

Plant Personnel
Quality Assurance

Decisiou-Makers:

Management
Board of Directors
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‘done by thé channel, or the person who made the idea search. This person
is frequeﬁtly someone from one of the groups listed in Figure 6-2. After
"the idea is introduced, it is carefﬁlL&-evaluated for technical feasibility

and economic potential chiefly by the energy staff if there is one, the.
- engineering staff, and the plant or divisibn-personnel. The final decision
is then made by management, who wéighs the evaluation results as well as

their own judgments and perceptions of the idea's value to the firm.
ECONOMIC MOTIVATION FOR ENERGY CONSERVATION.AND THE INDUSTRIAL RESPONSE

Energy Price Trends and Their Effect Upon Costs

Undoubtably, finahcial'savings from lowered energy.use is a major moti-
vation for energy conservation investments. These savings are becoming more
substantial than in the pést due to the recent, high growth rates of energy
prices. For example, between 1975 and 1979, thé prices in Wisconsin of
middle distillate o0il and coal rose 29.4 percent and 15.9 percent, respec-
tively. Between 1974 and i979, natural gas pfices increased 21.4 percent
annually. On a per million BTU basis, the 1979 prices'for #2 fuel oil,
natural gas, coal, and electricity were approximately $5.20, $2.60,}$2.00
and $8.00, respectively (Foell et al., 1980).

Rising prices affected total.costs in the food ahd paper industries
differently depending on each industry's energy mix and the proportion of
total costs attributable to energy. The energy mix, however, is not the
same in the two industries. In 1976, oil, gas, and éoal comprised respec-
tively 10, 69, and 2 percent of the;otal energy purchasediin the Wisconsin
food industry (Foell et. al., 1980). Thus, nétural gas was the most impor-

tant source of purchased energy. In the paper industry those figures were
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9, 32 and.44 percent respectively for oil, gas, and coal purchases, so
the paper industry is purchésing much more coal for their production pro-
~ cesses than is the food ihdustry. The remaining energy purchases are for
eiectricity and other fuels such as wood and refuse. The portion of total
energy purchases attribgtable to these energy sources was approximately the samé
for both industries. In the food and paper industries respectively, 13
and 11 percent of purchases went for electricity. Other fuel purchases
amounted to abou;‘6 and 5 percent of each industry's energy purchases.
of coufse, the energf mix of these industries is in constanf flux.
They alter their mix for reasons such as the changing relative price advan-
tages of one energy soutrce over another, changing environmental regulations,
and varying supply availability. Until 197;,‘e1ectricity and gas pur-
chases were increasing in propoftion to all energy purchases. Most recently,
however, the energy use trend in fhe food and paper industries has been
toward increasing reliance on electricity and coal., (Foell et al., 1980).
Those firme consuming the higher priced fuels have a much higher economic
incentive for conservation. One industry representative interviewed stated:
I know that other companies very close to us-~ and within
the state might be on gas or oil with a much higher return
on investment for a similar project than we do have on coal.
Tﬁis particular staffer's company priced co-generated steam at $1.30 per
million BIU's and fndnd that
When you're competing on an energy project (say for heat
recovery at $1.30 per MMBTU)in this economy is ridiculous.
There's no way you can match up the capital cost to justify
it on that basis. For a guy burning o0il, his ROI will come
four times faster. -

In some cases the prices have not yet risen sufficiently to justify con-

servation projects that are technically feasible. One energy staffer lamented.
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: Two projects . . . at least seven years old . . . still aren't
making the economic criteria. We're practically cheating our-
selves trying to say "isn't there some way we can make this
thing work?"

In another case, a small firm has exhausted its conservation projects
given the present prices. An engineer from that firm said,
I am sure we've looked at all the higher level energy recovery
sources. We've already got more low level energy than we can
use, so it's not economically worth going after at this time.

.If the fuel price goes. . . . it'll become economically feasible _
_to recover it.

A second factor affecting the impact of rising energy prices on an
industry's total costs is the proportion of total costs attributable to
energy. The 1976 energy costs were about 1.1 and 5 percent of the value
of shipments for the Wisconsin food and paper industries respectively
(Foell, et al., 1980). Table 6-1 shows that the six cooperating firms
had energy costs of about 1 percent of sales if they were in the food in-
dustry and 5 to 10 percent if they were in the paper industry. The paper in~
dustry is much more energy intensive than the food industry in terms of
the share energy costs are of total costs; thus the paper industry's total
costs are more attected by the energy price increasés. This effect on the
paper industry is mitigated somewhat by the paper industry's relatively high

proportion of total energy purchases for coal, which has a lower price growth

rate than oil or natural gas.

Industrial Response to the Rising CEnergy Prices

'The fact ﬁﬁaé ﬁbtal-éné}g§wusé for the Wisconsin.food and paper
industries fell by 8 and 1.3 percent, respectively, between 1971 and 1976 ,
while production rose, suggests that these industries have been successful

in finding ways to conserve in the face of rising energy prices. As further
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Table 6-1

Summary of Companies Participating in Workshops and Site Interviews

Company Industry  Annual Sales Numbér of Primary Energy Energy Cost as
(millions) Plants Sources Proportion of

Sales

A Paper 30 2 Natural Gas 102

B Paper 400 9 Coal, hydro, : - 5%

' and liquor
) Paper 70 2 - Coal and NA
hydro '
D . Food 1500 70 Natural Gas 1%
E Food 80 7 Natural Gas 17

F : Food 1000 9 Natural Gas and 17
' ’ Coal
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evidence of this active concern for conservation, all six cooperating firms
reported an increase in energy efficiency since the federal government's
‘industry conservation program began in 1972. In this section, we examine

the institutional ways the interviewed firms have promoted conservation.

' Energy Staffs

In résponse to rising energy prices; the'lafger firms have established
energy staffs, people who spend a majority of their time Seeking'and promot-
‘ ing eﬁéréy conSerVation‘opportﬁnities: Large firms in both industries have
. such staffs! ‘These people function either within the corporate engineering
office or under corporate opératiéns management. The largest energy staff
had three members, with a.fourth to be added shortly. All the energy
staffers seemed to have technical backgrounds, most: in engineering. Three
firms»interViewéd;had full-time energy staffs, A fourth smaller firm had
addea”a utility engineer working half-time on energy matters for the assis-
tant director of opérations;

In contrast, most of the smaller firms we interviewed have not added
personhél'to fulfill energy conservation duties.- Fér'them, energy conserva-
tion is another of the many responsibilities their personnel'mus£,fulfill
to keép‘the'firm in buSiness; AS'oné engineer from a small fi?m describeq

Y

1t,

We have no official head of energy conmservation or. official
. - program as such, The enexrgy projects are handled like any
other project.
The decision whether to locate the energy staff in the engineering or

the operations side of the organization appears to depend on how much empha-

sis is placed on the plant personnel to improve their operational efficiency.
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In a firm where operatidns pérsonnel have the chief respbnsibility for or-
ganizing conservation activities, the person we interviewed said that his
organization had given him the conservation responsibility because "we

' His firm's conser-

want energy conservation to be(ailine responsibility.'
vation activity eﬁphasizes operational improvements and coming up with

ideas for plant improvements on existing equipmenp. On the other hand,
firms with energy p?rsonﬁel within the engineering etaffs appear to.empha-
size ﬁainly plant improvements and, unless approached for advice, leave

most operational iﬁproveﬁent ideas to the operations personnel. From within
the engineering staff, én energy staff would not have the authority to
directly iﬁflueﬁce operations. This may-éxplgin why those energy staffs do
not seem to spénd_much time on operational improvements. In a firm with
energy personnel within the engineering staff, an energy staffer found that
he ﬁad to be careful how he presented aperation and even proccss equipment
improvement suggesﬁions. Becausg the responsibilities in those areas were
organizatioﬁally separated'from the engineering function, suggestions con~
cerning operations or process equipment improvements could be misinterpre-

ted as an intrusion into another's domain, thus causing undesired conflict

between the energy staff and other personnel.

Energy Conservation Responsibilities at theé Plant Level

For large and small firmo alike, energy cbnsarvation rospongibilities
at the plants are-addifional duties. -More than the smaller firms, however,
the larger firms seem to have formalized these responsibilities. Most have
individuals appointed as energy coordinators who are typically plant engineers,

plant technologists, production supervisors, maintenance managers, or opera-
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tions mahaéers such as boilerhouse superintendents. In one instance, a
firm has organized committees of additional personnel within a diyision
as well as appointing a cqordinator. These committees are composed of a
key production person, technicalland maintenance representatives, and de-
partment managers. They meet regularly to discuss energy éonservation po-
tentials within their areas, looking'for both operations and plant improve-
ment ideas. |

Enexrgy conservation activities within the divisions and plants 6f
the firms we interviewed depended upon the conservation focus of top
division and plant managements. One energy staffer stated that, at his firm,
"All of the people ét the plant report to the plant manager and the plant

v

manager has the responsibility of energy conservation.'" The energy staffs
thus seem to have little direct influence over the division or plant conser-
vation programs. One energy staffer said,'"We do not dictate how they
fdivision managers] run their energy program.' Consequently, the amount

of time spent on conservation activity varies between divisions and plants

within the same firm. In the words of one energy staffer, "Each {division}

has a manager, and each one operates a little differently in his own realm."

Reporting Systems

Not only have the firms we interviewed hired energy staffs, assigned
energy conservation fesponsibilities or increased staff time spent on energy
conservation activities, but they have also set up reporting systems to
track energy use. These reports both meet federal requirements and serve
as management tools in the conservation effort. The energy staffs have the

responsibility of coordinating the reports, although energy coordinators at
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the divisibn or plant lével often seem more involved in data gathering.

The statistics reported are, by and large, monthly aggregates for a
particular plant or division and are sometimes adjusted to account for
capacity utilization. The firms are reporting energy use in terms of the
quantity of use per amount of product produced, for example, BTU's #er
pound or case.

Encrgy staffers differ on the question of whether to include costs in

energy reports for management. One energy staffer who favored the use of

costs said,

I guess something we realized fairly soon, but probably

not soon enough is that the best way to put all of these

things is not to talk about millioms of BTU's . . . but

always dollars . . . I want to . . make it mandatory [to

include costs in energy reports].
But another energy.staffer prefers to use a BTU basis only for reporting,
because doing so does not confuse real energy savings with rising energy
prices.

The reports provide information on energy use at the plant level, but

do not go into much detail beyond that, giving energy use neither for a
particular product such as energy used per pound of peas, nor for a par-
ticular process such as energy used by the digestor in a pulp plant. Often

the firms are not capable of detailed energy flow accounting largely because

of the lack of energy use metering within the plants. The data for the

—

- reports are obtained from central metering, which does not permit determina-

_tion of the energy flows to a particular process or piece of equipment.

Older plants may not have sufficient metering because, when they werc con-

structed, the need for detailed monitoring of energy flows was not as great

-as today. On the other hand, it can be difficult to track energy flows

‘even with new installations that include submetering. One energy staffer
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noted that plant modifications after the new installation is operational
sometimes destroy the submetering's effectiveness: '"New installations are

adequately metered, but you're really getting into a spider web of little

heater lines not related to the process;i:ghf‘."T"Thg'iégggy‘fif@gmigﬁéﬁéégmmn

to add more meters within the plants to better quantify the;p%pééégmm"”"”“f

energy flows. None of the smaller firms, however, plan for such additional
metering. As one person in a small firm said,

We've got one gas meter [at each plant] and we don't meter

any of our steam, so to have good controls on it [energy

use] on an hour-to-hour, day-to-day basis. We've never felt
. justified in putting the investment [in more metering].

‘Energy Conservation Objectives and Managerial Incentives

At least three of the firms we interviewed have gone beyond merely
reporting energy use at the plants; they have set energy»savings objectives
for division and plant managers. This appears to be an important. move
toward increasing division and plant energy conservation effortsl con-
sidering the discretion diyisioh and plant managers have over energy con-
servation activities within their area of responsibility.

A problem exists, however, in setting conservation objectives. There
are variables beyond a manager's control which influence energy use, thus
making it difficult, if not unfair, to hold managers strictly accountable
for meeting the objectives. One variable influencing energy use is the
product mix. A-pefson,from one firm stated:

. Wé've got them [the plant managersj involved in establishing
energy objectives on a per case basis, but it is not the sort of

thing that we can do a good job of controlling from day to day
because our product mix varies from day to day.
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A secbnd variable is production level. Not only does energy use
rise with higher production, but efficiéncy does also. Energy efficiency
improves as production increases because plants have fixed and idle-time
energy uses, so that the average'energy use per produc;ion unit decreases
as output increases. Many of the fixed énergy uses relate to the non-
process equipment-~such as lighting, heating, veritilation--as well as to
idle-time energy uses within the production process--such as bringing a boiler

A upjéb éhenfémpératﬁre néeded to begin pf§ductién;m“;

" In any food or paper industry plant, the degreé to which pgoduction
relates to energy use will vary. The stronger the relationship, ﬁowever,
the less the plant manager can control total energy use, and the more an
.énergy use objective would have to fake in;o consideration the production'
level.A

One interviéwee from the food industry reported that his energy con-
sumption went up half as fast as production; therefore,-about 50 percent
‘of this firm's energy use could be considered variable; Another person in
the food industry believed that his firm's energy use was as much as 80 per-
cent variable;

Sihce there are factors affecting energy use but beyond plant manage-
ment's control, none of the firms have placed significant emphasis on
meeting.declared conservation objectives; however, one firm is moving toward
a systenm where the plant manager's merit pay is based partially on an evalua-
tion of how well energy conservation objectives are met. One energy staffer

commented on this subject:
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We haven't found goals particularly effective because they're
subject to so many variations. Our primary goal is just to

make progress every year as compared to the previous year. ,
If it's marginal, we try to pressure them [the division managers]
to see if it could be increased, and if it's quite good, we

give them a little pat on the back.

In another firm an interviewee said,

Because of the problems . . . all we do is take a year end
figure and say "What kind of an energy percentage do you
feel you [the plant manager] could logically knock off?"

. . . If you ask the plant people to give you an obJectlve,ff
the chances are that they will be tougher on themselves

than you are, so.I like to go by the pr1nc1ple that they
establish their own objectives.

Regarding a critique of how well the manager had performed in meetiﬁg the
objective, this interviewee said,
It isn't that formal really, except that a plant manager

has a certain set of standards that he is expected to per-
form against. He has an annual review and he covers each of

these items.

The lack of sub-metering has several effects upon the success of a
managerial incentive program incorporating energy conservation objectives.
One effect is that without detailed information about the relationship be-
tween energy use and variables outside a manager's control, it is difficult

to determine how well the manager is managing the variables within his con-

~trol. A second effect is that the manager is less capable of monitoring

energy flows within his plant, In turn, he is not able to establish mea-

surable criterion for evaluating the plant personnel's performances. One

energy staffer noted,
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It s one of the big problems of not having metering by ‘
function or production line. . . ‘because there is no emphasis
for the production supervisor to reducé his utility cost.

It's all thrown in a big lump for the plant. It doesn't

come out on his report cards.

The economics of energy also influences the incentives for conserva-
tion by division and plant management. 1In the case of the firm that had
placed the cost of cogenerated steam at $1.30 per million BTU's, the

energy staffer said,

It [conservation] is left up to the divisions. The only con-

- flicts or problems we have are in the styles of maybe just
two division managers out of the bunch .'. . . It's shown up in
their performance. They're the lagging oncs . . . . It mlght be
easy, for instance, if they happened to be burning oil.  They
happen to be the divisions in which their steam is worth $1.30
or so. How hard can you pound on them to save energy if their
energy by current standards is practically free? They cer-
tainly aren't capable of putting in the capital projects.

4

The smaller firms we interviewed do not use energy conservation ob- .
"jectives in their energy management activities. A person from a small
firm said,
I won't say that we have had a real specific goal . . . . I think
the goal has been to cut our energy usage as much as we ‘can

practically do. We have a long way to go before we cawn reach
that goal. '

INTRA-FIRM IDEA CHANNELS AND THEIR SOURCES

Channels for Ene_gy Conservation Ideas

We have.seen in our site interviews that ideas for plant improvement
benefitting energy conservation can come from a variety of people within the
firm. The firm's engineering staff can be motivated to provide ideas by

their exposure to the technical aspects of plant systems and because of their
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involvement in the design and renovation of those systems. Management can
be motivated to bring ideas into the firm by their incentive to minimize
costs wherever possible. Plant personnel can be motivated to generate
ideas by their detailed knowledge of the particular plant or the equip-
ment's operation. The final major group introducing new ideas is the
energy staff specifically responsible for finding energy conservation ideas.
Because of their particular responsibility in the energy conservation area,
we will take a more detailed look at the ways the energy staff work for
energy conservation.

The energy staff often . learns of conservation ideas' applicability
to their company through plant energy audits or surveys. One energy
staffer described his work in this area:

We also provide services to the plants, primarily in the

form of energy surveys and analysis of conservation . .
prOJects e« « « We prov1de advice on what s avallable, how much
it's going to save them and we will also survey their plants,
walk through to see where there are opportunities for savings
and make recommendations.

Energy staffs also disseminate information helpful in conserving
energy. One energy staff member said,

‘We. give [top management] reports and special studies,
For instance, if there would be some advanced technology
for some process to analyze in the energy area, we would
provide them with reports or management summaries . . . .
The energy staffs must work closely with the plant personnel in

assessing potential conservation ideas not only because the plant personnel

have to approve the idea and work with any project done at their plant, but
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also'beéauée they are the persons most informed about the technical as-
pects of their plant. In one case, the energy staffer became involved in
actually designing an energy project for a planﬁ and reported that he had
to work closely.with plant‘persoﬁnel.

In general, the energy staffs do not do much detailed. engineering on
conservation projects; corporate or plant engineers do the detailed engineér—
ing, technical aﬁsessment, and désign work. One energy staffer who designed
a project .found it unique that "it broke with past practices of dreaming.
up energy projects and writing them on sheets and sending them out and
waiting for something to happen.” In his case, however, he found the project
very time-consuming and ended up focusing all of his attention on one plant
for six to nine months; during this time little was done about energy con-
servation projects for other plants in his firm. His attitude now is one
of trying to help plant personnel examine bpportunities for conServation:

TheAperson at the plant levei is tied up in a lot of other

things. He has deadlines and worties. If we can help him

organize s6 that no more can they come to us and say '"Well,

we want to do something but we don't know what to do." I

want to give them something so that they will never be able

to come back and say that.
He also tries to communicate teo the plant personnel a "feeling for relative
priorities” so that they just "don't go out and fix the leaking cold water
faucets . . . ," but concentrate on projects with large energy saving
potential.

One energy staff found it easier both to come up with plant improvement
ideas and to gain the plant personnel's acceptance because he had worked

in the plants before becoming an energy staff member:
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Two of us initjally had been working in many of the activities
and were familiar with them, sometimes in great detail. We can
pick prOJects as well as they do. We probably tend to come up
with more conceptual ideas for prOJects than individual ’
-decisions. We expect they will expand the applications,

but we also check up on that. '

Another energy staffer reported that he was getting involved in the
actual design procedures for new plants and for major plant renovations to
insure that energy conservation is considered in some depth in the design:

We're trying to look at what we can be doing to really

change our approach and our methods, not what are we going
to'. . . do next month. I feel very strongly that a lot’ of my

t1me ‘right now has to be invested in development -of design and
construction standards for the company as a whale. " There's
nothing like getting something included automatically every-
time there is an expansion project or new construction and
spending a lot of time on the initial design of the components.
When it comes to basic technological changes for the firm, cooperation
of operations, maintenance, engineering and management personnel of the or-
- ganization seems necessary to properly evaluate alternative technologies. .
For one firm, the enérgy staff has joined a committee of top corporate
" management, quality assurance, research and machine development personnel -

which is investigating methods for process improvements to insure that energy

conservation is considered.

'Sbg:ces

The people who are bringing energy comservation ideas into the firms
arevturning to a variety of sources for those ideas. These sources have
differing degfees of perceived crédibility and usefulness in the firm's
energy.conservation program; This section presents the predominant éources

among the firms we interviewed,
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The first major source of ideas is the equipment vendor. A small

firm's engineer said, .
Wé make tremendous use of vendors because they have a
wealth of knowledge about the equipment they sell that
we .will probably never have because they know their
specific piece of equipment.
0f course, the people we iﬁterviéWea realized tht the goal of a vendor is
to sell the product and not necessarily to do so in the firm's best interests.
They also realized that the vendor was sometimes not perfectly f;miliar with
the technical aspects of the firm's processes, and that this might recult
in an incorrect design. As a fesult, the vendor's work is carefully cri-
tiqued. One energy staffer said,'"We give them a specification as to how
much heat we want recovered and then we look at what they came out with.l
Another energy staffer noted that, "A lot of times they'll [vendors] fall
flat on their face becéusé they don't know what itfs costing Qs for
energy .., . ."
Some of the energy staff,ers mentioned during our interviews a need for
independent testiné of equipment vendor's claims concerning the savings po-
tential Qf their products.l:They a;é'lpokiﬁg.for_mpféJééﬁﬁéi@g&iiﬁ the
savings estiﬁates for conservation projects, especially when the estimates

come from vendors. Another energy staffer isn't as concerned about misleading

. elaims by vendors. le said, "If you go to a reputable firm, they are there

to help you because they want to repeat business."
- A second source of ideas is the consultant. Consultants were reported

to be used by large and small firms in identifying conservation projects.

" In some cases, consultants had performed energy audits which provided a

project list serving as a basis for investment decisions. One energy staffer
said that he liked to use consulting firms not because they gave him any new

\ ideas, but because management seemed to accept their ideas more readily.
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He saidrs -hWithin industry there's always a willingneés to accept outside
_ experts' testimony before you own people." If there is such a'willingness,
it does not seem to extend to all aépects of the.firm's operations; par-

ticularly ;he process equipment.' As oné energy staffer put it;

When it comes to analyzing our process and improving our

techniques in that area-- there I don't think you want

anybody outside. All you would be doing is educating

them as to what you do anyway.
Thus, when it comes to their éwn process, the firms believe that they are
their own best experts and do.not want outside assistance. Along the same
1ine,'another interviewee stated,

Energy conservation is a nuts and bolts operation. ‘There

isn't anything an outsider can do for you on that.

One firm who has frequently qsed consultants prefers consultants
capable 6f_following through on their recommendations and actually installing
the specified equipment. Thevenergy staffer from that firm said that doing
so allows '"more rapid implementation and development of our game plan. . . ."

Another important source of ideas is the expefiences of people in
other divisions within the firm. This source has a high dééree of acceptabili-
ty because not only is it from someone in the same organization, but it is
also from someone who has practically installed and oBserved the performance
of a particular project. One energy staffer said,
An important corporate level function is conducting energy pro-
gram meetings quarterly in which people share what they have done.

If some program seems particularly successful, the person over-
seeing it would be encouraged to tell other divisions about it.
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Trade magazines .are also mentioned as a good source of ideas for plant
energy conservation improvements. The publications mentioned during the

interviews were Energy User News, Energy Plant Management, and Energ&

Managér. Of particular interest in these publications are, once again,
examples of what other firms have done, how they did it, and how much was
saved. Government publications were not mentioned as an idea source. One
person intet&iewed said that government publications4were too general to be
of any specific use. Few of the energy staffs even seemed aware of stéte
government reports on industrial energy use‘and conservation.

Other sources listed were seminars by Wisconsin Extension (a ﬁnivérsity

program) and industry workshops on energy.

"EVALUATION AND APPROVAL OF PLANT IMPROVEMENT PROJECTS

Technical and Economic Evaluations

All of the interviewed people reported that any plant improvement idea

'is given ¢lose evaluation on both technical and economic grounds before

final approval is granted. Technical and economic evaluation procedures
varied by company. The technical aspects of the idea seem to be most
coumunly réviewed by the plant personnel familiar with the details of how

the idea would fit into their particﬁlar'situation, by the engineering

staff at the corporate‘level, and by the energy staff, if there was one.

In one company, -corporate engineering mainly involved itself with major tech-
nical projects, leaving divisions to do much of their own engineering for
smaller projects. . In smaller companies, the engineering staff was frequently
contacted for advice, even on small projects. One exception is a firm having

a utility engineer working in the operations division; in this case, the
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utility -engineer was capable of designing and advising on those projects

requiring a moderate amount of engineering. Projects requiring considerable °

_ time. were. given to the company's engineering department.

Economic evaluations were done by any number of people, depending
upon the -company. In some cases the person submitting the idea worked
with the energy staff on the economic analysis. In one case, the engineer-

ing staff, with the energy staff's help, prepared economic details on the

.pfoposal. In another instance, an industrial engineering staff conducted

the analysis after receiving the raw economic data from the submitter.
Table 6~2 summarizes the various economic analysis techniques described
by the people interviewed. The table is broken down by (1) the technique,

(2) the before- and after-tax acceptance criterion using that particular

" technique, (3)'whether current or forecasted energy prices were used to

project the energy cost savings over the economic analysis period, (4) a
descriptioh of thelpricé forecast used, if any, and (5) the length of the
economic analysis period. | |

| Only two analytical techniques were used: the payback period and
rate of return methods.l With payback period analysis, the number of years
taken until thé amount of the cost savings equalsnfhe initial investment cost

of a project is called the péyback period. One year payback means that

. after one year, the cost savings will equal the initial cost. A project is

accepted if its payback period is less than the criterion period,

The rate of return method determines the annual rate at which future

' savings must be discounted in order to give a project a net present value or

1These methods are described in greater detail in Chapter IV,
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‘Table 6-2

Summary of Economic Analysis Techniques Used by the 6 Firms Interviewed

Company Analytical Technique Before Tax After Tax Current or Fore- Forecast Economic
: Criterion Criterion casted Energg Analvsis
Prices? Period
A Payback Period 4-5 . —-— Curtentﬁ‘ NA NA
[} * Rite of Return —= 252 Gas Prices 25% for Project
forecasted (in gas over Life
marginal cases nextc 2 yrs
only)
o4 Payback 1 year 2 years currencit KA NA
D " Payback énd Rate 2 years : 10Z per yr
of Return (up to . (payback) — Forecasted for next 5
division) 25Z (ROR) 3 years '
E Payback Perfiod 3 years — Curxent ' NA NA
F Rate of Return — 207 . Foracaated Infla':ionf Project
‘ : plns ¥ Life
percent,
afeer '82,
inflation
plus 3%

T9 to 10% inflation rate assumed

ﬁQua.litative consideration of future prices
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worth.equél'to zero. The rate of return can be thought of in terms of a
common loan with equal annual payments. The rate‘of return for such a loan
is the interest rate at which, at the end of the loan's term, the amount of
principle is zero. 'The‘rate of réturn criterion for acceptance is tﬁat the
project's rate exceeds a particular selected criterion or hurdle rate.

‘For one large firm, there was no one standard analytical téchnique; the
firm's divisions were given considerable discretioﬁ in project selection of
projeéts costing less than $100,000. Tﬁe decentralization of the company
allowed each division to act as its own profit céhﬁer and, therefore, to‘
choose its own economic analytical technique for project selection. Con-
sequently, bothAthe payback and rate of return methods were ﬁsed.

As can be seen from Table 6-2, the payback period acceptance criterion
variéd aﬁywhere from 1 to 4 years and the rate of return criterion was either

20 or 25 percent. Whether the criterion was applied before- or after-tax

“also depended upon the company. For at least one firm, the payback period

acceptance criterion depended upon the initial cost of the project; for smaller
projects with payback periods of less than one year, it was possible to obtain
funding aimost immediately o6ut of the annual operating budget rather than
waiting for approval in the next year's capital budget. As a person from that
firm put it, "We've Eeen taking care of . . . energy projects on an expense -

basis."

oniy’small, low paybéck period projects, however, could be handled
this way.

When asked why payback analysis is preferred over life cycle analysis,
interviéwees in those firms using payback analysis gave several reasons. One

reason given was that the firm had plenty of projects already meeting the

payback criteria; their problem was a lack of capital investment funds. Another
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related reaéon, as mentioned earlier, was that the firm needed a short pay-
back to stay witbin the‘operating budget. The last reason was that the in-
terviewee beliéved that management did not réally understand how life cycle
cost analysis could be of value in evaluating projects.

Four of the six firms interviewed reported some attempt to account for
higher future energy prices in their economic analysis. Two firms gave
energy projects preference aver ﬁrher projecte by uoing a longer payback
period criterion than that used for non-energy conservation projects. In one
of these firms, 4 years was used instead of the 2 to 2-and-one-half year
cfiterion reéuiréd of non-energy related projects; the second firm considered
future cost savings as a qualitative factor in the project approval process.

Three firms, who happened to be the largest of the six firms inter-
viewed, incorporated pricé forecasts into their economic analysis. No one
source of the férecasts‘was named; the-firms seemed to collect price informa-
tion mainly from energy suppliers and then judge for themselves, based on
their own cost trends, what was the most reasonable price'forecast.l One -
energy staffer'reported that his firm used forcasted prices, only when they
believed that prices could be estimated with high accuracy and when the price
increase was anticipated to be significant, exceeding 10 percent.

Unc¢ertainty about future savings plays a role in preparing savings
‘estimates by at least one energy staffer. He reported that he kept his es-
timates conservative, saying, "1'd say we're fortunate in that we've always
been found to be conservative and I'm going to keep it that way." In his
opinion, this was necessary not only to avoid over-estimating the -savings,
which would result in aécepting an uneconomic project, but also to maintain the

credibility of the energy staff's proposals.
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Although treating all projects in the saﬁe manner, one firm selected
its minimum rate of return at a level tha;ébedged_against the possibiliﬁé:éﬁdﬁl;;
the actual savings from a project would be less than estimated. Thus, risk
adjustments to the acceptance criterion is one way the firms are accounting
for uncertainty in future cost savings.

The interviewees gave three reasons for not incorporating future price
forecasts in their economic anaiyses. First, there was too much uncertainty
about future prices. Second, time in a small firm was too comstrained for per-
sonnel to get involved in estimating future pfices. Finally, uéing future
prices was unnecessary because it was only the éhortage-of capital that pre=

vented approval of more energy conservation projects.

PRbCEDURES AND CRITERIA.FOR PROJECT APPROVAL

. The method for project approval after technical and economic evaluations
are completed is fairly similar in all the firms we interviewed. In general,
projects with reasonably low initial costs are approved by the division
management if the firm is large, or by the firm's president if the fifm is
small. Typically, projects exceeding $50,000 to $100,000 are approved by the
Boérd of Directors'after top management has accepted them. |

Regarding capital funds aQailability, it generally seems that ghe low

to moderately expensive projects with very good returnm or payback are
readily fundable in most of the firms we interviewed. One energy staffer
- said that his firm has ample funding for such lucrative projects:
[Tlhe company just has this big pool of money that is not

budgeted for any specific use. If you get the return,
you get the money.
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A person from a small firm said,

[N]one of our engineering projects are limited to funds. .
Everytime anybody has an idea that can save energy or save
the company money, we arenft limited to wait until next year.
We can go ahead with that project now if we can show that we
"have a payback. Why wait until next year to start saving
money if we can do it now?

The_bhdget for larger capital projecté seem to be much tighter than
for smaller ones. Oﬁé‘intefviewee said that when the time comes to review
annual capitallfunds requests, "usuélly foﬁf times as mich funding is ra-
quegte& as fhefe is ayailable."> |

The péopleAwe interviewed offered several factors that might be con-
sidéréd in'ﬁhe top management's final decision to apprer a project. Economic
' criterion and technical evaluation appéar to be the most important considera-
'tions in the final approval process. Favorable public relations'from the
‘éqnservétion efforfs was mentioned by one energy staffer as a factor in de-
ciding to aﬁprove a project. 'Supply availability, especially of naturél gas,
was giVen'as a factor in those projects involving conversion to alternative
fuels. Substitution of capital for labor was also mentioned as a consideratioﬁ,
although it does not appear to have much relevance to;decisions concerning
recovery of heat from low temperature waste stfehms’hecause recovaery of that
heat will not‘likely eliminate any lébor.

A large percent of cnergy conservation project ideas are approved.
Across five of the six firms participating in this study, a mean of 58 per-

cent of ptoject ideas considered over .the last five years were approved and

were either completed or are still under-construction.2 0f the remaining

2One interviewee was not aware of the projeét idea statuses. Means
are of reported percentages, -so.they may not equal the actual percentages of
the total number of project ideas from all five firms.
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projeqts,‘%g percgnttwére rejected because they did not meet economic cri-
"teria, 17 percent because they were not téchpicaliy feasible, and 21 percent
because they weré inconsistent with COfporate plahs for plant utilization; 24
percent argA§;§ii;bgigg_gvalﬁétéd;'Thus, failure to meet economic criteria is
the most frequent. reason for disapproval of energy conservation projects.
REPORTED BARRIERS TO ADOPTING WASTE-HEAT RECOVERY PROJECTS AND
RECOMMENDATIONS FOR GOVERNMENT INVOLVEMENT

Based on the interviews, a list was prepéfed éf what seemed to be the
most‘serious barriers to the adoption of low temperature, wasté—heat recévery
systems. Each interviewee was given the opportunity to indicate'which‘
barriers were applicable to his firm. The list and the Breakdown of the in-
terviewéés' responses by industry are given in Table 6-3.

Barriers 1 through 3 pertain té the technical feasibility of low
temperature, waste-heat recbvery systems. Unless there are low temperature,

waste streams available, unless those streams are accessible, and unless there

are acceptor streams to use the recovered heat, these he;t recovery systems
will be of ;ittie_use. Significantly,_only one interviewee believed that the
availability of waste~heat streams was a serious problem for his firm, and
~even then, this pfoblem only existed in some divisions. Thus, almost all of
the interviewees find low temperature waste—beat streams available for heat
recover& systems.

The accessibility of waste-heat.streams was a more serious problem;
half the firms appareﬁtiy have this éroblem. Diffuse waste étreéms or streams
that are difficélt to reach with a heat transfef system'25ipihg 6; dupﬁiﬁé)"
are only as inaccessible as economics diétate; therefore, the accessibility’

problem is not only technical, but also economic. Since the economics of con~
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Table 6-3

Reported Most Serious Barriers to the Use of Heat Recovery Systems for Low

10.

11.

Temperature Waste-Heat Streams

Potential Barrier

Availability of streams for heat recovery
Accessibility of streams for heat recovery
Lack of acceptor streams for heat recovery

Lack of technical information on heat recovery
methods

Lack of confidence in vendor's performance claims

Lack of information on how other firms have imple-
mented these systems and on the savings they achieved

Lack of information about specific-energy flows
within the firm's plants

Lack of information about future energy prices

‘Lack of information about :future energy supplies

Lack of capital funds

Failure to meet firm's economic return criteria’

Industry
Food Paper Total
0 1 1
2 1 3
2 2 4
1 0 1
1 0 1
0 0 0
1 .2 3
0 2 2
0 0 0
1 2 3
1. 3 4

TNumbers in the table represent the number of firms reporting that
the potential barrier was in fact an actual barrier for them.
Multiple response is responsible. Firms interviewed included 3

from food industry and 3 from papcr and pulp industry.
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servation:projects are influenced by many factors including energy

prices, and economic evaluation metﬁods, the seriousness of the accessibility
barrier becomes temporal. As energy prices continue to riée, and evaluation
methods evolve, accessibility p;qs;ggg'éyqp}énléssgn. 4"f"' _'V__:Q{:f#

.'Of gﬂélfhréé techniéai fe;sibilig; §arriefs; ;ﬁéulaék‘of”acceptor-
streams was listed most often. This problem is common among firms in both
industries, with two interviewees from each industry agreeing that it was a
serious problem. ?erhaps, as with the accessibiiity pfoblem, economic faétors
enter into their assessment of tﬁe degree of severity.v A more' thorough dis-
cussion of this barrier along with the other technical feasibility problems
was given in Chapters II and III of this report.

Barriers 4 through 9 relate to information deficiencies the interviewees

have. The most frequently listed barrier concerned the lack of information

about specific energy flows within the plants; one-half of the interviewees

found it a serious problem. Lack of information about future energy prices was

a barrier for two firms. ;Oﬁé b}‘ﬁbfiﬁferfiéwees declared the other information-

related barriers as serious problems.

- O OV _SE A e

Lack of capital funds and failure to meet the firm's economic return
criteria, barriers 10 and 11, were among the most frequently listed barriers.

Three interviewees found capital funding to be a barrier. Four 'interviewees

listed failure to meet economic return criteria as a serious barrier. Real or

perceived economic barriers are as common as the technical barriers when it

comes to the industry's assessments of the opportunities for the adoption of

- R T .

.low temperature waste-heat recovery systems. .
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Y

The interviewees made the following recommendations of ways the govern-.

ment could help promote the diffusion of low temperature waste-heat recovery

projects.

1.

Sponsor local seminars. These would be especially helpful for
smaller firms or even divisions of larger firms because they
would provide an opportunity for plant personnel, who otherwise
do not get the chance, to meet other people working on energy con-
servation or to attend educational sessions on available energy
conservation technology. :

Aid in verifying the truthfulness of equipment vendors' claims
about their products' performance.

Organize case histories of other firms' work regarding recovery
of low temperature waste heat. '

Give low interest loans for energy-related equipment.
Maintain or increase the investment and energy tax credit.

Become more active in research efforts to discover ways to
recover energy from waste materials.
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CHAPTER VII

SUMMARY AND FINAL OBSERVATIONS

The resulﬁs qf the’study described in the preceding chapters demons;rate
that a significant potential exists for recovery of low-temperature waste heat
in the food and paper industries. However, éhe studies and interviews with
‘the six collaborating firms have deﬁonstrated that there are significant
barriers, either real or pergeived; to the implementationléf this fecqvery.
The predominant barriers identifie@ by these firms are:

lack of information about energy flows in the plants,

lack ~ or inaccessibility of acceptor streams for heat recovery, and

- inadequate economic incentives or lack of capital funds.
A number of additional impor;ant barriersland concerns were expressed.

We believe-that substantial parts of these barriers could be removed over
time through the improvement of industry's information and through better
understanding of the potential heat recovefy. Our institutional and infor-
mational recommendations in this direction are.discussed in this chapter.
However, wé cannot emppasize strongly enough the pre-eminence of economic cri-
teria in heat-recovery evaluation and implementation. Although it is always
technically feasible to recover heat using a heat exchanger or heat pump, it
offset the cost of the recovery equipment. In the case of heat pumps, the
value of energy‘saved must offset in addition the operation costs of the

heat pumps.
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There are several general requirements necessary for heat recovery
techniqﬁes to be cost effective. First, both waste and acceptor streams
ﬁust be simuitaneously available for many hours throughout the year. Secoﬁd,
temperature differences are important. In heat exchanger applications, lar-
ger temperature differences yield greater energy savings. In heat pump‘
applications, ﬁdﬁéﬁéi;'smallé?'téﬁﬁerature differences allow higher heat
pump coefficients of performance and the heat pump is more cost effective.
Third, the flow rates of both accéptor and waste streams should belcomparable
80 the temperature change of each are combarable.

Because heat exchangers and heat pumps are relatively expensive, many
heat—recovery applications are not cost effective. This importance of first
costs of heat recovery equipment should be considered in establishing Research
and Development strategies for waste-heat recovery technology. At the bre;ent
time, it is not evident that the new heat-recovery technologies under de-
velopment will have appreciable first-cost advantages over conventional
equipmenc}

We have several observations about the economicrs and institutional im-
plications of our study. One obgervation is that there is aneed for;a:cnmpre-
hensive guide to engineering and economic evaluation.of energy conservation
projects. Energy conservation projects must provide firms an eqonomic benefit
"1f they are to beée implemented yet conservation projects often fail to meet
minimum economic acceptance criteria. 'A majority of the interviewees said
that insufficient economic justification is a major barrijer.to acceptance
of Qaste—heat recovery projects. Although economic evaluations are: important
because‘of the significance they have in selecting worth-while projects, we
have found firms using evaluation methods which do not highlight the .real
economic value of energy conservation projects. Likewise, some firms: do not
cqnduct engineering analysés which optimize energy savings potentials, thus

causing the underestimation of achievable cost savings.
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We believe that a comprehensive guide to conservation project evaluation
would‘helpifirms reduce the timé it takes to conduct such analyses and would
explaih to management the significance of those analyses. Both the lack of
time for conducting and the inadequate understanding of life cycle cost analysis
were given as reaSons for not using that technique in their économic evaluations.
A general procedure fo; estimating life cycle costs should be an integral part
of the guide.b |

We believe that a guide would be helpful in promoting increased use of
»1ife cycle cost and optimization techniq;es. One food industry representative
intended to apply those techniques'after‘hearing about them in one of our work-

shops even though his firm had not used those techniques in the past.

A consequence of increased use of life cycle cost analysis is that firms.-
will increa;e their interest in energy price and'Supply.forecasts. It will be-
come more imporfant as a result.té have these forecasts available. Since few
firms have of use fqrecasts now, it seems that thefe wili,be a néed for the
state or federal governments to become more involved in preparing,vdisseminat—

ing, and updating such forecasts.

We observed that many firms need additional metering of théir energy

..... e e e vt imaamrin e tn e 4% b a4 e et

flows, Energy flows are commonly metered only at the supply source

to_the facility; comsequently, there is often imsufficient information .
on how energy is used by specific'procesées or equipment, and on how that use
‘might vary depending ﬁpon product. type and production ‘level. The iack of

energy flow information makes economic evaluation of potential projects diffi-
“cult, inhibi;s the monitoring of equipment performance,ahd makes éonservati%n J

objectives for operating personnel difficult to administer and enforce. In-

stallation of additional metering could be improved with government financing.
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Motivation for more meteriné could be increased through promotion in tréde".
literatu:e‘ 6r energy conservation»séminars, conferenées or workshops.

We féund that there is a continuing need for technical and economic
infofmatibn on low temperature, waste-heat recovery systems. Somesinterviewees
viewed tﬁe lack of information about implemented systems, achieved savings, and
consistency of‘equipment vendor's claims with actual performance as a serious
barrier to adopting he;t recovery projects in their firms. One interViewee
felt that this is a particn]ar prnb]am for smaller firms and plant petsonuel
of larger firms who frequently do not have the time or opportunlty to gather,

information on energy conservation projects.

We believe that one way to meet these needs is through thé use of in-depth
case studies in which selected firms are given engineering analyses nf poteantial
and impleﬁented conser&ation projeéts. A finél report of such analyses could be
widely distributed and concisely presented at regional‘informat@on seminars.
Firms‘nbt using outside engineering services could be shown through such studies
the type and quality of ehgineéringnreports which can be produced to motivate
them to,contract for those services;. At the same time, spacific idcas of what
has been and can be done in the way af'conservation will be shared among in-
'tereéted firms.. The studies could be conducted under total goverﬁment fundiﬁg
ot with cost sharing between the government and the cooperating firms.

Another ébse;vation is thatlsmaller firms may benefit from direct technical
assistance from outside agencies. The sﬁaller firms ten& not to have any otaff
for energy conservation program and project development. At the same time, they
are not likely to be able to afford outside engineering services. Direct aide
in either financing those services, or even the establishment of an office of
technical assistancé withinAstate government offering qualified technical ser-

vices, could be useful in helping smaller firms discover opportunities for
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energy conservation (such as with heat recovery systems).'

A final'observation is that detailed engineering and economic analyses
on specific, potential applicationé for low temperature waste-heat recovery
systems are the next logiéal step after our analyses in this study. Such follow-
up analyses would be helpful in exémining how economical particular installa-
tions would be in using streams that we believe will provide technically re-
 coverable waste heat. The in-depth caée study approach described above would

be an excellent method for conducting these analyses.
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APPENDIX A .

SAMPLE CALCULATION OF POTENTIAL WASTE HEAT RECOVERY CHEESE PLANT
(See Figure 2-22)

Acceptor Stream
Boiler feedwater 15 1b feedwater/100 1b milk (ecwt)

Waste Heat Streams

Whey 90 1b whey/cwt at 100°F

Clean-up - 25 1b water/ewt at 140°F
Pasteurizer Overflow 1.3 1b water/cwe at 160°F
Boiler Blowdown 1.5 1b wacter/cwt at 335°F

s

Maximum Theoretical Recoverable Energy (MTRE)

MIRE = Im, Cp, (T4-T) .
where m, = mass of waste heat stream (=) pounds/cwt
Cpi = heat capacity of waste stream i (=) BTI/1b °r

T; = initial temperature of waste heat stream (=) °F

Tr = temperature of boiler feedwater (=) °F

Technically Feagible Recoverable Energy

Heat Balance (m Cp 8T) 014 ® (n CPAT)ho:

Exchanger efficiency = 0.75= @mCpAT)hot or cold stream
cP?min (Thot in ~Teold in)

Cascade the indirect recovery going from coldest to hotest waste heat stream
$ituation L. do rezycle (I, = 58U F)
10% Rlauwdaun

all compatable
no direct use

Ahey
{m CoaTlg - alg

B« 0.75 & (w On)e(Th=Te)  (100-60)
8Tq = 30°F
Teold ouc = 60 + 30 = 90°F
(m CpaT)eold = (m CpAT)por
(15) (1) (30) = (90)(1)(aTh)
sy = 5°F
Thot oyt ™ 100-5 = 95°F

Eanézgy Recovered 2 (m CPAT)hot @ (90)71)(3) = 450 BTIU
cwt

B |



Cleén-ug
Teold in = 90°F

E=0.75 = AT¢
(140-90)

AT, = 38°F
Tcold out = 90+38 = 128°F
(15)(1)(38) = (25)(L)aTy,
ATy = 23°F
Thot out = 140-23 = 117°F

Energy Recovered = (m CppT)por = (25)(1)(23) =580 BTU
’ . : ' cwt

Pasteurizer Overflow

Teold in = 128°F

E=0.75 = ATy
160-128

ATh = 24°F
Thot out = 160-24 = 136°F
(1.3)(1)(24) = (15) (1)AT¢
AT = 2°F
Teold out = 128+2 = 130°F
Energy Recovered = (m CpaT)y = (1.3)(1)(24) = 31 BTU

cwt
TNote: Calculate ATy because (mCp)por < (MCp)eo1d

Blowdown

b = o
Teord 1n = 130°F
AT
F =07 mms=rIoy

= 154°F
0T, = 15

= - = o
Thot oue = 335 - 134 = 181°F

(1.5)(1)(154) = (15) (1) (aT )

ar_ = L5°F
c

- o
Toold oue = 130 + 15 = 145°F

Energy Recovered = 231 BTU
cwt

149
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Total Recovered Energy _ 450+580+31+231

. MTRE (90)(l)(100—60)+(25)(1)(140—60)+(l.3)(l)(160—60)
+(1.5) (1) (335-60)
(Recovered Energz)100 = Percent Recoverable Energy = 23%

MTIRE

Fraction of Boiler Feedwater Energy Input =1 _((hg1335 F - hf/Teald aut)

hg/335 F - nf/60 F

where hg = enthalpy of water vapor (=) BTU/lb
hf = enthalpy of liquid water (=) BTU/1b
(reference temperature 32°F)
BFE (%) = Boiler Feedwater Fnergy = 1 -(2189 = 113y gg
(%) gy‘ ‘g9 — 28
BFE (%) = 9.7%
Conversion Factors:
BTU x1.16 = K
ton metric ton
Pounds x 0.23 - KG
_ton metric ton
Poaunds y 0,45 = ¥¢ CWT = 100 pounds weight
CWT cwt :
BTU x 2.3 =KJ
pound KG
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APPENDIX B

CONDITIONS FOR OPTIMUM EXCHANGER SIZE AND BREAK-EVEN FUEL COST

. In this appendix, the conditions for selection of the optimum heat ex-

' changer size and for the break-even fuel cost will be developed. The life cycle

savings (LCS) are given by

LCS = Py Cp € Qpax = Py (Co + C A) , (a-1)

The maximum life cycle savings~withArespéégffo ﬁregAare,detéfmine&:by ﬁhe;"

condition

dLCS de _
3A P; Cr Qnpax 94 Py €y =0 (a-2)

or, at the optimum condition:

P o
BAT Py Cp Qo

The effectiveness of heat exchangers is given in terms of Ntu, Cmin/Cmax’ and

flow arraﬁgement. These are shown graphically in Figure 5-4.. Equation

(A-=3) can be rewritten as

se \° [P, C\/[c

= 2 “al{Zmin A , (A=4)
aNtu P; Cp/\Quax U, - .
. To facilitate the calculation, the value of ( agiﬁ ® was calculated for

counter flow heat exchangers and plotted as a function of the group on the
right hand side of equation (A-4). This grapﬁical relation is given in Figure
5-3 withe® as a fungtion of the right hand side of equation (A-4).

The break-even fuel cost is given by the same condition gs‘equation

(A-4)., 1In addition, as shown in Figure 5-1, the life cycle cost is also zero.
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~ Equation (A-1) can be rewritten for LCS equal to zero as

P2 Ca | Cnin _ . e* :
- ) tu
Ca Cnin
Equating Equations (A-4) and (A-5) yields the break-even condition:
%
€
de (A-6)
C, U
L 0 + N*
Ca Cmin tu

This condition was evaluated for the best heat exchanger type; this is the
counter flow exchanger with Cmin/cmax equal to zero. For this exchanger,

=Ntu*
x =1-e Ntu |

(A-7)

This relation was used to eliminate e* in equation (A-6). Ntu* was then

plotted against (CO u/c Cmin) in Figure 2. This break-even fuel cost then
a - .

represents the minimum fuel price .that would allow using the best heat ex-

changer while still saving money.






